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ABSTRACT: Single atom catalysis (SAC) is a recent discipline of heterogeneous on various Catalytic reactions
catalysis for which a single atom on a surface is able to carry out various catalytic
reactions. A kind of revolution in heterogeneous catalysis by metals for which it was
assumed that specific sites or defects of a nanoparticle were necessary to activate
substrates in catalytic reactions. In another extreme of the spectrum, surface
organometallic chemistry (SOMC), and, by extension, surface organometallic catalysis
(SOMCat), have demonstrated that single atoms on a surface, but this time with
specific ligands, could lead to a more predictive approach in heterogeneous catalysis.
The predictive character of SOMCat was just the result of intuitive mechanisms derived
from the elementary steps of molecular chemistry. This review article will compare the
aspects of single atom catalysis and surface organometallic catalysis by considering
several specific catalytic reactions, some of which exist for both fields, whereas others
might see mutual overlap in the future. After a definition of both domains, a detailed
approach of the methods, mostly modeling and spectroscopy, will be followed by a detailed analysis of catalytic reactions:
hydrogenation, dehydrogenation, hydrogenolysis, oxidative dehydrogenation, alkane and cycloalkane metathesis, methane
activation, metathetic oxidation, CO, activation to cyclic carbonates, imine metathesis, and selective catalytic reduction (SCR)
reactions. A prospective resulting from present knowledge is showing the emergence of a new discipline from the overlap
between the two areas.
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1. INTRODUCTION

1.1. The Comparison between Single Atom Catalysis and
Surface Organometallic Catalysis

Since the last century, there has been a considerable amount of
work dedicated to catalysis by supported metals, a classical
field in heterogeneous catalysis. Among the emerging concepts,
several parameters were identified as crucial for activity,
selectivity, and lifetime of heterogeneous catalysts based on
supported nanoparticles. Among these parameters, (i) metal
particle size, (ii) nature of exposed faces, (iii) defects sites,
corners, step sites, (iv) (strong) metal support interactions,
and (v) bimetallic effects (electronic or steric) can be
mentioned. Recently, a huge effort has been devoted to
catalysis on smaller and smaller supported nanoparticles." >
Besides the crucial factors responsible for catalytic activity/
selectivity/lifetime already mentioned in (i—v), there is a limit
situation where the nanoparticle size is restricted to a single
metal atom on a surface. After several experimental
observations, it became evident to the catalytic community
that a single atom is able to achieve what, in the last, century
was believed to be the “privileged property” of an ensemble of
atoms.””'* Even now, the discovery of single atom catalysis
(SAC) is limited to a rather restricted, but growing, range of
catalytic reactions.”">~"? This new area describes single metal

atoms “supported “ or “embedded” on a solid support (oxide,
nitride, sulfide, etc.) or even at the periphery of a metal
nanoparticle.””*" The interaction between the single atom and
the surface can be of a different nature involving covalent,
coordination, or ionic bonds. Considering heterogeneous
catalysts involving single atoms, the rules of molecular
chemistry (whether it is coordination or organometallic
chemistry) apply, and help to rationalize the structure and
the reactivity of this grafted, “deposited” atom.

In parallel to SAC, but mostly earlier than its recent
explosion, the discipline of surface organometallic chemistry
(SOMC), which progressively developed into surface organo-
metallic catalysis (SOMCat), emerged, involving single metal
atoms covalently or ionically bound to a solid support.”>~>® In
SOMCat, the catalytically active sites are formed by reacting
organometallic complexes or coordination compounds with
well-defined surfaces (oxides, metal nanoparticles, carbon, or
graphene) to achieve the target functionalities on the surface.”®
The situation is different from the previous case (SAC)
because the supported organometallic compounds keep at least
part of their ligands after grafting (Scheme 1 for metal oxide

Scheme 1. Link between Single Atom Catalysts (SAC) on
Oxide and Catalysts Prepared by SOMC on Oxides”

SAC SOMC
A II3 X

/M\ :M<
o g 0 o]

“M = catalytically active metal; M, = metal atom of the oxide support.

support). The latter aspect is crucial for catalysis. In catalysis by
design,”’ the supported complex contains moieties (fragments
A and B of Scheme 1) that are selected based on the proposed
mechanism derived from well-established steps in molecular
chemistry. Other ligands (spectator ligand X of Scheme 1)
serve to control oxidation state, geometry, and d" configuration
of the metal within the catalytic cycle.

Besides the evident differences discussed above, both
disciplines present similarities and chances for mutual
enrichment. SAC and SOMCat both deal with isolated metal
atoms on surfaces, some with preexisting ligands and some
without ligands. In both cases, applying isolated single atoms in
heterogeneous catalysis helps in understanding elementary
steps as they resemble elementary steps in molecular catalysis
or coordination chemistry, where single atoms are surrounded
by ligands. This suggests that both methodologies are not
mutually exclusive. For example, one can consider that SAC
adopts a coordination sphere already present in SOMC-
prepared catalysts in the presence of reactants A and B and
component X (Scheme 1).

Furthermore, the SOMC methodology can be employed to
prepare single atoms. By combining grafting of precursors on
surfaces via SOMC with a thermolytic, nonoxidative procedure
that removes all organic ligands, isolated atoms may be
produced on the surface.”® Several alkane dehydrogenation
catalysts (vide infra) have been prepared by this strategy
having a proposed M-O; structure (O,: oxygen atom of the
oxide support) without coordinated ligands on the metal.”
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Many reviews have already appeared recently both in SAC'
and SOMCat;*° the target of this review article is, in the first
place, to provide a critical and comprehensive overview about
similarities and differences between SOMCat and SAC, and,
additionally, to identify emerging reactions, areas of possible
overlap, and how the two disciplines could mutually benefit
each other. The comparison will be in terms of tools, structure,
reactivity, and mechanistic understanding of elementary steps
when they are known or proposed. Several types of “classical”
heterogeneous chemistry reactions have been selected as a
result of their relative importance either in both fields or in
each field separately: hydrogenation, dehydrogenations,
reactions involving C—C bond formation and breakage like
hydrogenolysis or alkane metathesis, methane activation,
transformation, and functionalization. Furthermore, to com-
plete our overview, we will discuss emerging reactions in both
fields such as imine metathesis, metathetic oxidation or
selective catalytic reduction, and CO, conversion for organic
synthesis. Preference will be given to publications where a
tentative mechanistic interpretation has been proposed.

Several aspects will be considered in this review article: (i)
single atom catalysis on support (SAC), (ii) single atoms on
mono or plurimetallic nanoparticles or single atom alloy
catalysis (SAAC) and (iii) single atoms in SOMCat. In the first
case (i), the single atoms are located either at the periphery or
on the surface of an oxide, nitride, carbon nitrides, sulfide,
graphene, and microporous material including zeolites, MOF.
In some particular cases (ii), the single metal atom has been
isolated at the periphery of a metal nanoparticle, but it is the
only species which exhibits catalytic activity (e.g., Pt/Sn). This
situation is at the limit when an “ensemble of metal atoms” in a
nanocluster decreases to such an extent that only one single
metal atom is involved in the catalysis. In the third case (iii),
the single metal atoms are covalently linked mostly to the
surface of the oxide support but display ligands (spectator or
functional) inherited by the organometallic or coordination
compound precursors.

1.2. Remarks on Heterogeneous Catalysis by Single Atoms

In heterogeneous catalysis, catalysts transform molecules into
new molecules, macromolecules, or solids. These trans-
formations typically (except for electron transfer reactions)
involve creation of covalent bonds between one or several
surface atoms with one or several atoms of the substrate. The
thus formed reaction intermediate has been named surface
organometallic fragment (SOMF) or surface coordination
fragment (SCF) and can be prepared on purpose.””*’ This
very simple concept was at the origin of the development of
SOMC and later SOMCat.>*">* SOMFs can be characterized
with specific tools of molecular chemistry as well as surface
science. In several cases, the rules of molecular chemistry
(regarding structure or reactivity) apply to these surface
organometallic fragments. This enables rationalization of the
elementary steps of heterogeneous catalysis by understanding
the way bonds are broken or made. These elementary steps are
very different from the well-known and accepted classical
elementary steps of adsorption, desorption, diftusion, etc.
SOMFs or SCFs are unparalleled tools to design catalysts,
mimic and understand reaction intermediates and mechanisms
in heterogeneous catalysis, or even discover new reactions yet
unknown in homogeneous or heterogeneous catalysis (Scheme
2).”” There are also more and more examples showing that
single metal atoms with appropriate ligands (SOMFs and

Scheme 2. Definition of Catalysis by Design: The Catalytic
Cycle Is Entered by a Presumed Reaction Intermediate
Called Surface Organometallic Fragment (SOMF) or
Surface Coordination Fragment (SCF) or One of Its Closest
Precursors”

Start the reaction
by a Fragment or its
closest precursor

Reaction .
intermediates (_ Fragment )

a
SOMF or SCF ————— {deactivation)

“Reproduced with permission from ref 32. Copyright 2018 Oxford
University Press.

SCFs) are able to achieve new catalytic reactions.”” In most
cases, the choice of appropriate ligands was a pure direct
prediction of a catalytic reaction. The most relevant examples
are Ziegler—Natta depolymerization, alkane metathesis, or
metathetic oxidation of olefins.”"”"

There are more and more examples showing that a single
metal atom on the metallic surface of a nanoparticle (SAAC)
can achieve multistep reactions which were previously believed
to occur only on a large number of atoms assumed to be the
“active sites” of classical heterogeneous catalysis. The term
“ensemble effect” was advanced to explain this phenomenon.’

The main difference between catalysis by single atoms and
homogeneous catalysis is the presence of a surface which plays
the role of a solid, rigid ligand with redox, acid—base, as well as
physical properties (e.g., porosity, hydrophilicity, hydro-
phobicity, semiconducting properties, etc.). With oxide
supports, the electron count of SOMFs and SCFs (including
support and spectator ligands) are easily rationalized by the
classical electron counts, oxidation state, and d" configurations
of molecular chemistry.”” The oxide surface can be regarded as
an infinite “pool” of oxygens, or oxygen containing species,
which plays the role of X or L ligands in the MLH Green
formalism.”® The composition of the surface in terms of
adsorbed water molecules, surface hydroxyls, or metal oxides
(M-O-M; M: metal, e.g, =Si—O—Si= on silica) is mostly
governed by the temperature of dehydroxylation of the
support. These M-O-M surface species may also coordinate
the grafted metals via an oxygen lone pair, contributing to the
global metal electron count (L ligand).

Besides the contribution of the surface to the electron count
of the grafted metal, spectator ligands, which do not appear as
participating directly in the elementary steps of the mechanism,
are sometimes crucial ligands in the control of the electron
density of the metal and also of its oxidation state, d”
configuration and geometry.

In this review article, we will focus mostly on the role of
SOMEF, SCF, and spectator ligands without entering into the
complex situation of the interaction between a metal fragment
and its support. The role of metal/support interaction will be
considered in a separate article.
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1.3. Definitions of SOMC, SOMF, and SCF

When a metal is grafted directly at the surface of an oxide
(silica, alumina, ceria, silica—alumina, mesoporous materials,
etc.) by classical methods of SOMC, the following bonds and
interactions are possible (Scheme 2):

e Metal—surface bond: o-bond between a surface oxygen
(which behaves as an X-ligand, Scheme 1) and a metal
(M). It formally oxidizes the metal by one unit. In the
following, the metal grafted on a support will be written
as “[M]”.

[M]=(-0-),M"

e Metal—surface interaction: z-bond or coordination
bond between a surface oxygen (L-ligand) and the
grafted metal [M]. This interaction formally does not
oxidize the metal. It is also represented by

(-0-)—M]
A surface oxygen which is covalently linked to a metal is

not only an X-ligand but can also act as an L-ligand
because its lone pair overlaps to a certain extent with the
m-orbitals of the metal. Besides direct reaction with the
precursor, there are many examples where a [M]—R or
[M]—H group can open an adjacent =Si—O-Si=
moiety with formation of [M]—O-Si= and, respec-
tively, =Si-R or =Si—H via classical 6-bond metathesis
mechanism (Scheme 3).%%%

Scheme 3. Example for [M]—Surface Bond and [M]—
Surface Interaction and Opening of Siloxane Bridge through
[M]—R Ligand

R
o/[M}/ , ’IMI\O R
oDl I - Proi g I
o} 0 o}
AL M L NL,M?WNL—L

e Metal—functional fragment bond: o-bond between the
grafted metal [M] and the functional fragment “R”
which formally oxidizes the metal by one unit. This
fragment “R” is supposed to be an intermediate among
all the elementary steps of a catalytic cycle (in contrast
to the SSP and the support). The fragment “R” allows
focusing on reactivity or interconversions of surface
moieties. One SOMF can convert into another SOMF:
[M]-R — [M]—R'. This conversion can be linked to
the reactivity of “R” and might influence the elementary

steps of heterogeneous catalysis (e.g., a metal alkyl giving
a metal (carbene)(hydride)). The fragment “R” can have
several functions (mono, bis, tris, tetra). This means that
a single metal atom can possess simultaneously several
different/or identical fragments (e.g., R can be a hydride
or an alkyl).

e Metal-spectator bond: Typically, the spectator ligand
(X-ligand in Scheme 1) does not directly take part to
reactions but plays a crucial role in fine-tuning the
electronic or steric effects of [M] and in defining the
oxidation states. In rare cases, the same kind of ligand
can serve as spectator or as catalytically active moiety
according to the reaction (for instance metal oxo
functionalities in olefin metathesis reactions®® or in
oxidative dehydrogenation of propane).””

A model of chemical environment of a single atom prepared
via SOMC methodology is represented in Figure 1. To note,
SOMC complexes that are directly bound to the surface, and
where the surface acts as rigid ligand, are evidently different
from supported homogeneous catalysts where the metal atom
is tethered to the support surface via flexible linkers that
generally coordinate the metal via noncovalent interactions.*®

1.4. Definition of Single Atom Catalysis (SAC) and Single
Alloy Atom Catalysis (SAAC)

Many reviews have been written recently on SAC.
Behind this acronym, there is a proliferation of examples in
which single atoms are found or claimed to be involved in
several catalytic reactions.'® This makes it difficult to give a
precise definition of single atom catalysis. The most frequently
accepted concept, evolving with the progress of synthesis and
characterization tools, is that “isolated” atoms “adsorbed,”
“chemisorbed,” “embedded, ” and “immobilized” on a
“support”, exhibit catalytic properties in a still limited number
of reactions.

The fact that a single supported metal atom displays catalytic
properties has been considered as a kind of revolutionary
concept in the heterogeneous catalysis community. There was
a general belief that metal nanoparticles were responsible for
the catalytic activity of metal containing catalysts. The
contradiction came from the research of size effects or of the
crystallographic position necessary to achieve a given reaction.
The activities were usually divided by the number of surface
atoms (TOF) in the particles. Some reactions were claimed to
be “facile” and the TOF was just depending on the number of
surface atoms irrespective of their position at the surface of the
particle. Others were qualified as “demanding” because many
parameters were playing a role on the measured TOF, in
particular, the particle size. For those “demanding” reactions,
the activity was found to depend on metal particle size, but
nobody was expecting the extreme situation where only a

3,15—18

M = Transition metal | /{R
R = Functional Ligand
X = Spectator Ligand ? R o. .
-— v
ow“M 0’\ M
iy .Jw

= = Functional group
coordinating the metal
atom

M, O=pyp
/0 {0 ,\ \
Rl

l l

M' = Metal of oxide support

SOMC Catalyst

Supported homogeneous catalyst

Figure 1. Representation of a typical SOMF or SCF containing oxide support, transition metal, spectator ligands, and functional ligands and

comparison with supported homogeneous catalyst.
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single metal atom could achieve catalytic reactions by itself and
be recovered intact at the end of a catalytic run.

In addition, it is known that single atoms existing in the gas
phase possess catalytic properties,””*" there are also dis-
ciplines, such as homogeneous catalysis, where single metal
atoms catalyze many reactions in the presence of ligands. Also,
in biocatalysis, a single metal atom surrounded by appropriate
ligands could achieve difficult reactions (such as for example
ammonia synthesis).*"*” For a single atom which is
“adsorbed,” “chemisorbed,” “embedded,” “immobilized,” or
“grafted” on (or in) a support, the type of bonding between
this atom and the surface, the bulk, the periphery of this
support is crucial for the reactivity of the catalyst. The basic
rules of chemistry apply to this so-called interfacial situation
defining the interaction between surface and single atom as
covalent, ionic, coordination, electron transfer, etc. The direct
consequence is the precise definition of the oxidation state by
rationalizing the electron count of this single atom “attached”
to the surface or embedded in the bulk of the support.

The following examples of SACs have been reported:

e Single metal atoms may be linked to “unusual” (with
respect to SOMC) or innovative materials such as
carbon,™ carbon nanotubes,** carbon nitrides,'” MOFs-
derived matrices,* silica layers grown by ultrahigh

. 14,46 . .
vacuum techniques, etc., which possess chemical or
physical functionalities. It was appealing to ascribe some
catalytic properties to the site isolation concept.

e Single atom catalysis was also claimed to occur when the
isolation of the single site occurs in a metallic
nanoparticle for which the “active metal atom” was
dispersed in a kind of matrix of inactive metal (SAAC).
In classical heterogeneous catalysis, a so-called “dilution
effect, at the opposite of ensemble effect,”*’ was
observed.

e Another example of single atom catalysis is related to
isolated metal atoms in semiconductors. It was
discovered that the electronic properties of such semi-
conductors change with the incorporation of single
metal atoms. Single atoms were proposed to participate
in the energy level of the electron transfer process (e.g,
photocatalytic water splitting).**

The consequence of this ambiguity is the difficulty to
propose a unifying definition and theory behind SAC.

1.5. Analogies and Differences between SOMCat and SAC

SAC and SOMCat are both domains dealing with a single
atom “attached,” “chemisorbed,” “embedded,” “immobilized,”
and “grafted” to/in/on a support. In SOMCat, the support is
mostly an oxide or an oxygen containing material (e.g, silica,
MOF, zeolites). In SAC, a lot of supports have been tested
including carbon, carbon nanotubes, carbon nitrides, MOF,
semiconductors, and metal particles.

Both domains have studied various catalytic reactions that
occur exclusively on single atoms. Some of these reactions are
identical, some are different. Some transformations exist in
SOMCat but not in SAC and vice versa. This difference is
because in SOMCat efforts were, initially, mainly concerned
with hydrogenolysis and alkane metathesis using early
transition metals,”>>” whereas SAC has only recently risen to
wide popularity' and has not yet covered many existing
processes. Additionally, SOMCat has been mainly focused on
early transition metals, whereas most works on SAC use late
transition or noble metals. Nevertheless, these gaps are due to

be filled in next few years because (a) the field of application of
both domains is progressively being expanded; for instance,
SOMCat has been recently applied to reactions such as
oxidative’” and nonoxidative dehydrogenation of propane,*’
CO, conversion to carbonates,”® and imine metathesis,>* just
to cite some. Along with continued growth of SAC, it is
expected that the number of transformations available for both
techniques will strongly increase. (b) There is no specific
reason, if not because of tradition, why SAC should not involve
early transition metals. It has been shown that single atoms of
tantalum can be synthesized on silica support using a cluster
source and used in catalysis.*® Similarly, SOMC syntheses of
late transition metals®> and noble metal™® complexes have been
reported although they were generally not used in catalysis as
such but for the synthesis of supported single-site metal—oxo
complexes or nanoparticles.

Therefore, whereas the gaps discussed above will eventually
be bridged, the fundamental difference between the method-
ologies is the approach behind each specific domain:

In simple terms, we should say that single atom catalysis is
the discovery that many catalytic reactions can occur on an
isolated metal atom embedded on an inert support. This was a
kind of revolution in heterogeneous catalysis. However, in the
absence of a well-defined coordination sphere on the metal
atom, prediction and tuning of catalytic activity are generally
very challenging with SAC.

In SOMCat, the concept at the origin of the field was a kind
of predictive concept of catalysis by design® for which the
elementary steps of molecular chemistry can be applied to
discover (or improve) reactions. This was made possible by
starting a catalytic reaction from a well-defined supported
reaction intermediate (SOMF or SCF), which means that the
SOMCat strategy is predictive, provided a presumed
mechanism at the origin of the catalyst synthesis.

2. PHYSICOCHEMICAL TOOLS FOR STRUCTURE
DETERMINATION

2.1. Scanning Transmission Electron Microscopy (STEM)

The most convincing evidence of a full atomic dispersion is
given simply by imaging the SACs or SOMC-prepared
complexes. During the two last decades, electron microscopy
science has benefited from a huge improvement in the lateral
resolution of scanning transmission electron microscopes‘54
This is because the spherical aberration induced by the used
electromagnetic round lenses are now compensated mostly by
the integration of aberration correction devices.”> Those past
developments allowed new possibilities for the analysis at the
atomic scale, which coincided with the emergence of synthesis
protocols for the immobilization of single atoms.

Hence, the technique which is the most successful is the
aberration corrected scanning transmission electron micros-
copy (STEM) coupled to a high-angle annular dark field
(HAADF) detection. By using a combination of detector and
camera length allowing a large collection angles (f > 70—200
mrad), electrons arising from Rutherford scattering are
collected while electrons deviated by coherent elastic scattering
are mostly excluded (removing the phase contrast). The
intensity I in the resulting images is then, in first
approximation, given by I a t - Z% (@ = 1.5-2) with a
thickness ¢ and an average atomic number Z.*° As a direct
consequence, the contrast in HAADF-STEM images is
sharpened when the difference between atomic number of
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the single atoms and the atoms in the support is enhanced.
Thus, the technique is best used for the observation of “heavy”
single atoms on “light” supports (C;N,, graphite/C, SiO,,
AL O;, NiO, and zeolites). There are now a large number of
examples in the literature imaging supporting metals atoms
well separated from each other.””~®* Some selected examples
are shown in Figures 2—4.

Figure 2. Aberration-corrected HAADF-STEM images of the sample
prepared by adsorption of Au(CHj),(acac) in zeolite NaY. (a)
Initially prepared sample. (b) Sample after treatment in flowing CO +
O, (during CO oxidation catalysis) for 30 min. (c) FFT of the
experimental image shown in (a). (d) FFT of the experimental image
shown in (b). (e) Simulated framework and theoretical diffraction
pattern of zeolite Y in the [110] projection. (f—h) Zoomed-in views
of the regions shown in rectangles in (a) and (b). Reproduced with
permission from ref 57. Copyright 2012 John Wiley and Sons.

There are also several limitations to the technique, which are
all important to mention. The first one, which is intrinsic to all

microscopies, is the number of single observations required to
establish that an efficient metal dispersion has been achieved.
Very often, single atoms in SACs are mixed with clusters, and
thus it is best practice to provide some statistical evidence that
single atoms are indeed the major species (Figure 4). The
second is related to the previous explanation about the
observed intensity in HAADF-STEM imaging: it is extremely
difficult, not to say impossible, to observe light single atoms on
heavy supports.”* The third limitation is the sensitivity of the
single atoms to the electron beam, which can modify their
position, and distribution even before a single frame can be
recorded (Figure 5).9

The stability of the support under the incident beam can
also be a problem. Knock-on (e.g, graphene) or ionization
damage (e.g, zeolite/nonconducting specimens) are both
classically reported.”® Knock-on damage occurs by transfer of
kinetic energy above a given threshold value. For example, the
threshold for such type of damage was calculated to be on the
order of 80 keV for C nanotubes and of 70 keV for BN
nanotubes.”” Thus, imaging single atoms dispersed on such
support requires an accelerating voltage of 20—60 kV and also
a C, aberration correction device to maintain a sufficient lateral
resolution. On the other hand, reducing ionization damage
demands the highest acceleration voltage to weaken the
interaction between the electron beam and the support.’®
Imaging becomes even more complex when different types of
single atoms are immobilized. How do we identify the nature
of each bright dots in STEM images? Quantitative STEM
simulation by multislice algorithm has to be undertaken to
perform correct assignments by comparing the intensities in
the experimental image with the simulated one.”” For example,
the group of B. Gates have reported a study, which
demonstrates frame by frame, the reorganization under the
electron beam of a bimetallic Rh—Ir system supported on
MgO (Figure 6).”° However, this is only possible when the
support is crystalline and properly aligned along a zone axis
and single atoms have significantly different atomic numbers.

To circumvent the limited discriminating power of the
HAADF signal, spectroscopies are also used in combination
with STEM imaging to perform a clear-cut identification.
However, those developments associated with electron energy
loss spectroscopy (EELS) and energy dispersive X-ray
fluorescence spectroscopy (EDX) are relatively recent, and
few examples are reported so far in the literature.”' "

Figure 3. HAADF-STEM imaging of randomly selected areas of a Ta/NiO catalyst (a,)b). High-resolution HAADF-STEM showing the single Ta
atoms at lattice sites on NiO crystal surface (c). Adapted with permission from ref 58. Copyright 2015 Elsevier.
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Figure 4. In sample A, Pt single atoms (white circles) are seen to be uniformly dispersed on the FeO, support (a) and occupy exactly the positions
of the Fe atoms (b). Examination of different regions shows that only Pt single atoms are present in sample A. (c,d) In sample B, a mixture of single
atoms (white circles), two-dimensional Pt rafts consisting of fewer than 10 Pt atoms (black circles), and three-dimensional Pt clusters of size about
1 nm or less (white squares) are clearly observed. Reproduced with permission from ref 63. Copyright 2011 Springer Nature.
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Figure S. Examples of dynamic instabilities of atomic specimens: movement of individual atoms monitored by successive HAADF images in the
Nion UltraSTEM operated at 60 keV. Reproduced with permission from ref 65. Copyright 2012 Elsevier.

With EEL spectroscopy, the spatial resolution is lowered
compared to HAADF-STEM imaging. This is due to the
inevitable delocalization of the inelastic signal.”® The degree of
delocalization varies roughly as v/E; with v as the speed of the
incident electrons and E; the threshold energy of an atomic
absorption edge. Practically, it implies that working with low
acceleration voltage and high-energy ionization improves the
spatial resolution. As an outstanding illustration of EEL single-
atom spectroscopy, we present below the work of Suenaga et
al,”” who performed the elemental analyses of various
metallofullerene-doped single-wall nanotubes using an incident
electron probe with a low accelerating voltage (60 kV). With
La (Z = §7) and Er (Z = 68) atoms in a codoped peapod
(La@Cyg, and Er@Cg,), there are no contrast difference on the
ADF image (Figure 7a). However, the EELS chemical maps as
shown on Figure 7b,c, clearly assign the La and Er atoms. The
absorption edge energies of the La N-edge (99 €V) and Er N-
edge (168 eV) are well separated, and the assignment is thus
straightforward.

With close atomic numbers, overlaps between absorption
edges require a careful analysis of the recorded EEL spectra.

For example, La and Ce atoms have the smallest atomic
number difference (AZ = 1) and their N, s-edges have onset
energies near each other (99 eV for La** and 109 eV for Ce*,
Figure 8d). The position of the absorption edge is also subject
to chemical shifts due to different valence states of the atom.
With reduced Ce’* cations, the 4d core-levels are located at
higher energy, bringing the N-edges of La*>" and Ce*" even
closer (Figure 8d). By comparison of the EEL spectra with
well-chosen references, Suenaga et al. succeeded in the
unambiguous assignment of the single atoms shown on the
ADF image (Figure 8a—c) and their respective valence state,
namely La* and Ce®" (Figure 8b—d).”” Note also that in the
same work, single calcium atoms inside the peapods were
identified using EELS although invisible on the ADF images.
The set of “light” atoms was expanded in 201S to other
elements such as Li, F, Na, and CL*

Only a few attempts are reported involving the use energy
dispersive X-ray fluorescence spectroscopy (EDX) in order to
detect single atoms.”' ~*> EDX spectroscopy has always been
regarded as more challenging compared to EEL spectroscopy.
On the one hand, EELS collects most of the forward-scattered
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Figure 6. Sequentially taken STEM Z-contrast images and intensity surface plot of a rhodium—iridium cluster. (a) HAADF (Z-contrast) image of a
rthodium—iridium cluster adsorbed on a MgO(110) surface. Panels al—a6: sequentially taken Z-contrast images of the cluster in the square frame
indicated in the main panel. The images show rhodium and iridium atoms in brighter contrast than the magnesium and oxygen columns of the
MgO surface. The image in panel al corresponds to the area shown in the square frame in the main panel. (b) Intensity surface plots of the part of
the image outlined in a. The surface plot and the Z-contrast images are smoothed for better visualization. Intensity measurement and quantification
were performed using original images. Reproduced with permission from ref 70. Copyright 2010 Springer Nature.

Figure 7. Element-selective imaging of single La and Er atoms. (a) ADF image of a peapod co-doped with La@C82 and Er@C82. Two atoms are
visible, but elemental identification is not possible. (b—d) EELS maps for La (blue) (b), Er (yellow) (c), and C (red) (d). La and Er atoms are
clearly visible and discriminated in each EELS chemical map. Reproduced with permission from ref 79. Copyright 2009 Springer Nature.

electrons that have lost energy upon photoionization of the
absorber atom. On the other hand, the relaxation of the core—
hole follows as a secondary process and can trigger an isotropic
emission of X-ray photons. However, the EDX spectrometer
collects only a fraction of those photons due to its limited
collection angle (~ 0.7—1.0 sr, providing less than 10%
detection efficiency). Furthermore, not all ionization events
lead to X-ray fluorescence. Specific fluorescence yield are
tabulated for each transition and the general trend indicates
that lighter atoms are more difficult to detect.’* This
constitutes the main drawback of X-ray fluorescence when
compared to EEL spectroscopy. For example, Suegana
proposed an estimation of the counting efficiencies of single-
atom detection using EDX and EELS chemical analyses.*”
Simultaneous acquisition of the EELS N-edge and L or M
fluorescence lines for single Er atoms highlights 4—S5 orders of
magnitude difference in terms of signal counts (Figure 9).
However, STEM-EDX also has a few advantages over STEM-
EELS. EDX detection is more efficient for deep inner-shell

ionizations above 2 keV, while it is practically marginal for
EELS. Also in the collected X-ray fluorescence spectra, the
signal intensity and background levels remain relatively
constant over the typical collection range of 0—20 keV.
Thus, few adjustments to analysis conditions are required.
allowing EDX to detect small amount of unforeseen elements,
such as impurities or contaminants. Finally, the possibility to
work with high-energy emission lines is supposedly beneficial
to the reduction of the delocalization in the inelastic signal.*”
This property, although predicted by the theory, has not yet
been clearly demonstrated experimentally (Figure 9), probably
due to the parasitic atomic motion of the single atoms under
the beam.”'

2.2. X-ray Spectroscopy

X-ray absorption spectroscopy (XAS) is a state-of-the-art
spectroscopy to characterize the local environment of the
catalytic metal centers. A typical XAS experiment consists of
measuring the absorption signal directly or indirectly
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Figure 8. Single-atom spectroscopy for La and Ce. (a) ADF image of a peapod co-doped with La@C82 and Ce@C82. La is indicated by the blue
arrow and Ce by the red arrow. (b,c) EELS spectra taken from La@C82 (b) and Ce@C82 (c) shown in (a). (d) Reference EELS spectra of La**
(in LaCly, blue), Ce®* (in CeCly, red), and Ce** (in CeO,, black). The atom on the left in (a) is assigned as La and the atom on the right in (a) as
Ce in the trivalent state (Ce®*). Reproduced with permission from ref 79. Copyright 2009 Springer Nature.
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Nature.

(fluorescence, Auger electrons, total electron yield) while
increasing the energy of the incoming X-rays. At a certain
threshold energy, a sharp increase in the absorption signal
occurs. This energy is referred to as the absorption edge, and
its value is specific to the core-levels of each atoms. The
physical phenomena at stake for both XAS and XPS is the
photoelectric effect, where an electron from a core-level is

excited by an X-ray photon above the Fermi level. The latter is
named a photoelectron, and its kinetic energy is equal to the
difference in the energy of the incoming X-ray and its initial
bonding energy. Hence, one of the main advantages of XAS is
to be an element specific spectroscopy. XAS is also applicable
to a broad range of elemental concentrations and therefore is
applied to a broad range of single atoms distributed on various
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Figure 10. (a) Comparison of FT-EXAFS curves of the Pt single atoms isolated on g-C;N, before and after the photocatalytic reaction. (b)
HAADF-STEM image of the photocatalyst after the photocatalytic reaction for hydrogen production. Reproduced with permission from ref 93.
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supports. A XAS spectrum can be divided into three regions,
namely the pre-edge, the X-ray absorption near edge structure
(XANES), and the extended X-ray absorption fine structure
(EXAFS). XANES, due to its sensitivity to the oxidation states
of metals, ligand field, and support materials, is a premier tool
to study electronic properties. EXAFS, due to its local excellent
spatial resolution, is a preferred technique for investigating
structural properties. Although probing different information,
these two spectroscopies are part of the same acquired
spectrum and are complementary in the analysis and
interpretation of the results. The inherent advantage of X-ray
spectroscopies is their application under working conditions of

the catalysts (i.e., in operando) due to the extended
penetration depth of hard X-rays.

2.2.1. EXAFS Spectroscopy. The EXAFS spectra present
characteristic oscillations in the measured linear absorption
coefficient in the energy region starting roughly at 50 eV above
the absorption edge. The EXAFS region is classically
understood by treating the ejected photoelectron as a spherical
wave which expands in the lattice and is partially scattered by
neighbors of the absorbing atom. The neighboring atoms are
treated as point scatterers, and the total scattered wave is
summed from the waves scattered by each atom. The resulting
interference pattern leads to the modulation of the measured
absorption coefficient, thereby causing the oscillation in the
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EXAFS spectra. With the majority of studied single atoms, the
treatment of EXAFS spectroscopy data is performed with a
single scattering approximation.” At the end, a pseudoradial
distribution function is determined by calculating the bond
lengths (with an accuracy of about 0.01 A), the number of
neighboring atoms, and in some favorable cases, by identifying
the type of atoms bonded to the metal center. EXAFS
spectroscopy in the context of single atoms characterization
aims primarily at showing the absence of metal—metal shells in
the Fourier transformed EXAFS spectra. This property
supports the hypothesis of mononuclearity for the main
body of the published studies.”***~*> For example, Li et al.
reported the isolation of single Pt atoms as hydrogen evolution
cocatalysts anchored on g-C;N,.”* The FT-EXAFS spectra of
the photocatalyst before and after the reaction (Figure 10a)
gives a single sharp peak centered at about 1.5 A and do not
present any Pt—Pt shell (expected at 2.3 A, without phase
correction). This feature demonstrates the stability of the
platinum dispersion and was further confirmed in parallel by
HAADF-STEM (Figure 10b).

However, our own experience with this technique has
pointed that the absence of metal—metal scattering on the
Fourier transformed EXAFS spectrum is a necessary condition
but not sufficient. To illustrate that point, we propose to
consider the work of Gallagher et al. in Figure 11, which
presents the FT-EXAFS spectra of &1 nm platinum nano-
particles supported on alumina (Figure 11a,b) measured in air
(Figure 11c) and under hydrogen atmosphere (Figure 11d).%*
The Pt—AlLO; catalyst measured under H, clearly highlights,
as expected, a Pt—Pt scattering with the typical 2.75 A bond
length distance of the metallic fcc structure. With the same
material measured in air, the Pt—Pt contribution almost
vanishes while a new shell appears with shorter bond distance
(~2.0—2.1 A) typical of a Pt—O shell. Note that the latter
spectrum (Figure 9c) looks similar to any spectrum measured
for supported single atoms, although TEM imaging clearly
shows an overwhelming presence of nanoparticles. Gallagher et

al. have demonstrated by a combination of X-ray synchrotron
techniques (SAXS, PXRD, and PDF analysis) that upon
exposure to air, the metallic particles were partially oxidized
and the fraction of the remaining metallic core was dependent
on the original size of the nanoparticles. For the smallest
nanoparticles/clusters, it can reach a point where almost all
platinum atoms are oxidized and thus the nanoparticles
undergo large disorder within their crystalline structure. This
has a direct influence on the possibility to detect metal—metal
shell by EXAFS spectroscopy. Indeed, part of the attenuation
of the EXAFS oscillations is modeled by an EXAFS Debye—
Waller factor, which depends on the structural disorder around
the metallic center, either due to thermal motion of atoms
(dynamic disorder) or structural disorder (static disorder).”>”°
The net result is a damping of the EXAFS amplitude, especially
at high wave vector value. Thus, an amorphous nanoparticle
may not show any significant metal—metal contribution for this
reason. Also, due to the limited accuracy of the technique, one
can miss minor clusters incorporating metal-metal bonds
depending on the sample and data quality. Practically, it means
the evidence of atomically dispersed metals by EXAFS
spectroscopy is only indisputable when complemented by
atomic-resolution microscopic images with sufficient statistic.

Once the atomic dispersion is properly highlighted, one
would like to go further in the EXAFS analysis in order to
pinpoint the coordination geometry of the single atoms. Since
EXAFS spectroscopy is an average technique, the structures
deduced from EXAFS spectra are most relevant when the
single atoms are actually single sites. By definition, a single site
catalyst has a uniform structure through the sample. In
practice, this is rarely achieved because most of the supports
for SACs display surface structures with substantial complexity.
Consequently, EXAFS spectroscopy will only provide an
average of the local order around the metal center, knowing
that the average can be a patchwork of various geometries. One
strategy to reduce the surface complexity is to use high surface
specific silica as an amorphous support but heat-treated up to
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500—700 °C to create isolated and quasi-identical Si—OH
surface groups. Those surface silanols are used as uniform
anchoring point for the metal atoms. Some examples of EXAFS
spectroscopy applied for those systems can be found from
Basset, Scott, Gates, Marks, Taoufik, and Coperet research
groups.” 77719 Ap example of such successful EXAFS
characterization of SOMC is given in Figure 12 and Table 1.

Table 1. Zr K-Edge EXAFS-Derived Structural Parameters
for the Grafted Zr Complexes on Silica Dehydroxylated at
500°C“

shell coordination no. distance R (A) 20 (A?)
(=Si—0)ZrNp,
0 1.1(1) 1.956(3) 0.0066(8)
C 3.2(1) 2219(4) 0.0163(9)
C 2.8(3) 3.42(1) 0.026(3)
(=Si—0),ZH
0 3.1(1) 1.945(3) 0.0170(5)
0 1.1(2) 2.61(1) 0.018(3)

“Reproduced with permission from reference 97. Copyright 1996 The
American Association for the Advancement of Science.

Corker et al. established the accurate coordination geometry of
a SOMC-based zirconium hydride ((=SiO);Zr—H) resulting
from hydrogenolysis of (=Si—0)Zr(Np); (Np, neopentyl).”
A clear advantage of SOMC regarding the characterization by
EXAFS spectroscopy is that they allow the determination of
subtle changes in the metal coordination sphere depending on
the temperature and/or the reactive atmosphere.

A well-known limitation of EXAFS spectroscopy is related to
the difficulty of identifying atoms with close atomic number.
There is in principle no reason to attribute a light backscatterer
atom (e.g., O) over another (e.g, C) (Table 1). This is why
the assignment of the scattering paths always needs to be
supported by other characterization techniques such as
elemental analysis, solid-state nuclear magnetic resonance,
and infrared (IR) spectroscopies.”””®

EXAFS analysis can be challenging even with structurally
uniform materials unless all the contributing paths are hinted
by other characterization techniques. Indeed, the identification
of scatterer is further complicated when two or more paths
(single- and/or multiple-scattering) have similar path lengths
with opposite phase, canceling each other in the Fourier
transform (FT). Data treatment of EXAFS spectroscopy by
wavelet transform (WT) was developed to resolve overlapping
EXAFS paths based on the atomic numbers of the scattering
atoms."' """ As an example, Scott et al. reported a study
dedicated to the characterization of molybdates dispersed at
low loading in the zeolite ZSM-5."'* WT EXAFS was used to
resolve a controversy on the presence of monomeric
molybdate species or dimolybdate/oligomeric sites inside the
zeolite channels (Figure 13). The utility of such an approach
was demonstrated using EXAFS data of crystalline MgMoO,
and MgMo,0,, in which single- and multiple-scattering paths
(Mo—0O, Mo—Mg, Mo—Mo, Mo—0—0, Mo—Mg—0, and
Mo—Mo—O0) were all found to contribute to the EXAFS signal
over a narrow R-range. By comparing the WT-EXAFS features
of the Mo/ZSMS catalyst with the previous model compounds,
the authors concluded that Mo/HZSM-S catalyst mostly
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American Society of Agronomy.

contains dimolybdate ions. WT analysis was also recently
applied by the same group to characterize the structure of
Ga(i-Bu); grafted on silica and alumina. Here, the WT analysis
was used as a straightforward assistance to pinpoint the Ga—
Ga scattering in order to perform the final curve fitting of the
EXAFS data. It was found that grafting on alumina occurs
mostly as in mononuclear gallium sites while grafting on silica
results in dinuclear species.' "

SOMC and EXAFS spectroscopy also shine when crystalline
supports with well-defined surface chemistry are used to isolate
single atoms. Gates et al. have notably investigated two types of
supports: nonporous nanoparticles with preferentially exposed
facets (e.g, MgO, TiO,) and crystalline microporous solids
(zeolite and metal organic framework).''*~"**> Another group
that is particularly active in this field is from the University of
Torino (Bordiga, Lamberti et al.), and the reader is directed to
their extensive review including their own work.'*¢

2.2.2. XANES and HERFD-XAS Spectroscopies. In the
XANES energy range, where the kinetic energy of the
photoelectron is slightly positive (or the incident photon
energy is just higher than the core level energy), modulation of
the absorption cross-section will occur through multiple
scattering events. This effect, although harder to understand
and predict from the theoretical point of view, unlike EXAFS
spectroscopy, is a unique chance to grasp the three-
dimensional structure around the absorber atom. X-ray
absorption near-edge structure also reflects the distribution
in energy of the virtual orbitals located on the single metal
atoms.'*® The principal type of probed virtual orbitals depends
on the chosen absorption edge (assuming a dipolar selection
rule): The K-edge probes the transition of a 1s electron to np
level and the L, ; edges, a transition from a 2p electron to d
level. Consequently, the L,;-edges are particularly useful to
monitor the oxidation state of a transition metal and to observe
the interactions with adsorbates. For K-edges, another
interesting energy region is the lower side of the XANES,
the so-called pre-edge region. Resonant structures may appear
in this region due to (1s) — (nd) transitions. These transitions
gain their intensity via quadrupolar coupling or by 3d-4p
mixing in a noncentrosymmetric environment. The analysis of
such features permits the extraction of information on the spin
or oxidation state, geometry, and type of ligand/adsorbate. The
pre-edge features for K—ed%e XANES of 3d transition metals
have been studied in detail. >’ ~"*’ The standard analysis of the

XANES spectra is traditionally accomplished either by
comparing the unknown spectrum with the spectra of model
compounds and/or by calculating the theoretical spectra of
hypothetical structures which are believed to match the
experimental data,'?”"3713*

An intrinsic limitation of XANES spectroscopy arises from
the natural width of the core—hole. The latter affect the
apparent energy resolution and can hide relevant spectral
features in the spectrum. To overcome this broadening,
XANES can be measured by monitoring fluorescence line
intensity with an energy resolution below the core—hole
lifetime broadening of the absorption edge.*>'*° On the
instrumentation side, this is achieved with a crystal analyzer
spectrometer. A common geometry found on beamline is the
Rowland geometry where spherically bent crystal wafers are
arranged in the Rowland circle with respect to the sample and
to the photon detector (Figure 14)."*” Thus, Bragg reflections
are used to monochromatize the incident beam energy as well
as to analyze the fluorescence emission, providing similar
energy resolutions. The high experimental resolving power also
ensures an optimal separation of all fluorescence lines that may
potentially overlap depending on the sample and when using
an SSD or SDD fluorescence detector (energy resolution of
150—300 eV). The fluorescence intensity is recorded as a
function of the incident energy and the measurement is then
called high-energy resolution fluorescence-detected X-ray
absorption spectroscopy (HERFD-XAS).

A recent example of the application of HERFD-XAS for the
characterization of SOMC-based complexes was reported by
Hoffman et al.'*® The author investigated the exchange of
ethylene and CO on single-site iridium supported on
crystalline porous HY zeolite and on crystalline MgO powder.
The interpretation of the spectral features in the HERFD-
XANES spectra recorded at Ir L;-edge were unraveled by
electronic structure calculations and the simulation of the
theoretical XANES spectra.'*” The study demonstrates that
high-energy-resolution XANES is a sensitive method for
characterization of single atoms in reactive atmospheres
(Figure 15).

Even if HERFD-XANES has so far found more applications
in the field of solid state chemistry and the number of works
for the characterization of single atoms is rather scarce, we
believe that the technique will emerge in the future for
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Figure 1S. Comparison of (a) high-energy-resolution XANES and (b)
FEFF-simulated XANES characterizing zeolite-supported Ir(C,H,),
(black line) and Ir(CO), (red line) species. Spectra were measured at
the Ir L;-edge with HERFD, and FEFF simulations were done with a
48-T atom HY zeolite structure. Insets: spectra between 11220 and 11
240 eV highlighting the presence or lack of the feature at 11225 eV.
(c) 48-T atom HY zeolite structure containing Ir(C,H,), and (d) 48-
T atom HY zeolite structure containing Ir(CO),. Atom colors:
oxygen, red; silicon; dark blue; aluminum, light blue; iridium, yellow;
carbon, black; hydrogen, pink. Reproduced with permission from ref
138. Copyright 2017 John Wiley and Sons.

characterization of ligands on metals dispersed on surfa-
ces, 140143

2.2.3. Valence-to-Core X-ray Emission Spectroscopy
(XES). X-ray emission spectroscopy (XES), a relatively old
technique, has been strongly developed in recent years. The
required instrumentation for the measurement of an emission
spectrum is similar to the one presented above for the
HERFD-XAS measurement (Figure 14), although other types
of set-ups are also developed for enhanced time resolution.'**
For X-ray emission spectroscopy, the incident X-ray energy is
maintained constant while the intensity of the fluorescence is
scanned by varying the Bragg angle of the analyzer crystals.
The spectroscopy relies on the ionization of a core electron on
the absorber atom by incident X-ray photons with energies
well-above the K-edge energy threshold. Then, an electron
decays to fill the 1s core—hole with a simultaneous emission of
photons.'* For the particular case of valence-to-core X-ray
emission (VTC-XES) spectrum, the peaks observed in the
spectrum arise from transitions from occupied orbitals a few
eV below the Fermi level (the valence band for solids or the
highest occupied molecular orbitals for complexes). With first
row transition metals, this valence-to-core region is tradition-
ally divided into two emission lines: the Kf”' and Kp,;
transitions which are respectively attributed to orbitals mixed
metal—ligand ns and np states. One of the first application of
VTC-XES for chemistry is related to the sensitivity in energy
position of the Kf’" peak which depends on the identity of the
ligand (e.g, C, N, O, S).146_149 This is why VITC-XES is a
useful technique and complementary to XAS due to the
impossibility of EXAFS spectroscopy to distinguish between
neighboring atoms of similar atomic number such as C, O, and
N. Furthermore, both the excited and emitted X-rays are hard
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X-rays, which means that the electronic structure of the sin§le
atoms can be investigated in reactive atmosphere.142’130_15

An exceptional example was reported by Boubnov et al,
where VI C-XES was applied to unravel the mechanism of the
selective catalytic reduction of NO over Fe-ZSM-5.'*’ VTC-
XES spectra of iron were recorded sequentially in different gas
atmospheres aiming at stabilizing various intermediate iron
states during the reaction mechanism (Figure 16, left). Their
interpretation of the XES spectra has benefited from the recent
theoretical development implemented in the ORCA program
package.">*™"*? By simulating the VTC-XES spectra corre-
sponding to structures of molecular models expected during
the reaction, the authors were able to assign most of the
observed spectral features (Figure 16, right). Notably, VTC-
XES Kp" spectroscopy provided evidence of the adsorption of
ammonia in the presence of large amount of water, which is
difficult with vibrational spectroscopy. Combining the results
of HERFD-XANES measured in the same operating
conditions, the authors concluded that the key reactions in
the NH;—SCR mechanism over Fe—ZSM-$ involved: (a) the
adsorption of NO and ammonia via oxygen atom on a Fe®* site
leading to a partial reduction of the site with (b) subsequent
release of Fe®", nitrogen, and water, (c) reoxidation of Fe** as
the rate-limiting step, and (d) water inhibition by coordination
to the active center.

2.3. Solid-State NMR Spectroscopy

Solid-state NMR spectroscopy (SS NMR) is a powerful tool
for the investigation of heterogeneous catalysts prepared from
molecular precursors, especially those synthesized by
SOMC'®™'* or catalysts connected through a tether to the
surface.**

Generally, nuclei with spin number I = 1/2, such as Iy, 3¢,
YE, i, N, or *P are commonly studied by SS NMR
spectroscopy because the resolution is reasonably good, and
the interpretation of results straightforward. Study of
quadrupolar NMR nuclei with I > 1, such as ''B (I = 3/
2),165 27A1 (I — 5/2)’166,167 170 (I — 5/2)’168 93Nb (I — 9/2)150
etc,'” is yet rarely reported in literature because SS NMR
signals are typically wider due to rapid quadrupolar
relaxation.’”'**'®® Nevertheless, many works in SOMC
involve nuclei with spin number Z > 1. Hence, analysis of
those nuclei is crucial to unravel structural information. In
addition, two-dimensional methods often facilitated the
determination of the structures of SOMC catalysts at a
molecular level. 2D SS NMR experiments correlate proton
spins, e.g,, proton—proton double quantum (DQ),"”’ triple
quantum (TQ),"”" and combined rotation and multiple
sequence (CRAMPS)'”* or spins of protons and other
heteroatoms such as hetero nuclear correlation spectroscopy
(HETCOR).'”?

The challenge of SS NMR spectroscopy remains the low
signal-to-noise ratio per scan which depends on the following
parameters: (i) the gyromagnetic ratio of the observed nuclei
Yobs (ii) the strength of the static magnetic field B, (iii) the
temperature, and (iv) the apparent transverse relaxation time
T,*. Furthermore, detection limits in SS NMR are affected by
inhomogeneous line broadening, which can reduce T,* by
several orders of magnitude. The discovery of cross-polar-
ization magic angle spinning (CP MAS)'"* solid-state NMR
experiments improved the accurate determination of SOMC
structures. Cross-polarization transfers polarization from nuclei
with high gyromagnetic moment (for instance 'H) to nuclei

with low gyromagnetic moment (for instance B3¢, BN, 2sj,
etc.). This, combined with magic angle spin at 5—20 kHz,
yields high-resolution spectra. Dynamic nuclear polarization
surface enhanced NMR spectroscopy (DNP-SENS) is another
tool for better and faster characterization of heterogeneous
catalysts.'”>'”® Indeed, SOMC-prepared complexes typically
display low loadings (<10 wt %, and generally on the order of 2
wt %), implying that it is even more challenging to obtain high
quality SS NMR spectra. DNP-SENS requires the addition of a
radical as exogenous source of polarization and solvent.
Typically, the solid sample is prepared by incipient wetness
impregnation (IWI) by mixing it with just enough radical
containing solution to uniformly impregnate the whole surface
of the investigated material. During a DNP SENS experiment,
the sample is irradiated by microwaves which lead to a transfer
of polarization from the radical through the solvent (proton
spin diffusion) to the nucleus of interest. Such effect leads to
the desired enhancement of the NMR signal within a very
short time compared to conventional SS NMR spectroscopy
(Figure 17).175

A

Surface NMR Signal

Figure 17. Schematic model of DNP SENS for porous materials. A
stable radical is introduced into the pores by impregnation. Enhanced
polarization is transferred to the protons of the solvent and organic
functionalities. CP is used to transfer the enhanced polarization to
dilute spin such as C. Adapted with permission from ref 175.
Copyright 2013 American Chemical Society.

In literature, there are many applications where DNP SENS
is used to %ain structural understanding of very complex
molecules'”>'77'7® on the surface materials such as silica,'””
alumina, 180152 183,184
neous catalysts.

In the following, we will discuss some illustrative examples
on how SS NMR spectroscopy and DNP SENS help to
understand the structure of SOMC-prepared catalyst and,
consequently, support the development of more efficient
catalysts.

2.3.1. Standard Characterization of SOMC Com-
plexes. 2.3.1.1. 'H, 3C MAS, and 2D SS NMR. 'H, 13C
MAS, and two-dimensional SS NMR techniques have become
crucial tools for surface sciences, nanotechnology, and
heterogeneous catalysis enabling the characterization of well-
defined solids, as hybrid materials, grafted linkers, and
heterogeneous catalysts. The applications of these techniques
in SOMC are numerous. We have selected here some examples
to deepen the understanding of SS NMR in SOMC.

or zeolites

to functionalized heteroge-
183,185—194
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Figure 18. (a) One-dimensional '"H MAS solid-state NMR spectrum of [(=Si—O—)W(CH,);]. (b) Two-dimensional 2D 'H—'H double
quantum (DQ)/single quantum and triple quantum (TQ)/single quantum NMR. (c) '*C CP-MAS NMR of [(=Si—O—)W(CH,);]. (d) 2D
'"H-"C CP-MAS dipolar HETCOR spectrum of [(=Si—O—)WMe;]. Reproduced with permission from ref 196. Copyright 2014 American

Chemical Society.

A breakthrough of SOMC was grafting WMeg on partially
dehydroxylated silica, a very sensitive molecule under standard
conditions. The homogeneous structure of the complex was
confirmed in 1996 by Seppelt et al."*® It took 18 years, until
2014, before the complex was grafted on dehydroxylated silica
SiO,_70p, which turned out to have powerful implications in
catalysis.'”® The solid-state 'H MAS NMR and *C CP/MAS
NMR of [(=Si—O-)W(Me);)] gave very sharp signals
comparable to that of liquid NMR spectrum of homogeneous
complex (Figure 18a,c). The development of CP/MAS NMR
experiments helps determine the precise chemical shift of the
grafted organometallic complex on oxide support.'”® With low
temperature SS NMR experiments, the pseudo trigonal-
prismatic arrangement of [(=Si—O—)WMe;] was proven by
finding two nonequivalent types of methyl groups possessing a
2:3 stoichiometry instead than just one siégnal observed at
room temperature because of coalescence.'”

Additional two-dimensional experiments on [(=Si—
O—)WMe;] confirmed (i) the spatial proximity of two protons
observed as a peak which corresponds to the sum of two
individual single-quantum frequencies ("H—'H double quan-
tum (DQ), Figure 18b, top), (ii) the proximity of three
protons appearing as a signal, which equals thrice the
individual single-quantum frequency (TQ_ spectrum, Figure
18b, bottom), and (iii) the structure of the complex as well as
the well-defined nature of the surface complex ("H—'"C-
HETCOR, Figure 18d).

DQ and TQ experiments, not only allow structural
determination of a solid catalyst but also the spatial distance

between protons of different functional groups if they are close
enough. For example, the DQ and TQ spectra of a bimetallic
surface complex [(=Si—0—)W(CH;)s/(=Si—0—)Zr(Np),]
(Np = CH,—C-(CH,);) show self-correlation corresponding
to —CH; (of =-W(CH,;); at 2 ppm, and —CH,, of ZrNp at 1.2
ppm in the diagonal of the spectra (Figure 19). Additional
peaks related to 'H—'H intercorrelation between both
complexes are observed as extra peaks outside the diagonal
(Figure 19). This observation confirms that both grafted
complexes (—WMe; and —ZrNp,) were placed in proximity
with distance of ~5 A (Figure 19).'”

Multiple quantum (MQ) experiments are helpful to
distinguish different metal hydrides on solid surfaces. For
example, after treating (=Si—O0—)Zr(Np); with H, at 150 °C,
the formation of zirconium hydride was identified by 'H MAS
NMR spectroscopy showing two distinct hydride peaks at 10.1
and 12.1 ppm.170 Nevertheless, it was not clear how many
protons were present in the [Zr—H,] metal complex. By closer
analysis, it was observed that the two hydride species displayed
very different relaxation times (T;). The signal at 12.1 ppm
displayed a very short relaxation delay (<2 s), whereas it was
much harder to obtain a constant signal at 10.1 ppm
(relaxation delay was about 30 s). This observation confirmed
the presence of two electronically different types of protons on
[Zr—H,]. To assign these species, 'H—'"H MQ-MAS NMR
was carried out. For the zirconium-hydride species at 12.1
ppm, the 2D spectrum showed a strong autocorrelation peak at
24.2 ppm in the ®; dimension on the diagonal (Figure 20).
This indicated correlation between two protons indicating the

DOI: 10.1021/acs.chemrev.9b00238
Chem. Rev. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.chemrev.9b00238

Chemical Reviews

CH,
mcana
o H,

S]I ™o i
o\v“g\o & i\O
M L e

S

_Zr-CH,(CH.
Wch, ZrCHyCHy, o ZrCHACH:k

™,

2.
a)
E
b) Lo 2
2E
; o a
e o &=
= .
=
> L 28
=2
£F
- o E S
a
C) Lo B
5%
&5
b o G =
=
E
« £ F
B E
L &
12
3 2 ' o
Proton Single Quantum frequency (ppm)

Figure 19. (a) One-dimensional "H MAS solid-state spectrum of [ (=
Si—0—)W(CH;)s/(=Si—0—)Zr(Np);] and (b) two-dimensional
2D 'H-'H double quantum (DQ)/single quantum (c) triple
quantum (TQ)/single quantum NMR of surface complex [(=Si—
O—)W(CH;)s/(=Si—0—)Zr(Np);]. Reproduced with permission
from ref 197. Copyright 2016 American Chemical Society.

presence of zirconium-bishydride [Zr—H,]. The MQ MAS
NMR for the proton resonance at 10.1 ppm showed a weak
signal at 14.5 ppm in the @, dimension outside the diagonal
(Figure 20) which indicated correlation between Zr—H (10.1
ppm) with Si—H (4.4 ppm) from the surface. These species
are therefore close to each other.

2.3.1.2. 'H, 3C DNP SENS. To improve the sensitivity of the
spectrum, DNP SENS can be applied to structural determi-
nation of heterogeneous catalysts''© (i) if they are not sensitive
to the radical,"”*>% or (ii) if the active site is protected from
reacting with the radical.'®»'**~'* The limitation of DNP
SENS, when it comes to SOMC species, is that most surface
organometallic complexes are hiéhly sensitive and prone to
react with the added radicals."*"* Strategies have been
developed to overcome the challenge by protecting the
complex from reacting with the added radical; herein, we
discuss one strategy, namely confinement, and how it enables
characterization of highly sensitive SOMC-prepared catalyst by
SS NMR spectroscopy with high resolution.

DNP SENS was applied to [(=Si—O-)W(=C'Bu)-
(CH,'Bu),] supported on mesoporous silica with various
pore sizes (dpore = 6.0, 3.0, and 2.5 nm).194 Mesoporous
supports were used to prevent direct contact of the large
biradical nitroxide radical TEKPol*”" (d.4.; ~ 2 nm) and the
surface complex. The sample was prepared by incipient
wetness impregnation of the SOMC complex with a solution
of TEKPol in dichlorobenzene (DCB) or tetrachloroethane
(TCE). On SBALS support (displaying large pore diameter),
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Figure 20. (a) '"H MAS NMR spectrum of [Zr—H,] species obtained
during the hydrolysis of (=Si—O-)Zr(Np);. (b) DQ rotor-
synchronized 2D 'H MAS spectrum of [Zr—H,] species. Reproduced
with permission from ref 170. Copyright 2004 American Chemical
Society.

no surface signals were observed by '*C CP-MAS DNP SENS,
most likely because TEKPol reacted with the surface. Using
MCM41 as support with pore diameter of 3.0 nm, the '*C CP-
MAS DNP SENS of [(=Si—O—)W(=C'Bu)(CH,'Bu),]
showed all expected peaks of the surface complex at 33 ppm
(CH;), 52 ppm (—C(CHj,);) and 95 ppm ([W]-CH,—C=).
Even the carbyne signal at 317 ppm ([W]=C-) was detected
after only 8000 scans, while conventional SS NMR spectros-
copy typically needs at least 70000 scans to only observe alkyl
fragments (32, 52, and 95 fpm) but not the carbyne fragment
at 317 ppm (Figure 21).""" This example illustrates how DNP
is a powerful tool for characterization of samples in limited
time frame as compared to conventional NMR.

It turned out that use of DNP SENS is even possible when
the SOMEF is grafted on spherical silica, if the SOMF is small
enough and the concentration is moderate.'”* This condition
allows silica particles to aggregate which (partially) prevents
the direct contact of the radical and the sensitive SOMF.

2.3.2. Characterization of SOMCat through Heter-
oatoms. 2.3.2.1. >N SS NMR Spectroscopy. >N has spin 1/2,
however, the natural abundance of "N is very low (0.37%).
Particularly, for SS NMR, this means that it is very challenging
to record a reasonable spectrum. Because the discovery of
DNP enhanced SS NMR spectroscopy, the characterization of
these materials became more accessible. Several heterogeneous
catalysts (hybrid materials, SOMCats, etc.) bearing nitrogen-
based moieties as attractive functionalization were investigated.
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Figure 21. *C CP-MAS DNP SENS spectra (100 K, 400 MHz/263
GHz) for [(=Si—O—)W(=C'Bu)(CH,Bu),] in a 16 mM TEKPol
solution in TCE. Reproduced with permission from ref 194.
Copyright 2018 Royal Society of Chemistry.

Examples described in literature include peptide-* or aniline-
functionalized”®” silica and nitridated silica surfaces.”"*

2.3.2.2. 2Si CP/MAS NMR Spectroscopy. Besides structural
determination of SOMC complexes, SS NMR serves also for
the precise characterization of unfunctionalized support
materials (silica, alumina, silica—alumina, etc.) used for
SOMC. The most common support in SOMC is dehydroxy-
lated silica; 2°Si CP/MAS NMR spectroscopy' *”**>*%° can be
applied to distinguish silicon—oxygen bonds (Q-sites) in order
to resolve silanols (=Si—OH) from bulk silicon atoms. The
following terminology is used: (i) Q" sites appear in the range
between —115 to —105 ppm and describe bulk silica (SiO,),
where silicon is only connected via siloxane bridges to other
silicon atoms. (ii) Q>-sites are found around —100 ppm and
are related to single surface silanols (=Si—OH). (iii) Q-sites
describe adjacent bis-silanols [(=Si(— OH) ] and appear in
the range between —85 and —95 ppm.””°

After thermal treatment of SBA-15 at 700 °C, the 2°Si CP/
MAS NMR spectrum of SBA-15,y, showed three peaks at
—101, =92, and —110 ppm. The main peak at —101 ppm was
assigned to Q’-sites, indicating that mainly surface silanols
were observed. The peak at —92 ppm relates to Q’sites
(adjacent silanols) and the signal at —110 ppm refers to bulk
silica Q*-sites.?*>%

Apart from Q-sites, silicon NMR spectroscopy is also
capable of distinguishing T-sites which describe Si—C bonds
(following the same systematic). Those sites typically appear
following alkyl migration from metal complexes to surface
silicon atoms (Scheme 3)."7®?°” Similar to *C SS NMR
spectroscopy, the drawback of *°Si SS NMR spectroscopy is
the low natural abundancy (4.7%) and the low gyromagnetic
momentum which leads to extremely long experimental times.
DNP enhance SS NMR spectroscopy helps overcome this
problem, and spectra can be recorded in reasonable
experimental times by indirect (with cross-polarization) or
direct DNP."”’

2.3.3. Characterization of SOMC Complexes through
Quadrupolar Nuclei. 2.3.3.1. Al SS NMR Spectroscopy.
Quadrupolar nuclei, such as *’Al are less commonly
encountered in SS NMR spectroscopy than dipolar nuclei'®
because of their intricate spin dynamics in the presence of

radiofrequency fields and magic angle spin (MAS). These
dynamics lead to spectral broadening resulting from the
residual quadrupolar interaction that cannot be completely
removed by MAS leading to S/N-ratios close to detection
limit. However, application of *’Al NMR spectroscopy in solid-
state chemistry is very promising for the heterogeneous
catalysis community,'®” especially when working with single
atom catalysts, zeolites, or with well-defined SOMC-
catalysts.”**'" Generally, three types of aluminum atoms
can be distinguished: tetracoordinated Al'Y or Al appearing at
around 70 ppm, pentacoordinated Al" or Al, at 35 ppm and
hexacoordinated A" or Aly; at 8 ppm. In 2016, a unique type
of mesoporous silica material with well-defined single-site and
selective formation of terminal Al-H was designed.”’® The
starting aluminum iso-butyl complex and the final aluminum
hydride were fully characterized by advanced SS NMR
spectroscopy ('H, '*C, multiple quanta (MQ) 2D 'H-'H,
and *Al). Trimeric iso-Bu,AlH reacted selectively with surface
silanols without affecting the siloxane bridges. The *’Al SS
NMR spectrum exhibited an intense signal at 68 ppm,
corresponding to a tetrahedral aluminum-hydride (AI"), the
characteristic resonances of AlY (31 ppm) and AI"' (3 ppm)
were not detected in the *’Al SS NMR spectrum (Figure
22)'208

1
Al-lsobutyl 1
68

114

150 100 50 0 =50
Chemical Shift (ppm)
Figure 22. Al SS NMR spectrum of tetracoordinated Al—H after

thermal treatment. Reproduced with permission from ref 208.
Copyright 2016 American Chemical Society.

Gauvin, Taoufik, Scott et al.****!' showed that character-
ization and structural analysis of SOMC catalysts (methyl-
trioxorhenium (MTO) on y-ALO,) is possible by *’Al solid
state NMR. Figure 23 shows the 2D 'H—*’Al D-HMQC MAS
NMR spectrum of MTO/Cl—AlL,O;. All three aluminum sites
were detected (Figure 23a): (i) tetracoordinated AI' (Aly),
(ii) pentacoordinated AlY (Alp), and (iii) hexacoordinated AI"*
(Aly). Deeper investigations of the spectrum revealed two
distinct, main patterns: (i) the area with dashed lines highlights
the regions of Cl—ALO; which are mainly unaffected by
grafting and (ii) the area surrounded by the solid line includes
the 'H chemical shift of Re-CH,, which correlates with all
types of aluminum atoms. The low chemical shift region
correlates with Alp/Aly, whereas the high shift region
correlates with Alp/Aly. These pairwise correlations suggest
strong interactions between rhenium and a bridging oxygen
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Figure 23. SS NMR of methyltrioxorhenium MTO/Cl-ALO; (a)
Al projection, (b) 'H MAS, and (c) 'H—?’Al D-HMQC MAS NMR
(18.8 T, spinning speed 20 kHz, recycle delay 2 s, recoupling time 500
us). Reproduced with permission from ref 211. Copyright 2016
American Chemical Society.

(AL,OAly, n =T or P of the surface) as it is suggested in Figure
23c.

2.3.3.2. 7O MAS NMR Spectroscopy. 7O SS NMR
spectroscopy of metal oxides is an interesting tool for the
insightful characterization of supported species. Further,
hydrogen bonding and dynamics on surfaces of catalytically
important materials can be measured. The challenge of '"O
MAS NMR spectroscopy is that 7O has an extremely low
natural abundance (0.037%) and quadrupolar nature (I =5/2),
resulting in line broadening that cannot be resolved by magic
angle spinning (MAS).”’* To obtain reasonable SS NMR
spectra, silica surfaces were either treated with 7O enriched

water” *'* or 170, gas.*'**'® Figure 24 shows that key
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Figure 24. 70 MAS NMR spectra (18.8 T, 19 kHz for (a—c) and 21
kHz for (d)) of (a) Zr-SiO,_540, (b) Ta-SiO,_,qq, (c) W-8i0;_540, and
(d) W-SiO,_,q. Asterisks indicate position of spinning side bands.
Reproduced with permission from ref 213. Copyright 2012 American
Chemical Society.

information on SOMC complexes can be extracted for various
oxygen environments such as silanols (around 0—10 ppm),
siloxanes (20—S0 ppm), and metal-bound siloxides (150—250
ppm).

Further developments in SS NMR spectroscopy related to
anisotropic nuclei showed that natural abundance 7O SS
NMR of mesoporous SBA1S is possible usin§ DNP enhanced
SS NMR without using 7O labeled samples.” >’

3. COMPUTATIONAL TOOLS

The use of quantum chemistry methods is considered
nowadays as powerful tools to understand the atomic scale
properties of surfaces and their role on adsorption and
reactivity processes. Our goal is not to provide a detailed
description of the various possible co 8putatlonal methods, this
can be found in different textbooks,*'*™*?° and it is described
in details in a recent review.”*' Here, we try to summarize the
theoretical approaches mostly used in the field and to show
some relevant examples where combining theoretical DFT
calculations with advanced characterization techniques allowed
to provide deep insights into understanding the fundamental
properties of SACs, SAACs, and SOMC-based complexes
including stability, electronic features, and reaction mecha-
nisms.

3.1. Models

Theoretical simulations of solid materials are in general
performed starting from the information on the crystalline
phases provided by the experimental characterization techni-
ques, such as the atomic positions in the unit cell of the
considered material and the symmetry elements controlled by
the space group.

Support catalyst structures are in general modeled by
periodic slab models containing several atomic layers. The
surfaces are constructed from the optimized bulk cell
dimensions and obtained by cleaving the original bulk through
a matrix transformation along a given Miller (hkl) crystallo-

raphic plane to mimic the obtained experimental sur-
face.””>** Differently from the bulk, only translation vectors
parallel to the surface enforce the periodic boundary
conditions because periodicity is lost in the noncrystallo-
graphic direction perpendicular to the slab plane. Technical
reasons related to the use of plane waves-based methods
enforce the adoption of a tridimensional unit cell for slabs as
well. This requires that large vacuum heights have to be set in
the direction perpendicular to the surfaces to prevent
nonphysical electronic or fictitious interactions between the
periodically repeated slabs along this direction. This is different
from periodic quantum mechanical calculations carried out
using a linear combination of atomic orbitals (the so-called
LCAO method) by employing Gaussian or Slater type basis
sets, in which the definition of the true bidimensional slab is
completely rigorous, where the electrostatic potential above
and below the slab decays exponentially with the distance from
the slab.”***** In all cases, the adequacy of the adopted slab
must be checked by considering convergence of geometry,
energy, and electronic properties as a function of the slab
thickness and, for plane wave methods, vacuum thicknesses
separating the repeating slabs. Slabs containing various possible
termination types are required to be tested in order to
determine the most favorable surface termination. As a typical
example, we show in Figure 25 that the same (010)
crystallographic direction of crystalline silica (a-quartz) can
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Figure 25. Two possible terminations of the same (010) crystallo-
graphic exposed facet of hydroxylated crystalline silica (a-quartz) with
geminal (top) or vicinal (bottom) Si—OH groups. Adapted with
permission from ref 226. Copyright 2013 American Chemical Society.

have two different terminations with geminal or vicinal Si—OH
groups depending on how the cut height has taken place along
the direction perpendicular to the slab. Therefore, further
calculations are needed to find out the best arrangement of the
surface Si—OH in order to maximize the H-bond interaction
and, consequently, to reduce the surface formation energy. On
the basis of this, the crystallographic plane together with the
termination type chosen should be well clarified to more
reasonably define the material under real conditions. For
oxides, extra care should be exerted in order to avoid either
charged slabs or slabs with a large dipole moment across the
slab itself since they are electronically unstable.””***> During
geometry optimization, the bottom layers located far away
from the surface can be maintained frozen, while the top layers
together with a few subsurface layers should in principle be
fully relaxed. Dipole corrections along the surface directions
are required to be included to avoid such possible errors
induced by the periodic boundary conditions.

Once the support has been defined, a different approach is
followed based on the catalytic system under investigation. For
instance, for SAC calculations, a single metal atom is adsorbed
on the surface layer of the slab, while for SAAC calculations, a
single metal atom from the surface layer of the slab is replaced
by another metal atom. In both cases, a large surface layer area
is required to mimic the metal content obtained experimen-
tally, or to prevent interaction between metal sites in
neighboring simulation cells. Moreover, several locations of
the single metal atom on top of the slab surface must be
explored in order to find the energetically most favorable
geometry. Dispersion corrections are in general included to
better describe the metal—support interaction.

Moving to SOMC, the active site is modeled by linking to
the surface layer of the slab the metal atom together with the
ligands occupying its first coordination sphere. However, in
this area, the majority of studies refer to amorphous silica
supports and, consequently, no structural detail of the slab
surface and of the possible grafting points can be accessed by
experimental techniques, forcing to adopt only possible
models, often corresponding to ideal situations. One approach
is to achieve the degree of disorder typical of amorphous

materials by performing molecular dynamics simulations at
high temperature followed by a quenching step until the
physicochemical desired properties are obtained.””*** How-
ever, this method is highly time-consuming and the use of
quantum mechanical techniques become often unaffordable. In
this state, leaving out the exact definition of the bulk structure
and focusing only on the groups present on the surface
represent a possible solution. To this extent, there is an
alternative approach to the periodic slabs, the so-called cluster
approach™” widely reported in the literature for mechanistic
studies on several SOMC-catalyzed reactions. This model
consists of designing the structure of the active site by limiting
the number of units of the support involved. In this way, the
cluster behaves like a “normal molecule” and the standard
quantum mechanical methods used in homogeneous catalysis
can be used (see Methods section). This approach presents
several advantages, apart from the requirement of minor
computational resources. The possibility to use very accurate
methods (i, accelerate CCSD(T) methods) as standard
reference allows to finely tune the calculation method in order
to reach chemical accuracy.””® Solvent molecules can be
included in the simulation by continuum methods™’’ to take
into account the effect of the solvent on properties like
adsorption and substrate coordination to the metal and/or to
the support. Finally, and most importantly, the evaluation of
reaction barriers and pathways is much more accessible by
using the algorithms and programs developed for modeling
homogeneous catalysis.

As expected, the size of the cluster can vary by adding more
or less neighbor atoms around the metal center. Moreover,
different approaches can be used to design the shape of the
cluster. For example, in the case of SiO, based supports, two
approaches have been reported in the literature. The former
consists of the “tree like” model, built by designing an
increasing number of shells (—OSi(OH); unit) around the
active site; the latter is the “cage like”*** model in which a cage
of SiO, units having a silsesquioxane type geometry is built
starting from the atom of the support directly bonded to the
metal center (see Figure 26). Nowadays, the cage approach is
the most accredited because of the natural rigidity of the
silsesquioxane cage relative to the larger flexibility of the tree
that requires a high number of geometry constraints in order to
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Figure 26. (left) Tree-like models terminated by Si—H and Si—OH
groups. The SiO;OH moiety representing the surface SiOH group is
depicted in blue. (right) Cage-like cluster models. Reproduced with
permission from ref 226. Copyright 2013 American Chemical Society.
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avoid distortions. In all cases, the clusters are terminated by
Si—H or Si—OH groups to retain tetrahedral Si atoms.***

As expected, the cluster approach also has several
limitations. For instance, it can be used only when the activity
of the catalytic site depends on localized features of the site
rather than on long-range interactions. A delicate aspect to
consider when approaching this method is also the accuracy in
describing the electronic states of the surface, which may
depend on the system being studied. Silica and zeolites
supported SOMC catalysts behave well for this aspect because
they show a large band gap that allows a reasonably good
description of surface electronic response by cluster model.
Moreover, care should be taken in choosing the size of the
cluster in order to confer some sort of elasticity to the system,
particularly important when surface reconstruction is expected
after interaction of the support with the substrate (for example,
with metal oxides). Finally, the ideal geometry of the cluster
could be scarcely representative of the geometries occurring in
the real amorphous catalyst.

By applying the methodologies discussed above for
simulating support catalyst structures, various models based
on both periodic slab and finite cluster approaches have been
proposed in the literature over the past years to properly
describe the surface topology and reactivity of y-
ALO;,*' "% which is often used as support in catalysis
thanks to its stability and Lewis acidity. Using slab models
including periodic boundary approach, the structures and
energetics of (111) and (110) surfaces of y-AL,O; and the CO
oxidation by single-atom catalysts M;/y-ALO; (M = Pd, Fe,
Co, and Ni) were recently investigated.”*”>*® A few years
earlier, Rh,/y-Al,O; as single-atom catalyst for O, activation
and CO oxidation was examined from the theoretical
standpoint.”* The intrinsic variety and complexity of the
alumina surface (i.e., presence of physisorbed water molecules,
chemisorbed H and OH species, etc.) makes modeling
challenging. To this extent, the cluster approach remains
widely used since it allows a realistic model of the defects and/
or of specific sites with a different number of adsorbed water
molecules and aluminum/hydroxyl group ratio. Common
models discussed in literature consisted of neutral and
stoichiometric (Al,O;), type clusters, where n = 8, 11, 14,
and 18 obtained from the cut of y-Al,Q; infinite surface.””’

To overcome these limits and to try to merge the advantages
of both periodic and cluster approach, an expanded cluster
approach based on combined quantum mechanics/molecular
mechanics methods has been developed. This method consists
of using bigger clusters defined by two parts, the active part of
the catalytic site described with a high level of theory
(quantum mechanics methods) and the rest of the system
simulated with a lower level of theory (classical force fields
methods).**®

3.2. Methods

The structures considered for SAC or SAAC are fully
optimized mainly in the framework of the spin-polarized
periodic density functional theory (DFT) within the plane
wave (PW) approach and the generalized gradient approx-
imation (GGA) for the exchange-correlation functional in the
Perdew—Burke—Ernzerhof (PBE)** formulation implemented
in solid-state programs. The frozen-core all-electron projector-
augmented wave (PAW) scheme®*® is used to describe the
core electrons and the electronic wave functions are expanded
in plane wave basis with the sufficient kinetic cutoff energy.

The Monkhorst—Pack scheme of k-points mesh is applied to
carry out the numerical integrations in the reciprocal space and
sample the Brillouin zone.”*' The ground-state atomic
geometries are obtained by minimizing the Hellmann—
Feynmann forces on the atoms and the electronic self-
consistency tolerance at each ionic step.

The binding energy of the single metal atom to the support
for SAC and the cohesive energy of the single metal atom in
the corresponding metal host for SAAC are computed to
evaluate the binding strength between the deposited metal or
the doped metal and the support. The electronic properties of
the most favorable SAC and SAAC structures are examined by
density of states and Bader charge calculations. These analyses
provide rational insights into the orbital’s nature involved in
the formation of the new chemical bonding between the
deposited or the doped metal and the support, giving a hint
about any possible charge transfers, by identifying the atoms
involved in this process and the amount of transferred charge.
Transition states along reaction pathways are usually
approached using the climbing-image nudged elastic band
(CI-NEB) method.”**™*** The initial and final state geo-
metries for each step of all models are tested, and the ones with
lowest energies are selected as the reactants and products in
the minimum energy path. Localization of transition states can
be further improved by refining geometries from CI-NEB
calculations using specific transition state searching algorithms,
such as the dimer method.”** The transitions states (TS) are
characterized by vibrational frequency analysis with a single
mode of imaginary frequency. Usually, all calculations are
performed at the generalized gradient approximation (GGA)
level of DFT, including dispersion correction terms.

In case of the cluster models for SOMC, geometries are fully
optimized at the DFT level using either a GGA functional or a
slightly more expensive hybrid GGA functional. The functional
and basis set used can vary depending on the system studied,
with the general approach of combining relativistic effective
core potentials for second and third row metals and explicit
basis set for main group atoms. Transition states can be
approached with one of the many techniques used in
homogeneous catalysis, and the nature of all stationary points
is confirmed by the calculation of analytical second derivatives.
In principle, intrinsic reaction coordinate calculations (IRC)
should be performed to verify that the localized transition state
connects properly with the considered reactants and products.
Better quality energetics can be achieved via single point
energy calculations on the optimized geometries by using
larger basis sets, more expensive functionals, highly accurate
wave function methods, including accelerated CCSD(T) ones,
and by including solvent effects using a continuum solvation
model.

4. CLASSIFICATION BY TYPES OF REACTION AND/OR
ACTIVATION

4.1. Hydrogenation

Hydrogenation is a ubiquitous reaction, mainly used in
chemical industry for conversion of unsaturated hydrocarbons
to saturated ones. The first hydrogenation catalyst was
discovered by Paul Sabatier, who observed that, at an elevated
temperature, CO, reacts with hydrogen in the presence of
nickel catalyst to produce methane and water (Sabatier
reaction).”*® For this discovery, he was awarded the Nobel
Prize in 1912. In this section, we will discuss the hydrogenation
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of various organic double/triple bonds and aromatic
compounds using SOMCat, SAC, and SAAC.

4.1.1. Via SOMC. 4.1.1.1. Hydrogenation of Olefins. For
hydrogenation reactions via SOMCat, mainly supported Zr,
Cr, and Co SOMC complexes have been used. In the 1980s, a
well-defined silica supported zirconium bis-hydride (=Si—
O—),ZrH, catalyst was used for the reduction of 1-butene to
butane. The zirconium complex (=Si—0-),ZrH, was
prepared by reaction of Zr(Np), (Np: neopentyl) with
Si0,-500 (Aerosil silica dehydroxylated at 200 °C under high
vacuum (1075 bar) for 12 h). After the end of the reaction, a
bipodal zirconium species, (=Si—0—),ZNp,, was formed.
Under treatment with hydrogen, a bipodal zirconium bis-
hydride (=Si—0—),ZrH, was produced. In a typical catalytic
run, a slurry of (=Si—0-),ZrH, was prepared in toluene and
a 20-fold excess of 1-butene was added in the presence of H,
(1 atm) at 25 °C in 30 h. At the end of the reaction, n-butane
was observed (Scheme 4). Similarly, cis- and trans-2-butene

Scheme 4. Mechanism of Reduction of 1-Butene with a
Silica Supported Zirconium Complex Obtained by SOMC
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were completely converted to n-butane in 2 d. In the initial
part of the reaction, cis—trans isomerization was mainly
observed under the selected reaction conditions, but at the end
of the reaction, complete reduction of the olefin to alkane was
observed.”*’

Following this result, a well-defined zirconium monohydride
was prepared on silica—alumina (SAl) surface and tested for
cumene hydrogenation. After contacting neat cumene with
[(=Si—0—);Zr—H]sa1.55 (R/C = 436) under 29 bar of H, at
150 °C for 15 min (TOF 1750 h™'), cumene was completely
hydrogenated to ‘Pr-cyclohexane

Recently, Coperet et al. synthesized surface cobalt(II)
catalyst prepared by SOMC technique for hydrogenation of
propene.”” The Co(II) surface complex was fully characterized
by EXAFS, XANES to prove its structure. Furthermore, to
understand the absence of Co—Co bonds, wavelet analysis was
performed on EXAFS data. This analysis clearly demonstrated
that Co—Co scattering path was absent but the Co—Si path
was present, confirming the monomeric nature of the Co(II)
surface complex.

The Co(Il) surface complex was tested for propene
hydrogenation. The reaction was carried out at 50 °C under
a flow of 18 mol of propene-(mol of Co)™" h™' and 90 mol of
hydrogen-(mol of Co)™" h™" obtaining a relatively low TOF of
0.94 h™". The reaction conditions were optimized by varying
flow rate as well as raction temperature. It was observed that
the reaction is first order with respect to H, pressure. Extra
kinetic experiments were done with D, and parahydrogen

induced polarization technique (PHIP). During D, experi-
ment, only 1,2-deuterated propane was observed without
scrambling of deuterium, whereas with parahydrogen, a clear
antiphase pattern was observed for the signals associated with
the methyl and methylene group of propane. On the basis of
the kinetic study, a clear mechanism was proposed for the
hydrogenation of propene (Scheme 5).

Scheme S. Hydrogenation of Propene Carried Out by
Co(II) Surface Complex”
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“Reproduced with permission from ref 52. Copyright 2016 American
Chemical Society.

Following this study, the same group carried out propene
hydrogenation with various oxide supported Cr(III) single site
catalysts prepared by SOMC techniques. Four different
catalysts were reported (Cr(II1)/SiO,—AlLO,, Cr(III)/ALO;,
Cr(III)/SiO,, and industrial catalyst CrO,/Al,O;) synthesized
by the reaction of homogeneous chromium complexes with
various oxide supports. By XANES and EPR characterization, it
was understood that except CrO,/AL,O; (where Cr(IV) is
present), all other surface catalysts contained Cr (III) single
sites.”*® During propene hydrogenation, it was observed that
Cr(Il1)/SiO, and CrO,/AL Oy catalysts were more active as
compared to Cr(IlI)/SiO,—ALO; and Cr(Ill)/ALO;; the
activity and rate constants in propene hydrogenation varied as
Ky (CrO,/ALOS) ~ Ky (Cr(II1)/Si0,) > Ky (Cr(1II)/ALO,)
~ Ky (Cr(1lI)/Si0,—ALO;). The proposed mechanism
suggested heterolytic splitting of H, onto a Co—O bond.
This is a rare example of such kind of activation. Usually, this
activation occurs on very polar bonds found on magnesia or
zinc oxide.”*” Tt is believed that the decrease in activity of
(Cr(11)/ALO;) and (Cr(IIl)/SiO,—ALO;) catalyst as
compared to (CrO,/AL,0;) and (Cr(III)/Si0O,) is due to the
increase in Lewis acidity in (Cr(II)/ALO;) and (Cr(III)/
Si0,—ALO;), which favors propene adsorptions, thereby
inhibiting propene hydrogenation and resulting in decrease
in propene hydrogenation activity.”**

Note that already in 2010, Mazoyer et al. found that
hydrogenation of ethylene proceeds on SOMC-generated
aluminum hydrides.'®” The latter were prepared by the
reaction of Al,O; with Al(‘Bu); followed by reaction with
hydrogen at 400 °C. The authors reported that when a mixture
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of ethylene and hydrogen (4 mL min~', 400 °C) passed
through a bed of aluminum hydride catalyst, ethane was
formed with the remarkable and unexpected TOF of 6.9 h™ in
absence of transition metals. In a control reaction carried out
using pristine Al,O; as catalyst no ethane formation was
observed. The authors claimed that the observed reactivity
could be attributed to the peculiar highly strained structure of
the supported aluminum hydride species.

4.1.1.2. Hydrogenation of Aromatics. Delferro, Marks et al.
grafted various zirconium organometallic complexes on
sulfated ZrO, (ZrS), Sulfated ALO; (AlS), and ZrO,—WO,
(ZrW) (Scheme 6).""”

Scheme 6. Synthesis of Supported Organometallic
Compounds by SOMC for Aromatics Hydrogenation
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These catalysts were tested for the reduction of benzene to
cyclohexane, a useful reaction for removal of carcinogenic
benzene from crude oil. Benzene and toluene hydrogenation
reactions were investigated mostly by using Cp*ZrR, (Cp* =
[7° -Cs(CH;);], R = alkyl, aryl) supported on the above-
mentioned sulfated oxides. It was observed that the catalytic
activity toward benzene was much higher than toluene.
Importantly, hydrogenation performance decreased with
decline in surface acidity. The highest TOF (1200 h™") was
obtained with Cp*ZrMe; on ZrS support. Indeed, the surface
acidity of the supports follows the order:l ZrS (—16.1), AlS
(—14.6), and ZrW (—14.6). Additionally, the reactivity and the
selectivity for benzene hydrogenation decreased by increasing
the dlstance between the surface and the organometallic
complexes.'”’” To understand the selectivity of the catalyst
toward benzene hydrogenation, a mixture of benzene and
toluene (1 mL each v/v) was used as reactant. Despite low
activity in toluene dehydrogenation, the catalyst prepared from
Cp*ZrMe; and ZrS was strongly inhibited by the presence of
toluene. In contrast, catalysts prepared from Cp*ZrPh; and
Cp*ZrBz; (Bz: benzyl) on the same support were unaffected.
Following kinetic studies, it was found that presence of more
sterically demanding hydrocarbyl moieties at the Zr center

would lead to increase of the metal—surface distance, yielding
catalysts less prone to inhibition.

Cp*ZrBz; on ZnS was also investigated in equimolar
mixture of benzene with other alkylarenes (ethylbenzene,
mesitylene, pyridine, thiophene). For mesitylene/benzene and
ethylbenzene/benzene mixtures, the selectivities for benzene
hydrogenation were 99% and 86%, respectively, whereas for
the other two substrates, no conversion was observed.'"”

4.1.2. Via SAAC. The characteristics of single atom alloy
catalysts (SAACs) are (i) low concentration of the active metal
on the surface of the host metal and (ii) the higher
thermodynamic stability of the active metal on the surface of
the host metal so that dimers and trimers of the active metal
cannot be formed.

Single atom alloys of Pd on Cu(111) were prepared by
Sykes et.al.”>’"*** In the Pd/Cu(111) alloy, where the Pd
concentration is extremely low, Pd is the active metal and
Cu(111) is the host metal (presumably inactive). With this
kind of alloy, the reduction of acetylene and styrene to ethane
and ethylbenzene were studied.”® The best results were
obtained with 0.01 monolayer (ML) of Pd on Cu(111).*° In
the case of styrene, 13% of conversion was obtained with 95%
of selectivity to ethylbenzene. In the case of acetylene, 3%
conversion was recorded with 95% selectivity to ethane. The
reaction was proposed to proceed with decomposition of H,
on active metal followed by spillover to nearby Cu surface
where the unsaturated reactants were adsorbed and reduction
took place (Figure 27).”*°

Following this work, Flytzani-Stephanopoulos et al.”>*
prepared similar Pd—Cu alloy on AL O;. Also in this case,
the Pd concentration was extremely small. Pd was deposited on
Cu by galvanic replacement. This SAAC was tested for
selective reduction of phenyl acetylene to styrene with 94%
selectivity. This reaction selectivity exceeded the one of Pd/
AL O; or Cu/ALO; catalyst (Figure 28).”>*

A range of Pd coverages (0.01-5 ML) “alloyed” onto
Cu(111) were prepared.”>* High resolution STM imaging and
TPD spectroscopy showed hydrogen spillovers from the Pd to
Cu (111) surface at a range of Pd concentration (0.01 > 0.5
ML). This spillover hydrogen activated the Cu surface for the
selective reduction of phenyl acetylene to styrene. The best
result was obtained with Pdj;3Cu;s/AlL,O; where 94%
selectivity to styrene was observed at a conversion of 90%.
Comparing this result with a similar loading of Pd (Pd, s/
Al Q;), only 62% of selectivity was observed. Mayer et al.”>®
prepared a Pd—Ag alloy and used it for reduction of acrolein to
allyl alcohol. Three different concentrations of Pd—Ag alloy
(0.01% Pd + 8% Ag, 0.03% Pd + 8% Ag, and 0.05% Pd + 8%
Ag) catalyst were prepared.”>> The best activity and selectivity
for the conversion of acrolein to allyl alcohol was observed
with 0.01% Pd + 8% Ag (made by coimpregnation, Figure 29)

Figure 27. Representation of Pd/Cu and mechanism of hydrogenation of styrene. Reproduced with permission from ref 250. Copyright 2012 The

American Association for the Advancement of Science.
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Figure 29. Activities (both (a) per metal atom basis and (b) TOF)
and selectivities to allyl alcohol of Pd, Ag, and Pd—Ag catalysts
synthesized via Co-IWI. All samples are supported on SiO,. 2% Pd/
SiO, and 0.05% Pd + 8% Ag/SiO, were tested at 100 °C and S atm
pressure; the reaction temperature of 0.01% Pd + 8% Ag, 0.03% Pd +
8% Ag/SiO,, and 8% Ag/SiO, was 200 °C, and their reaction pressure
was 5 atm. Reproduced with permission from ref 255. Copyright 2015
American Chemical Society.

as compared to monometallic silver catalyst of the same size.
DEFT calculations were carried out to understand the reactivity

of the acrolein. It was found that, while acrolein adsorbs weakly
on the pure silver surface, the presence of the Pd atom
enhances acrolein adsorption through C=C rather than C=
0.%*° Tt was also suggested that the presence of isolated Pd
atom increases the activity by providing an active center for the
H, dissociation. Hence, the selectivity increases due to
favorable changes in the configuration of adsorbed acrolein.”*®

Recently, Pd/Au(111) single atom alloys were synthesized
and used for selective hydrogenation of hexyne to hexene.”*®
Single Pd atoms on Au surface enhanced the hydrogenation
ability of Au by a factor of 10 without decreasing the
selectivity. The catalytic activity of the Pd/Au(111) single
atom alloy catalyst was compared with a 10% Pd/C catalyst. At
a 100% conversion of 1-hexyne, Pd/Au(111) alloy gave about
85% selectivity toward 1-hexene (94% 1-hexene and 4% 2-
hexene), whereas Pd/C performed with only 10% selectivity
for 1-hexene and 90% for n-hexane. Pd/Au SAA/ALO; was
highly selective for the activation of 1-hexyne compared to Au/
SiO,, although they possess similar energy barrier (46.7 and
44.7 kJ/mol). The authors reported that the high selectivity
toward 1-hexene is due to the weak adsorption of the alkene
over Pd/Au SAA/SiO,. Metallic Au is well-known to bind
hydrocarbons feebly,”*® which enhances the selectivity toward
1-hexene and avoids complete reduction of 1-hexyne to n-
hexane. In the case of Pd/C, the desorption barrier of the
olefin is higher than the hydrogenation barrier which leads to a
complete reduction of the hexyne to hexane.”*

Following the work of Zhang on platinum,é‘q”gl Yang et al”?
improved the loading of Pt single metal using poly
phosphomolybdic acid support (PMA). This was achieved by
anchoring Pt on 4-fold hollow sites of PMA. According to the
authors, these PMA-anchored Pt single atoms are very efficient
for hydrogenation of nitrobenzene and cyclohexanone because
they efficiently split hydrogen due to their slightly positive
charge.”” Activated charcoal was chosen as support for Pt
anchored PMA and, after a reduction step, Pt; SAC formed on
PMA-modified activated charcoal (Pt-PMA/AC). Whereas, all
oxygen containing ligands were removed during reduction,
according to EXAFS data, the coordination number of Pt—O—
Pt or Pt—O could be three or four. DFT calculations were
carried out to understand the exact bonding order finding that
the Pt atoms were in a 4-fold hollow site of PMA.”* Similarly,
Pt/AC was prepared by reaction of Pt(acac), with activated
charcoal followed by reduction over H,. These catalysts were
tested for reduction of nitrobenzene, cyclohexanone, styrene,
and phenyl acetylene. Note that Pt-PMA/AC was superior to
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Figure 30. Catalytic performance of poly phosphomolybdic acid support on modified activated charcoal (PMA/AC), Pt/AC, and Pt-PMA/AC in
hydrogenation reactions of (a) nitrobenzene (53.6 mL), Pt, nitrobenzene = 1:2000 (mol mol™"); (b) cyclohexanone, Pt, cyclohexanone = 1:100
(mol mol™1); (c) styrene, Pt, styrene = 1:2000 (mol mol™); (d) phenyl acetylene, Pt, phenylacetylene = 1:1000 (mol mol™!). Reproduced with

permission from ref 92. Copyright 2016 John Wiley and Sons.

Figure 31. HAADF-STEM images of samples of Pt-SAC on FeO,. (a,)b) In sample a, Pt single atoms (white circles) are seen to be uniformly
dispersed on the FeO, support (a) and occupy exactly the positions of the Fe atoms (b). Reproduced with permission from ref 63. Copyright 2011

Springer Nature.

other catalysts in terms of yield and TOF for reduction of
nitrobenzene to aniline, and cyclohexanone to cyclohexanol. It
was also observed that Pt-PMA/AC reduces phenyl acetylene
to ethylbenzene in a much more efficient way and with high
TOF when compared to other catalysts, whereas it was less
active for reduction of styrene. The difference in activity could
be attributed to their absorption capability onto the material
(Figure 30).”

4.1.3. Via SAC. With the unearthing of SACs, a plethora of
catalysts have been developed for various applications. Herein,
we will be discussing SACs for the reduction of olefins/alkynes
and carbonyls. Zhang et al. fabricated a single Pt atom catalyst
on iron oxide (FeO,) nanocrystallites. By high-resolution high-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM), it was proved that Pt atoms
were well dispersed and isolated on the surface of FeO, nano
crystals (Figure 31).°> Pt-SACs were very efficient for CO
oxidation and two times more active than the well-known Au/

Fe,0, CO oxidation catalysts.”’ This SAC became a hot asset
in the field of heterogeneous catalysis.

Noble metal catalysts (like those based on Pd, Pt, Ru, etc.)
are well-known hydrogenation catalyst. However, during
hydrogenation reactions of multifunctional compounds, it is
very challenging to obtain the target product while avoiding
unnecessary over reduction steps. Lu et al.”>” showed that
single Pd atoms supported on graphene (Pd,/graphene)
reduce 1,3-butadienes (95% conversion) to butenes with
100% selectivity.”” The selectivity for 1-butene is about 71%
(Figure 32). These results were compared with the results
obtained from commercially available Pd/C and Pd-NPs on
graphene (Pd-NPs/graphene), the selectivity to butene
decreased dramatically at 70% conversion in the case of Pd/
C, whereas Pd-NPs/graphene displayed 100% selectivity to
butenes at 90% conversion (Figure 32). However, when Pd-
NPs/graphene were annealed at 500 °C, the selectivity to
butenes decreased to a level similar to Pd/C (Figure 32). It is
believed that such decrease of selectivities was due to the loss
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Figure 32. Catalytic performances of Pd,/graphene, Pd-NPs/graphene, Pd-NPs/graphene-S00 °C, and Pd/carbon samples in selective
hydrogenation of 1,3-butadiene. (a) Butenes selectivity as a function of conversion by changing the reaction temperatures; (b) the distribution of
butenes at 95% conversion. Propene conversion (c) and the distribution of butenes (d) at 98% 1,3-butadiene conversion in hydrogenation of 1,3-
butadiene in the presence of propene. (e) Schematic illustration of improvement of butenes selectivity on single atom Pd1/graphene catalyst. Note:
the figure legend in (b) also applies to (d). Reproduced with permission from ref 257. Copyright 2015 American Chemical Society.

of Pd single atoms, present in Pd-NPs/graphene, during the
annealing process.””’

To better understand the efficiency of the Pd,/graphene
catalyst in terms of butene selectivity, a feed containing a
mixture of propene and butadiene was used where 70% of the
feed was propene.”*” The single atom (Pd,/graphene) catalyst
converted 98% of butadiene to butenes with 100% selectivity
by suppressing propene conversion to 0.1%. The selectivity for
1-butene was 69% (Figure 32). This excellent performance can
be explained by the mode of absorption of reactants to Pd. In
the case of Pd single atom, it is believed that the binding mode
with butadiene is mono-z-absorption mode which is different
from Pd nanoparticles where bi-z-absorption mode occurs,
favoring the total reduction of the reactants (Figure 32).27
Similarly, Lopez and Perez-Ramirez et al.”>* trapped Pd single
atoms in the cavity of the mesoporous polymeric graphitic
carbon nitride ([Pd]mpg-C;N,) and used it for hydrogenation
of acetylene. This well-defined [Pd]mpg-C;N, catalyst was
tested for reduction of 1-hexyne to 1-hexene and its activity
compared with the well-known Lindlar catalyst at 343 K and S
bar of H,. It was observed that the activity of [Pd]Jmpg-C;N, is
1.41 x 10° mol molpg ! h™" with high selectivity (90%)
toward 1-hexene, whereas the Lindlar catalyst shows a similar
selectivity (90%) but with a much lower activity (0.34 X 10°
MOl guct molpg ™' h™") in spite of high Pd (5%) content.”**®

product

To conclude this section, we observed that SOMCat can
carry out hydrogenation of the olefinic bonds and aromatic
rings efficiently and behave like homogeneous catalyst where
almost all elementary steps are well-known and enable drawing
a mechanistic path. In the case of SAC and SAAC, the catalysts
exhibited excellent activities and selectivities as compared to
nanoparticles or bulk atoms. However, not much is known
about the elementary steps as it is difficult to isolate or
characterize the intermediates during the course of the
reaction.

4.2. Hydrogenolysis, Alkane Metathesis via C—H and C—C
Bond Activation

4.2.1. Via SOMC. 4.2.1.1. Hydrogenolysis of Alkanes.
Alkanes are the most abundant organic compounds in nature.
Activation of C—H and C—C bond of hydrocarbons is one of
the most difficult reactions because alkanes display very low
reactivity toward most organometallic complexes. They are,
however, very important in the fields of energy, fine chemicals,
and petrochemical industries, thus attracting high interest from
the scientific community. Generally, transition metal hydrides
and metal alkyls with d° configuration are used for low
temperature activation of alkanes. The first C—H bond
activation reaction using SOMC-based strategy was reported
in 1991>°%%°° when silica supported ZrNp, (=Si—O—ZrNp;)
was reacted with hydrogen to produce a mixture of a mono-
hydride (=Si—0-);ZrH and bis-hydride (=Si—0-),ZrH,.
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In presence of H, at 100 °C [(=Si—0—)ZrNps] did not yield
neopentane, but instead, a mixture of methane and ethane. It
was also observed that at lower temperature (50 °C) and at
50% conversion, methane and isobutane were mostly formed.
With time, isobutane transformed into methane and propane;
propane transformed into methane and ethane. To rationalize
this reaction, a catalytic path was drawn involving all observed
intermediates: (i) C—H activation of the neopentane (by o-
bond metathesis) followed by (ii) f-methyl transfer resulting
in isobutene (Scheme 7). The initial C—H activation step was
further proved by the evolution of H, after adding 1 mol of
cyclooctane to [Zr]—H at room temperature.””

Scheme 7. First Evidence of C—H and C—C Bond Cleavage
with (=Si—0—)ZrNp;; [Zr]: (=Si—0-);ZrH”

H, Chs

C -C—-CHj
|zrt” chs

{ CHy |

CHs
o-Bond
Ha CH; metathesis
z },C _<_CH3
CH; Hy
H3C\ /CHJ
Insertion ﬁ p-Alkyl
CH, transfer

|zr}-CH,4

“Reproduced with permission from ref 259. Copyright 1991 John
Wiley & Sons.

In the next step, isobutane was obtained by reduction of
isobutene: (iii) Isobutene reacts with [Zr]-CH; by anti-
Markovnikov addition, leading to [Zr]-(2-methyl butyl). (iv)
By hydrogenolysis of the [Zr]-alkyl bond, isobutane is formed.
The cycle (i—iv) continues until total conversion into methane
and ethane. The hydrogenolysis reaction was extended to
group S5 and group 6 metals. Hydrides of silica—alumina
supported group 4 (Ti, Zr, Hf), S (Ta), and 6 (W) metals were
prepared from their 6parent SOMC complex.”®" Whereas silica
and silica—alumina®®" supported group 4 hydrides are known
not to cleave ethane, [Ta]—H and [W]—H were able to
convert ethane to methane.”' In a continuous flow reactor at
180 °C, [Ta]—H converted 27% of ethane to methane,
whereas [W]—H showed 22% conversion under identical
conditions.”®" These results suggest the occurrence of a
different mechanism than with group IV catalysts (Scheme 8):
(i) C—H bond activation of alkanes (by o-bond metathesis)
with metal hydride and release of hydrogen, (ii) carbene
deinsertion (a-alkyl transfer), which results in the formation of
metal alkyl—alkylidene species, (iii) hydrogenolysis of the
metal alkyl-methylidene leading to a metal methylidene
hydride, (iv) insertion of the hydride into metal methylidene
resulting in a metal methyl fragment, and (v) hydrogenation of
the metal alkyl fragment, resulting in the original metal hydride
catalyst with liberation of methane.**!

AA

Scheme 8. Elementary Steps Are Shown for the
Hydrogenolysis of Alkanes with Silica Supported Group 5
and 6 Metals”

H
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“Reproduced with permission from ref 261. Copyright 2012 Royal
Society of Chemistry.

Therefore, the basic difference between group 4 and group
5, 6 hydrides is that group 4 metal-hydride catalysts prefer -
alkyl transfer, whereas both group S and 6 hydrides favor an a-
alkyl transfer, resulting in the formation of methane as main
product.”®"

4.2.1.2. Alkane Metathesis. Alkane metathesis is a catalytic
reaction where two molecules of a §iven alkane convert into
the lower and higher alkane (eq 1). 2

2CrLH2n+2 < Cn—iHZ(n—i)+2 +Cn+iH2(n+i)+2 (1)

where i = 1, 2,. . .n—1; with i = 1, 2 favored for n < 4.

Conversion of propane into higher and lower alkanes at 400
°C and in the presence of two catalysts Pt/Al,0; and WO,/
SiO, was first observed in 1973.°* This process was named
“alkane redistribution”. Almost 25 years later, Basset et al.
observed that a well-defined silica supported [Ta]—H catalyst
was able to convert propane to, mainly, butane and ethane with
lower amounts of methane and pentane (at 150 °C and 1 atm
of H,). This new reaction was called “alkane metathesis” by
analogy with the well-known olefin and alkyne metathesis
reactions.”®> A potential application of alkane metathesis could
be transformation of methane to transportation fuel for which
no practical process is currently available, at least by direct
route; methane could be converted to ethane through
nonoxidative coupling (see section $), followed by conversion
of ethane to transportation fuel using alkane metathesis
reaction.”®* This is not unrealistic because it was discovered
that butane itself can be transformed to liquid hydrocarbons
via alkane metathesis catalysts.”®’ The mechanism of alkane
metathesis was elucidated by identification of the primary
products at very low contact time. DFT studies were able to
clarify the whole mechanistic picture highlighting key differ-
ences with respect to olefin metathesis.

For example, the expected direct pathway consisting of [2 +
2]-cyclo-addition and cyclo-reversion is energy demanding for
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alkanes because it would involve the formation of an unfavored
olefin adduct with TBP geometry. To avoid this intermediate,
the system evolved through a series of steps with the key
transformation being the turnstile process for the metal-
lacyclobutane (Figure 33).”° Recently, further mechanistic

c' ¢t ot o?
II3 \ _ll_l
H—Th\ c [ a\—H
g o Turnstile process 0o
2 ¥
2 e 7
cycinaddition WEs retro-[2+2]
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g g o 2 -3 ;
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6% 00 6o i)
3 4 5 3

Figure 33. Turnstile process is shown for 2 + 2 cycloaddition of
olefins. Reproduced with permission from ref 265. Copyright 2008
American Chemical Society.

insight has emerged.”®° The competition between alkane
metathesis and alkane hydrogenolysis occurring at the initial

stages of the reaction has been investigated computationally.
During the activation step transforming the [Ta]—H species
into [Ta](alkyl)(alkylidene), H, was released, and hydro-
genolysis took place. In contrast, the absence of H, production
during the catalytic cycle pushed the reaction toward
metathesis.**®

Group 4 metal hydrides are not active for alkane metathesis.
Alkane metathesis reaction was observed with group 5 metal
hydrides and group 6 metal alkyls and metal hydrides.
Surprisingly, silica supported [W]—H generated from [(=
Si—O—)W(=C'Bu)Np,] was almost inactive for alkane
metathesis.”” It was proposed that during the course of the
reaction, [W] leached from the support deactivating the
catalyst. To overcome this difficulty, a support with acidic
properties, silica—alumina (SAL), was chosen.”*® Silica—
alumina has strong Lewis and Brensted acidity though it is
not a perfectly crystalline solid.”* W(=C'Bu)Np; was grafted
on SAL dehydroxylated at 500 °C under vacuum.’’’
Precatalyst [(=Si—O—)syW(=C'Bu)Np,] was prepared by
chemisorption of W(=C'Bu)Np, and after hydrogenation (at
1 atm and 150 °C), [W]sar(s00)—H was formed (Scheme 9).””°
The latter catalyst (TON = 121) was found to be more active

Scheme 9. Synthesis of Parent Organometallic Compounds of Groups 4—6 and Corresponding Hydrides
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from ref 272. Copyright 2005 American Chemical Society.

Scheme 10. Mechanistic Pathway Derived from Kinetics and DFT Calculations for the Formation of Linear and Branched
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Propane metathesis was also carried out in a continuous flow

reactor using silica supported [Ta]—H as catalyst. Maximum
conversion was reached after 100 h (Figure 34) with the
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Scheme 11. Proposed Cyclooctane Metathesis Mechanism Using ((=Si—O0—)(WMe;))

e

following product selectivities: 56% ethane, 30% butane, 4%
isobutane, 7% pentane, 1% iso pentane, and 2% hexanes
(Figure 34).>”> At short time on stream, the selectivity toward
methane was higher. This is reasonable, because at high
conversions (as in the initial phase of the reaction), more
hydrogen is produced, leading to hydrogenolysis of [Ta]-alkyls
(Figure 34).””

To prepare new and more active catalysts for alkane
metathesis, it was important to obtain further mechanistic
understanding and to identify primary products such as olefin
and hydrogen as identified in previous studies.”’> This suggests
that dehydrogenation of paraffin to olefin and hydrogen is
followed by olefin metathesis and the newly formed olefins are
hydrogenated to new paraffins. All these steps were assumed to
occur on a single tantalum atom having multifunctionalities:

AD

dehydrogenation/hydrogenation and olefin metathesis. On the
basis2 %f the above results, a mechanism was proposed (Scheme
10).

From the reaction mechanism, it was understood that group
S and group 6 metal hydride and metal methyl (metal carbene
hydride) catalysts can be very active for alkane metathesis
reaction. A first attempt to prepare more active catalysts was
the synthesis of a complex with a metal methyl coordination
sphere [(=Si—0—)W(CH;);].'"° This silica supported
precatalyst was synthesized by reacting W(CH;)s and
SiO, s (silica dehydroxylated at 700 °C). W(CH,;)4 is
explosive at room temperature,””> but once supported on silica,
it is stable at room temperature. This precatalyst was tested for
propane metathesis reaction reaching a TON of 126."”° Later,
a carbene hydride of [W]-methyl was prepared by the reaction
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of [(=Si—-O—-)W(CH,);] with hydrogen from —78 °C to
room temperature.”> The structure of the carbene hydride
species [(=Si—O—)W(=CH,)H,] was confirmed by DFT
studies and was very efficient in propane metathesis with a
TON of 261.°° In the next step, a tandem catalyst was
prepared on the same support having a dehydrogenation
catalyst (based on group 4 metals such as Zr, Ti) and an olefin
metathesis catalyst (based on group 6 metal as W)."””*”* For
the first time, a well-defined bimetallic catalyst was synthesized
and tested for propane metathesis reaction. The bimetallic
catalyst [ (=Si—O—)W(CHj;);/(=Si—0—)Ti(Np);] was very
efficient in propane metathesis with a TON of 10000, which
was the highest TON obtained to date for any well-defined
surface organometallic catalyst.'””*"*

4.2.1.3. Cycloalkane Metathesis and Confinement Effect.
Tungsten pentamethyl supported on spherical silica nano-
particles ((=SiO—)(WMe;)) was also the first precatalyst for
the heterogeneous metathesis of cyclic alkanes. At moderate
temperatures (>80 °C), this system promoted ring expansion
(mostly cyclohexadecane cCy¢) and ring contraction (mostly
cycloheptane cC,) of cyclooctane (Figure 35). Cyclic alkanes
span from cCs—cC;, without the formation of olefins or
polymeric products.”’>*”°

The reason for observing such a broad distribution of ring
contraction and ring expansion products is double bond
migration (DBM, Scheme 11) likely occurring during reaction.
The [W]-H might insert into the double bond followed by f-H
elimination, which allows the formation of cyclic alkanes other
than cCq cCy4 cC,y or cCyy. The product selectivity of
cyclooctane metathesis changes when using a confinement
strategy by immobilizing WMe, inside the cavities of
mesoporous materials (MCM41 or SBA1S) with various
pore sizes with different diameters (dpore = 60, 30, and 25
A).*”7 The combination of TEM and DNP SENS results
confirmed that most of the active sites (90%) were located and
homogeneously distributed inside the mesopores of the

186,277
support.

Experiments in cyclooctane metathesis at 100
°C showed that confinement effects observed in smaller pores
(30 and 25 A) improve selectivity toward the dimeric product
(cyclohexadecane). In contrast, in larger pores (60 A), a broad
product distribution is dominated by ring contracted cyclo-
alkanes.

This means that the bigger the pores, the smaller the size of
the products. Calculations by density functional theory (DFT)
revealed the origin of this counterintuitive result: the key
intermediates for the transition state leading to C, occupy
more space than those leading to cC g, hence the formation of
ring contraction products is less favorable in a confined
environment.”””

4.2.1.4. Alkane Cross-Metathesis. Cross Metathesis of
Methane and Propane (or Ethane). Cross metathesis of
methane and ethane was carried out using SOMC-prepared
[Ta]—H catalyst (eq 2).””® A degenerate process was expected.
Isotopically labeled methane '*CH,, and unlabeled ethane
were used for this reaction (batch reactor, T = 165 °C).

Cross metathesis of methane and ethane/propane:

AE

cross metathesis
*CH, + H,C—CH, —» CH, + *CH,—CH,

cross metathesis C;Hg — 2C,H

hydrogenolysis H, + C;Hy — CH, + C,H

self-metathesis  Cy;Hg — 1/2C,H¢ + 1/2C,Hg

)
Products were analyzed by GC-MS, finding a mixture of *C
enriched methane and ethane in 50:1 ratio. Along with mono-,
di-, and unlabeled ethane, a considerable amount of unlabeled
methane was detected. The formation of unlabeled methane is
understandable as it comes from hydrogenolysis of ethane: H,
is produced during the C—H activation step. Mono- and
dilabeled ethane were formed by the stepwise incorporation of
enriched methane into ethane moieties. To understand the
reaction mechanism (and to obtain productive metathesis),
methane and propane were reacted in a continuous flow
reactor.”’® Together with cross metathesis products, also
unwanted hydrogenolysis products and self-metathesis prod-
ucts were observed. Complete cross metathesis of equimolar
propane and methane (1 mol each) should provide exclusively
ethane. In contrast, hydrogenolysis gave one mole of ethane; as
self-metathesis gave 0.5 mol ethane and 0.5 mol butane (eq 2).
To avoid or minimize unwanted side products, cross
metathesis of methane and propane was performed with a
high methane to propane ratio (1250) on [Ta]-H in a
continuous flow reactor at 250 °C. More than 85% of dilabeled
ethane was formed confirming the successful cross metathesis
between methane and propane. Formation of dilabeled ethane
was due to successive, degenerate reaction of monolabeled
ethane with labeled methane at high contact time, leading to
dilabeled ethane as the main isotopomer (Scheme 12).*”*
Cross Metathesis between n-Decane and Propane. Alkane
cross-metathesis between n-decane and propane occurs under
mild conditions using [(=Si—0O—)W(Me);)] treated with
hydrogen at 150 °C.*”” Under such conditions, the precursor is
transformed into the active form of the catalyst: [(=
Si—O—)W(H),;(=CH,)]. Experiments with isotopic labeled

Scheme 12. Plausible Mechanism for Cross Metathesis of
Methane and Propane””®
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alkanes ('*C 1-propane + n-decane or n-propane + C;,D,,)
proved the occurrence of cross metathesis products. A
plausible reaction mechanism is shown in Scheme 13.

Scheme 13. Cross Metathesis of Propane and n-Decane”
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“Reproduced with permission from ref 279. Copyright 2019
American Chemical Society.

The C;/Cj, ratio was found to be the most important
parameter governing selectivity of cross metathesis and was
varied to optimize the yield of cross-metathesis products
(Figure 36).

= n-decane Self Metathesis
= Propare Self Metathesis

100 , ®=C3-C10 Cres s-:‘-.-’l athesis

80
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Product distribution (%)

Figure 36. Influence of the C;/C,y molar ratio on the percentage of
cross-metathesis products. Results from fully deuterated n-decane
(CyoD3,) and propane in the range of C;/C,y = 2—100 with the
precursor ((=SiO—)W(—CHj),(H);) at T = 150 °C (green, cross-
metathesis products; blue, n-decane self-metathesis products; red,
propane self-metathesis products). Reproduced with permission from
ref 279. Copyright 2019 American Chemical Society.

When alkane metathesis was carried out with a mixture of
labeled propane and n-decane, three catalytic cycles were
observed to occur (Scheme 14): self-metathesis of propane
(red cycle), self-metathesis of n-decane (blue cycle), and cross-
metathesis between propane and n-decane (green cycle). For
the latter, several possibile cross-metathesis steps between the
alkylidene species from one alkane with the olefin
intermediates from the other alkane (Scheme 14, in dashed
green circles) may occur during the olefin metathesis step.
Fragments of both starting materials were incorporated into
the cross-metathesis products, with one, two, or three
methylene groups from the initial propane. This is in
agreement with the experimental observation using labeled
alkanes.

The proposed mechanism involves C—H activation by o-
bond metathesis followed by B-H elimination forming the
metal hydride and the olefin.

AF

In the second step of olefin metathesis, the generated olefins
may react with the hydridocarbene species (formed by a-H
transfer from the metal—alkyl species obtained from each
single component) to form the less sterically constrained
metallacycle. This metallacyclobutane undergoes metathetical
cleavage giving new olefins and hydridocarbene species. In the
olefin metathesis step, the cross metathesis reaction competes
with self-metathesis of each component. Success of the cross
metathesis reaction depends on availability of the various
possible metallocarbenes; it can be tuned by the molar ratio
between these two fragments. The availability of the carbene
derived from propane activation is more limited because n-
decane metathesis is ~8 times faster than propane metathesis.
Therefore, to maximize the percentage of the cross metathesis
products, it is necessary to have a ratio of propane to n-decane
of at least 8, close to the optimum C;/C;, = 10 observed
experimentally.

Cross Metathesis between Toluene and Ethane. The cross
metathesis reaction was extended to alkyl chains of aromatic
compounds such as toluene. Cross metathesis of toluene and
ethane was carried out in batch reactor in the presence of [Ta]-
H as precatalyst. Ethane and toluene (ratio = 3.7/97.6) were
reacted with [Ta]—H catalyst at 250 °C and 1 atm to produce
ethylbenzene and xylene along with methane, propane, and
butane.”®* A possible reaction mechanism is shown in Scheme
1S. [Ta]-H reacts with the alkyl group forming molecular
hydrogen. This activation step involves competition between
the two reagents, e.g., ethane and toluene, as well as between
the two types of C—H bonds in the toluene molecule, e.g., at
the methyl group or on the aromatic ring (Scheme 15).

This leads to a mixture of tantalum—ethyl [(=Si—0—),Ta-
(CHy)], —benzyl [(=Si—0-),Ta(CH,C4H;)], or methyl
phenyl [(=Si—0-),Ta(C¢H,CH;)] complexes which have
been effectively identified by '*C CP MAS NMR. In a second
step, these complexes mainly undergo reaction with a molecule
of ethane to liberate propane, ethylbenzene, or xylenes,
respectively (note that xylene means sp* (aromatic) C—H
bonds activation by the [Ta]-H) and form a tantalum—methyl
intermediate; during this step, the kinetic of the reaction with
ethane of the three intermediates will govern the final
selectivity of the different products. The last step common
to all cycles is the displacement of the methyl group from
tantalum by either an ethane or a toluene molecule to
regenerate the key intermediates: the tantalum—ethyl, —benzyl,
or —methylphenyl complexes.”® The reaction is slightly
catalytic forming 1.7 mol of ethylbenzene for each mole of
[Ta]-H catalyst. During reaction, deactivation of the catalyst
was envisioned, resulting in very low TON. To improve the
catalytic performance, 10% H, was introduced in the reaction
mixture during the reaction. As expected, at steady state, TOF
for ethane increased from 0.049 h™' (absence of hydrogen) to
0.13 h™' (presence of hydrogen) and for toluene, it increased
from 0.013 h™" (absence of hydrogen) to 0.07 h™" (presence of
hydrogen).”® Alongside ethylbenzene, relevant amounts of
methyl-cyclohexane, benzene, and cyclohexane were also
observed. These products may result either from hydro-
genation of the reactant or from the hydrogenolysis process.
The first step (C—H activation) is fully dependent upon the
ratio of reactants. As ethane pressure increases, it favors the
formation of [(=Si—0-),Ta(CH,CH,)], favoring self-meta-
thesis of ethane. Similarly, when the pressure of toluene
increases, the formation of the reaction intermediates [(=
Si—0-),Ta(CH,C¢H;)] and [(=Si—0-),Ta(CcH,CH;)]
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Scheme 14. Cross-Metathesis Mechanism between n-Decane and Propane As Well As Competing Self-Metathesis of n-Decane

and Propane”
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was preferred, leading to higher amount of ethylbenzene in the
product (Scheme 15).”%

4.2.2. Via SAAC. 4.2.2.1. Hydrogenolysis. No equivalent
reaction to alkane metathesis exists in SAC or SAAC because
at this moment there is lack of well-defined metal hydride
species of early transition metals. The only example of
hydrogenolysis reaction via single atom alloy catalysts
(SAAC) was reported by Zhang et al. using Pt—Cu/SiO, for
hydrogenolysis of methyl glycolate (MG) to ethanol.”®' In the
latter study, several loadings of Pt single atoms alloyed with Cu
were prepared and tested for hydrogenolysis of MG. The single
atom alloys of Pt—Cu/SiO, were prepared stepwise; in the first
step, silica-supported Cu was prepared via urea assisted
gelation (UAG) method using a literature procedure.”**

AG

Subsequently, Pt was introduced by incipient wetness
impregnation method (IWI) using Pt(NH,),(OH), as a
precursor. The loading of Pt varied between 0.06—0.3 wt %,
whereas the Cu loading remained constant (11.7%). XPS data
revealed that both Cu/SiO, and 0.1Pt—Cu/SiO, (Pt—Cu/
SiO, with 0.1 wt % Pt) contained a mixture of Cu® and Cu*
surface species. These catalysts were tested for hydrogenolysis
of MG, where it was observed that 0.1Pt—Cu/SiO, catalyst
performed better than other Pt-based catalysts. In the
hydrogenolysis reaction of MG, only 50% selectivity to ethanol
at 100% MG conversion was obtained with Cu/SiO, at 553 K
(Figure 37). MG conversion reached 100% above 473 K,
whereas the highest selectivity for ethanol (69%) was observed
at 523 K. Above this temperature, side products such as
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Scheme 15. Formation of Cross Metathesis Products
Starting from Toluene and Ethane (Coming from sp®
(Aliphatic) and sp? (Aromatic) C—H Bonds Activation*’
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propanol, 2-propanol, and butanol were observed. Compared
to Cu/SiO, catalyst, 0.1Pt—Cu/SiO, SAA catalyst exhibited
higher ethanol selectivity (77%) at 503 K with 100%
conversion (Figure 37).”*!

The other SAAC (0.3Pt—Cu/SiO, and 0.06Pt—Cu/SiO,)
produced mostly ethylene glycol, 2-propanol, propanol, and
butanol (Scheme 16 and Figure 37).”%'

Characterization of Pt SAA reveals that the dispersion of Cu
was highest at the Pt content of 0.1 wt % and improved the
Cu*/Cu® ratio; on the other hand, the single atoms of Pt
promoted the activation of H, while minimizing the C—C
cleavage reaction, hence improving the ethanol selectivity.”"'

4.2.3. Via SAC. To the best of our knowledge, there are no
examples of such reactions with single atom catalysts. This is a
drastic and meaningful difference between SAC and SOMCat.
In SOMCat, the presence of metal hydride is necessary to
activate the C—H bond of the paraffin. It is likely that if
conditions are met to transform the so-called single atom into
a single atom hydride, then alkane metathesis might be
observed by SAC.

4.3. Light Alkanes Dehydrogenation

4.3.1. Via SOMC. 4.3.1.1. Propane Dehydrogenation
(PDH). Ga,0; is a well-established catalyst for the dehydrogen-
ation of alkanes.”***** However, the nature of the active site is
not well-understood,”*>™**” and the catalyst suffers from
deactivation by coking”**** and, possibly, by reduction of
gallium. Therefore, the synthesis of well-defined gallium
centers on silica, in place of using bulk oxides, might lead to
more active and reproducible single metal sites and provide
mechanistic information. Coperet et al. reported the grafting of
Ga(OSi(OtBu);); (THF) (1) on silica (Scheme 17), leading
to single-site gallium complex 2.'” Interestingly, in place of
the expected monopodal complex,”™ the authors proposed
formation of a tripodal species based on elemental analysis, *C
MAS SSNMR, and EXAFS. As observed in other cases, for
instance, when dealing with supported vanadium oxo
complexes,34’291 formation of 2 might take place via an initial
monopodal complex followed by its restructuring by reaction
with neighboring strained siloxane bridges, leading to multiple
bonds with the surface and to regeneration of silanols as
experimentally proven by the authors.'” After calcination,
complex 3 [(=Si—0—);Ga(X0Si=)], where X is H from a
silanol or Si from a siloxane bridge) was obtained by removal
of the alcohol molecule that was, likely, partially replaced by
coordination with a siloxane bridge or a silanol as suggested by
EXAFS (number of oxygen neighbors: 3.6). The absence of
Ga—Ga contributions in the EXAFS analysis confirmed the
formation of isolated gallium sites. The catalytic performance
toward PDH was tested at 550 °C. Under such condition, the
selectivity for propylene after 30 min was 94.3% with a TOF of
20.4 mol C;H¢/(mol Ga-h) and conversion of 9.3%. After 20 h
on stream, the selectivity remained nearly constant (93%) with
a TOF of 142 h™" and 6.5% conversion.

The authors noted that 3 is an order of magnitude more
active than bulk Ga,0, oxide’”” and about five times more
active than isolated gallium sites prepared by Miller and
Hock.”®” Additionally, deactivation was an order of magnitude
slower than for bulk Ga,0; oxide.””> Given that only limited
amounts of coke were observed on the catalyst, partial
reduction of the metal to afford Ga'* sites, as observed by a
shift of 3.6 eV in the XANES spectrum of spent 3, could
explain the drop in catalytic activity. However, Miller and
Hock have shown that a shift of up to 6 eV in XANES
spectrum of gallium is not necessarily related to a change in
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Figure 37. Catalytic performances of Cu/SiO, (a) and 0.1Pt—Cu/SiO, (b) at different temperatures. Reaction conditions: W8 h space velocity
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Scheme 16. Proposed Reaction Pathway for MG Hydrogenolysis®
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oxidation state and that the presence of gallium alkyls should

be taken into account.”®” Overall, this work shows that isolated

Al

gallium sites on silica prepared by SOMC are intrinsically more
active and selective than gallium in bulk oxides because of
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better dispersion of the metal and of reduced tendency to
undergo deactivation. Given the well-established activity of
Pt—Ga catalysts in PDH,”*>*** in continuation of previous
work, Coperet et al. designed a new Pt—Ga catalyst’”> based
on the combination of SOMC and thermolytic molecular
precursor approaches.””® To this aim, a metal—organic
platinum precursor Pt(—0Si(O'Bu);),(COD) (COD = cyclo-
octadiene) was grafted on material 3 to afford 4 (Scheme 18).
Material 4 contained Ga®" and Pt** sites in nearly equimolar
ratio. Treatment of 4 at 500 °C under flow of H, led to S.

The nanoparticles of S were studied by XPS and EXAFS
spectroscopy. Whereas a fraction of the gallium centers was
still found in the initial Ga®*" state, reduced gallium atoms
(Ga®") were identified. Additionally, no Ga—Ga contribution
was identified in the nanoparticles. Platinum was found as Pt’.
Overall, the authors suggested the formation of Ga®Pt’
nanoparticles with the gallium atoms dispersed mostly on the
nanoparticle’s surface. When § was tested for the dehydrogen-
ation of propane at 550 °C in a dynamic reactor, the authors
initially observed about 32% propane conversion with excellent
selectivity for propylene (>99%). The catalyst performance
with respect to propylene selectivity was lower for higher
contact time. After 20 h under optimal conditions, the catalyst
maintained the high selectivity observed, but the conversion
dropped to about 17%. Nevertheless, the authors noted that
the productivity after 20 h was still higher than the initial
activity of other Ga—Pt systems that also had much lower
lifetime (less than 2 h).>”**7 Also, under identical conditions,
S performed better than the individual catalytic components
(P@Si0,) and (Ga*@Si0,). The authors proposed that
deactivation took place by carbon deposition on the catalyst.
The catalyst could be regenerated by exposure to atmospheric
conditions which dealloyed the Ga’*Pt’ nanoparticles. A new
reduction in H, atmosphere reformed the catalyst with a
performance equal to 75% of the pristine NPs.

In a different but comparable SOMC-based approach, Szeto
et al. grafted Ga('Bu), on dehydroxylated alumina (AL,O;_go)
and silica (SiO,_).""> For the grafting on Al,O5_,
spectroscopic characterization supported the structure
[(GaBu),(—OAl)] L (6a) derived from monopodal grafting
pathway (L: neutral oxygen ligand from the alumina surface,
Scheme 19). Despite the fact that grafting on SiO,_,,
generally takes place in a monopodal fashion with the
formation of isolated compounds,””**® the reaction of

Scheme 19. Grafting of Ga('Bu); on Dehydroxylated
Alumina and Silica Supports to Afford 6a and 6b,
Respectively
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Ga(‘Bu); with SiO,_-y led to formation of bimetallic Ga
complexes (6b) as supported by careful EXAFS analysis
(Scheme 19). Additionally, the authors showed that part of the
isobutyl groups would transfer to the support by reaction with
a strained siloxane bridge resulting in an increase of podality, as
observed in other cases.”**”' When the catalysts were tested
for PDH at 550 °C, 6a displayed the best activity with 24%
propane conversion and selectivity over 90%. After 1500 min
on stream, the conversion declined to 8%. The catalyst
supported on silica showed lower initial conversion (8%) and
similarly declining performance in terms of yields and
selectivity (which dropped to 2.5% and 72.3%, respectively,
after 1500 min). These results appear at variance with those
previously obtained by Coperet et al. using 3 that could, in
principle, be attributed to the different nuclearity of the surface
complexes. However, when Szeto et al. prepared 3, they
obtained similar catalytic profile as per 6b.

Overall, the results obtained by Szeto et al. show that
alumina is a more efficient support for propane dehydrogen-
ation, possibly because the reaction mechanism is believed to
involve C—H activation by the Ga—O bond that should be
more favorable on Ga—O—Al sites. However, it is also possible
that the Lewis acid sites of alumina play a role in the activation
of the substrate or interact with the dispersed Ga centers.
However, no specific mechanistic information was provided.

Miller and Hock prepared isolated Fe" complexes by
grafting metallocene, bis(2,4-dimethylpentadienyl) iron
(Fe(0-Cp),, 7) on silica dehydroxylated at 200 °C. > The
initial supported surface Fe species (8, Scheme 20) was found

Scheme 20. Generation of Single-Site Fe’* Species on Silica
Surface by Grafting of 7 Followed by Thermolysis in H,
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to be in +2 oxidation state by XANES analysis and to bear a
residual pentadienyl ligand because of exclusive monopodal
grafting. However, EXAFS investigation highlighted the
existence of additional coordination bonds with the surface.
The +2 oxidation state was maintained after reduction with H,
at 650 °C to generate 9 by the removal of the organic ligand
and formation of a bipodal compound. When 9 was tested in
ODH at low conversion (5%) at 650 °C, the overall propylene
selectivity was about 70% with the catalytic performance
remaining stable for 18 h (TOF 1.4 h™' after 18 h). The
moderate selectivity was attributed to the unselective process
of thermal cracking.
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The catalytic performance of 9 was compared to that of
supported iron NPs obtained by grafting Fe[-N(SiMe;),], on
silica followed by reduction in H, (10). Whereas 10 was more
active, by a factor of 40, than 9 in consuming propane, the
selectivity to propylene was just 14%. Silica supported Fe'
oxide clusters on silica were virtually inactive in PDH. These
control experiments suggest that the active species is
represented by isolated Fe" centers on silica. On the basis of
the lack of evidence of a change of oxidation state of iron
during catalysis, the authors proposed a heterolytic reaction
mechanism where iron remains in the Fe® oxidation state
(Scheme 21). Accordingly, heterolytic cleavage®®® of the Fe—

Scheme 21. Proposed Reaction Pathways for the
Dehydrogenation of Propane Catalyzed by 9

O-Si bond takes place by reaction with propane to form a
Fe'alkyl species and a silanol (9-A, Scheme 21). From the
latter intermediate, propylene is generated from the Fe-propyl
fragment by S-hydride elimination, leading to a supported iron
hydride (9-B). The catalyst is finally regenerated by formation
of H, from the Fe—H and SiO—H bonds. Alternatively
(dashed line in Scheme 21), the iron hydride might react with
a new molecule of propane to give 9-A and hydrogen by o-
bond metathesis without returning to the initial species 9. No
DEFT calculation was provided for this mechanism.

Conley et al. prepared isolated Cr’* centers on silica (=
SiO—),Cr (12) by reacting Cr(—OSi(-O'Bu),);2THF with
Si0,_7go to afford (11), followed by thermolysis of the organic
ligands at 400 °C under vacuum (Scheme 22).*° 12, that was
also employed in the same study to investigate the catalytic
competency of isolated Cr** sites in ethylene polymerization, is
reminiscent of the industrially applied Cr**/Al,O; dehydrogen-
ation catalyst.”>*°" The catalytic activity of 12 at 550 °C was
found to steadily decrease from an initial TOF of 10.3 h™" at

550 °C to a TOF of 2.8 h™" with a selectivity of 72%. This
drop of catalytic performance is also found in the industrial
catalyst that, indeed, requires continuous regeneration.””>

For PDH promoted by 12, the authors proposed a
mechanism similar to that described in Scheme 21, with the
C—H bond of propane being activated, by heterolytic splitting
on the Cr—O bond with production of Cr-alkyl and =Si—OH
moieties. DFT calculations on the mechanism of propylene
formation revealed a very high barrier of activation in the latter
step. The barrier was as high as 57 kcal/mol for the activation
of the methyl protons and only slightly lower (55.8 kcal/mol)
for the methylene protons suggesting that both pathways could
be very difficult if possible. However, in both cases, the f-
hydride elimination barrier was also over 50 kcal/mol.
Considering the observation that both chromium alkyl
intermediates were located over 25 kcal/mol above the energy
of the reagents, the transition state of f-hydride elimination by
these pathways would be about 75—80 kcal/mol higher in
energy than the starting point. However, other alternative
calculated mechanisms did not lead to more reasonable
barriers.

In the continuation of the previous work,”*® isolated Cr**
sites were created on dehydroxylated alumina (Al,04_,) by
grafting [Cr(Al(OiPr),]; in place of previously employed
Cr[—0Si-(OBu);];-2THF to avoid the presence of silicon
atoms on the alumina surface. The subsequent thermolysis of
the organic ligands led to formation of 13 (Scheme 23).

Scheme 23. Preparation of Isolated Cr™ Sites on Alumina
(12) by Grafting [Cr(Al(OiPr),]; Followed by Thermolysis
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The authors studied the activity of 13 in the dehydrogen-
ation of propane at 550 °C along with the traditional CrO,/
Al Oy catalyst, prepared by impregnation as in industry””> and
previously reported 12.”” Unsurprisingly, catalytic activity was
found to be higher for 13 than for 12 because of the increased
Lewis acidity of the Cr’* center in 13. The latter catalyst
provided an initial TOF of 60 (mol C;Hy) (mol Cr)™ h™! that
was about three times higher than for 12 but with a selectivity
of just 66% (it was 72% for 12). CrO,/Al,O, displayed a TOF
that was about the half as for 13 but with higher selectivity
(88%). The lower selectivity found for 13 is consistent with the
higher amount of exposed Brensted acidic sites, known to
promote cracking of alkanes,’®” found on this catalyst. For

Scheme 22. Preparation of Isolated cr'™ Sites on Silica (12) by a Combined SOMC- and Precursor Thermolysis Approach
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Figure 38. (top view) Model of y-Al,O5 surface employed by Delley et al. in ref 248, “Single-site model of Cr'™ substituted at the Al site” on the
(a) dehydroxylated s0 and (b) hydroxylated s1 (3.0 OH/nm?*) 110 surface of y-Al,O;. Single-site models of Cr sites substituted at the (c) Al
and (d) Alyy, sites of the 110 surface of y-AL,O;. Cr, Al, H, and O atoms are depicted in blue, purple, white, and red, respectively. Reproduced with

permission from ref 248. Copyright 2017 American Chemical Society.

Scheme 24. Preparation of Isolated Co** Sites on Alumina (15) by Grafting Dimeric Co,(—0Si(OtBu);), Followed by

Thermolysis
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better understanding of the reaction mechanism, the authors
analyzed the heterolytic activation of propane on 13 by DFT
approach.

To this aim, the authors employed models of Cr**-
functionalized y-Al,O; considering different kinds of surfaces
(s0, s1) and substitution sites (Figure 38). In particular, the
most Lewis acidic sites, where Cr occupies the Al and the
Alyy,, positions, were investigated. While several positions of
the Cr atoms in the structure of alumina gave high reaction
barriers comparable to those previously calculated for 12,* the
Crpyy-O2b site (Figure 38) showed more affordable barriers;
46.1 kcal/mol was calculated for C—H activation by the Cr—
O—Al bond and the following steps of f-hydride transfer (25
kcal/mol, located about 51 kcal/mol above the energy of the
reagents) and H—H coupling (about 20 kcal/mol) were also
less energy demanding than for 12, in agreement with the
experimental results. This work shows that application of the
SOMC methodology, by leading to a better dispersion of

AL

chromium atoms on the surface, can lead to systems with
higher catalytic activity than the traditional CrO,/Al,O,
system. However, the presence of large areas of unfunction-
alized Brensted acidic alumina surface had a detrimental
impact on selectivity.

In 2015, Hu et al. reported the generation of isolated Co**
sites on silica by electrostatic absorption of cobalt ions in
water. The resulting material, when used for PDH at 550 °C,
led to formation of propylene with 95% selectivity with no
coke formation and improvement of performance after 20 h on
stream.’®® Inspired by these results, Estes et al. prepared
isolated cobalt sites on silica surface by the SOMC approach
by grafting dimeric Co,(—OSi(OtBu);), on SiO,_s."> The
grafting reaction resulted in dimer dissociation and formation
of isolated Co** complexes (14) whose ligands were removed
by thermolysis under vacuum at 500 °C to afford 15 (Scheme
24).
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The monomeric nature of the cobalt center was demon-
strated via CO absorption experiments, UV—vis, and
especially, EXAFS, that showed the absence of Co—Co
contributions. The isolated Co®* ions on silica were studied
for the dehydrogenation of propane at 550 °C, obtaining
slightly different results and trends than the above-mentioned
work by Hu et al.>*® The initial conversion of propane was
10% (TOF for propylene 12.6 h™") and dropped to 5% (TOF
for propylene S h™') within 10 h on stream. Methane and
ethylene were formed as by-products as effect of propane
cracking. No improvement of conversion was observed during
the time on stream. Additionally, excess H, evolved as an effect
of coking. Interestingly, coking decreased after the initial 60—
90 min and became negligible. Thus, selectivity rose from 8:1:2
C,Hy/C,H,/coke to 12.3:1 C;H,/C,H, after 1.5 h. The
selectivity eventually decreased reaching a stable ratio (8.3:1
C;H,/C,H,) after 10 h on stream. On the basis of a
comparison with the work of Hu et al,,>* the authors claimed
an increase of catalytic activity of an order of magnitude for the
SOMC-prepared catalyst, which is attributable to higher
amounts of active sites. The drop of activity of the catalyst
after 10 h on stream was attributed to the progressive
formation of relatively large cobalt nanoparticles (up to 45 nm)
as found on the spent catalyst. As in the previously discussed
cases, the authors proposed C—H bond activation via
heterolytic splitting by the Co—O bond with formation of a
Co-alkyl and =Si—OH as key mechanistic step for
dehydrogenation; however, DFT calculations were not
provided.

Supported vanadium oxide is an established catalyst for
propane dehydrogenation (PDH)>*>***7**° and oxidative
propane dehydrogenation (OPDH). Szeto et al. reported the
first preparation of a vanadium oxo catalysts for PDH via
SOMC by reacting [V(=0)(Mes),;] (Mes, mesityl = 2,4,6-
trimethylphenyl) with SiO,_5, and SiO,_,, leading to
complexes 16 and 17, respectively (Scheme 25).*’ Elemental

Scheme 25. Preparation of Monopodal (16) and Bipodal
(17) Vanadium Oxo Catalysts by Reaction of SiO,_,,, and
8i0;.309 with [V(=0)(Mes);]
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analysis and EXAFS spectroscopy showed that the compound
grafted on SiO,_,y corresponded to an isolated, monopodal
V=0 complex with two mesityl ligands and a o-bond with the
surface. The complex grafted on SiO,_,, led, as expected, to a
bipodal complex with the loss of an additional mesitylene
ligand (Scheme 25).

Differently from the previously discussed examples, the
authors did not attempt to remove the organic ligands by
thermolysis prior to application in catalysis. Both complexes
were tested for the dehydrogenation of propane at 500 °C. The
bipodal species led to a slightly better performance than the
monopodal; indeed, whereas both complexes initially provided
17% propane conversion, this declined to 12% after 1 week on
stream for the bipodal catalyst and to 9% for the monopodal.
This was attributed by the authors to the fact that the bipodal

AM

species is less prone to form polymeric vanadia on the support
surface compared to the monopodal. Also, the selectivity was
slightly better for the bipodal catalyst (90% versus 83%), the
byproducts being ethylene and methane. Compared to the
above-discussed catalysts in this review, the ability of these
vanadium oxo species to function after 1 week on stream is
remarkable. In addition, the SOMC-based catalysts 16 and 17
were more active and selective than the V,0,/SiO, system by
Takahara et al. prepared by aqueous impregnation.””” This
effect was attributed to the presence of domains of inactive
oligomeric vanadia in the latter catalyst. Concerning the
mechanism of the process, the authors proposed a mechanism
were mesitylene is released from the complex after reaction
with propane (likely via 6-bond metathesis) and formation of
V-propyl that could yield propylene via S-hydride transfer to
vanadium (Scheme 26).*°® This mechanism postulates that the

Scheme 26. Possible Mechanism of PDH Catalyzed by 16
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mesityl groups are preserved at the V center at 500 °C.
Alternatively, the authors proposed the involvement of the V—
O and V=0 moieties of the complex and of vanadium in the
V* (V=OH) and V** oxidation states.***?%3%

4.3.1.2. Oxidative Dehydrogenation of Propane. The most
debated mechanistic aspects of propane oxidative dehydrogen-
ation (PODH) by supported vanadium oxide are the role of
the different surface functionalities (V=0, V—0O-V, and V—
O support bonds) in the first activation of propane and their
influence on selectivity,”'°>'* the role of the support,”"* and
the importance of vanadium isolation®”*'**"> with respect to
systems where dimeric,”""*'® polymeric, or bidimension-
al*'”*"® vanadia domains are present.”'” Barman et al. explored
the grafting of dimeric complex 18 on SiO,_-o, by SOMC with
the aim of preparing well-defined and isolated silica-supported
dimeric or monomeric vanadyl moieties and to investigate
their activity and selectivity in ODHP.”>” With the evidence
brought by elemental analysis and spectroscopic techniques
including EXAFS, the authors were able to show that mostly
monomeric complexes (19) were formed on the support, likely
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Scheme 27. Synthesis of Isolated VO, Moieties on Silica (20)
Thermal Treatment

by Grafting of Dimeric Complex 18 Followed by Oxidative
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Figure 39. (a) Rate of propane consumption plotted as a function of the vanadium surface coverage (reaction conditions: ¢ = 525 °C; W/F=0.3 g-
s'-mL™"; W, weight of catalyst in grams; F, total flow in mL-s™"). (b) Productivity of propylene as a function of contact time for 20 and for the IWI-

catalysts (reaction conditions: t = 525 °C; C3Hg:0,:N,:He = 15:7.5:1
Copyright 2016 American Chemical Society.

5:62.5; F = 10—50 mL-min~". Adapted with permission from ref 37.

Scheme 28. Grafting of V(=0)(—0'Pr); on $i0,_,o, According to Hermans et al. (Top)** and to Basset et al. (Bottom
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by dissociation of the dimeric precursor (Scheme 27) as in the mixtures of isolated VO, sites and polymeric bidimensional
case of complex 14. The grafted complexes displayed VO-H vanadia domains.”*°”*** Under the applied reaction con-
and acac (acac: acetylacetonate) groups. These were trans- ditions, 20 performed as the most active catalyst with a
formed into isolated, tetrahedral VO, complexes (20) upon conversion of propane comparable to that of IWI-3.61%
thermal treatment with pure O,. The vanadium loading in 20 (containing nearly four times the weight of vanadium as for 20,
was about 1 wt %. Figure 39a) and a productivity of propylene that was
The thus prepared catalyst was tested for the ODHP at 525 considerably higher than the materials prepared by IWI,
°C and compared with catalysts prepared by the traditional irrespective of their catalytic loading (Figure 39b). 20 provided
incipient wetness impregnation (IWI) methodology (these are 66% selectivity for propylene at 12% propane conversion that
indicated below as IWI-X, where X is the weight percent of is comparable or higher than that displayed by the
vanadium in the material). The latter are likely to display impregnation catalysts at similar propane conversion. Overall,
AN DOI: 10.1021/acs.chemrev.9b00238
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this study shows that SOMC can be applied for the preparation
of isolated V=0 functionalities that are more catalytically
active than those existing in poorly defined impregnation
catalysts. While several studies on catalysts prepared by
impregnation methodology report a lack of correlation
between catalytic activity and coverage,”'” it is expected that
compounds prepared by impregnation contain fractions of
nonisolated, polymeric vanadia domains even at low vanadium
loading,*****"3*%3** possibly leading to the observed differ-
ence in activity between the isolated VO, moieties of 20 and
the IWI catalysts.

In a different work, Herman’s et al. grafted V(=0)(—O'Pr),
on the surface of SiO, -y, by the SOMC methodology and
observed the formation of two different kinds of complexes,
the expected monopodal [(=Si—0-)V(=0)(-0iPr),] (21,
Scheme 28) species as a major product and a minor species
attributed by the authors to the reaction of V(=0)(OiPr),
with a strained siloxane bridge of the surface, resulting in the
transfer of isopropoxide to the support (22a, Scheme 28).** In
a comparable study, Basset et al. also identified two complexes
on the surface; however, they attributed the formation of the
minor component to the reaction of 21 with a siloxane bridge
resulting in a bipodal species (22b, Scheme 28).>”' Hermans et
al. investigated the thermal restructuring of 21 at 600 °C
observing the simultaneous release of propylene and the
formation of V—OH moieties based on the appearance of a
signal at 3656 cm™ in the in situ IR spectrum of the sample.
On the basis of these data, they proposed a mechanism for the
thermal restructuring of [(=Si—0-)V(=0)(OiPr),] in
which the vanadyl moiety abstracts a proton from the adjacent
methyl group via a six-membered transition state. Con-
sequently, a V—OH moiety is formed and propylene is
released.

The supported vanadium complex eventually evolved into
isolated tetrahedral VO, moieties analogous to 20 (Scheme
27) that were applied as catalysts for ODHP at 490 °C. Under
such reaction conditions, the authors reported about 65%
selectivity at 6% propylene conversion. Interestingly, there was
no difference of activity between the isolated VO, moieties and
an impregnation catalyst prepared with comparable loading.
The authors concluded that grafting and impregnation lead to
similar catalysts and active sites which is at variance with what
was observed by Barman et al. using isolated VO, complexes
(20) versus impregnation catalysts as discussed above.

4.3.1.3. Other Dehydrogenations by SOMC. Whereas the
concept of single atom alloy catalysis has slowly emerged in
recent years, a number of studies have been at the origin of this
concept and have anticipated the idea of isolated active metal
atoms at the surface of a nanoparticle of a more inert metal.
Probably, the most striking results were obtained by means of
surface organometallic chemistry on metals (SOMC/
Metal).>*° According to this strategy, organometallic com-
pounds react with supported metal nanoparticles more
selectively than with the support itself, at least when the
temperature is kept as low as possible and hydrogen is present.
This concept has been exploited to enhance selectivity in the
dehydrogenation of isobutane to isobutene.””' In the initial
development of the catalyst, the selective hydrogenolysis of
Sn(n-C,H,), on silica-supported platinum nanoparticles at SO
°C was found to lead to Pt,[=Sn(n-C,H,),] (Pt: surface Pt
atom). The amount of Sn(n-C,H,), which reacted with the
platinum surface led to a Sn/Pt, ratio <1, even when excess
Sn(n-C,Hy), compared to Pt; was introduced. Pt,[=Sn(n-

AO

C4H,);] could be completely dealkylated by hydrogenolysis at
300 °C. At 550 °C, the tin atoms were incorporated in the
surface of platinum nanoparticles.”*” Consequently, Pt atoms
were progressively surrounded by catalytically inactive tin
atoms until reaching the situation where they were completely
isolated as single atoms of platinum. Indeed, the bimetallic
material obtained adsorbed less hydrogen than the starting
monometallic catalyst. On the basis of H, and O,
chemisorption experiments, it was found that for Sn/Pt
molar ratio of 0.31 (Pt/Sng3,), Sn/Pt, = 0.85. Accordingly,
when catalysts prepared by using different Sn/Pt, ratios were
applied for the dehydrogenation of isobutane, the selectivity
for isobutene increased drastically with the Sn/Pt ratio to reach
99% for Pt/Sny; (Figure 40).>*" This effect can be explained

100
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Figure 40. Effect of Sn/Pt, ratio on the selectivity of isobutane
dehydrogenation with Pt,Sn, catalysts supported on silica. Repro-
duced with permission from ref 331. Copyright 1998 Elsevier.

knowing that the formation of coke requires ensembles of
platinum atoms, whereas dehydrogenation can occur on a
single atom by formation of a Pt-isobutyl surface fragment
(C—H activation) followed by a selective S-H elimination
process with formation of isobutene.

Therefore, platinum site isolation can enhance selectivity
and suppress coke formation (Scheme 29). This mechanism is
purely derived from the mechanism of olefin homologations on
various silica supported metals (Ru, Fe, Ni, Rh) and is an
alternative to the classical insertion mechanism in Fischer—
Tropsch synthesis where olefins are primary products.®*****

4.3.2. Via SAC. Inspired by the ability of CeO, to trap ionic
platinum by a “kind” of strong metal—support interactions,
Xiong et al.**® prepared atomically dispersed platinum on
CeO, using a previously developed concept.’*® Accordingly,
platinum particles, formed on ceria by incipient wetness
impregnation, were dispersed at the atomic level on the
support by treatment at high temperature (800 °C) in flowing
air. The thus prepared catalyst was tested for the dehydrogen-
ation of propane at 680 °C. While complete conversion of
propane was observed, no propylene was formed, showing that
the material was not selective for alkane dehydrogenation. The
exclusive formation of methane and CO, suggests that the
catalyst is active in C—C bond cleavage (cracking of propane).
This result was justified by computational analysis showing
that, although dehydrogenation of propane is facile, strong
absorption of propylene on Pt via o-bonds leads to side
reactions with C—C bond cleavage. As Pt—Sn alloys are well-
known dehydrogenation catalysts,”*”*** the authors added tin
to the material to improve selectivity. The impregnation of tin
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Scheme 29. (a) Mechanism of Selective Dehydrogenation of Isobutane on Isolated Platinum Atoms Surrounded by Tin Atoms;
(b) Mechanism of Skeletal Isomerization and Coking by Non-Isolated Platinum Atoms**'
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and platinum in a 5:1 molar ratio, followed by the redispersion a)
treatment under air at 800 °C, led to a less well-defined catalyst
constituted by Pt—Sn subnanometric clusters containing more :Itl.?sr::er Highly
platinum than tin (Pt:Sn = 3:1) and regions of atomically Snofpanlcie n }35*’::9“
dispersed metal atoms with large predominance of tin (as ) - oyl " g - :
Sn0O,). When the Ilatter catalyst was tested for propane Pr;:,",."fle =
dehydrogenation at 680 °C, it performed well, affording about o
. .. . C . Regenerated Steady state
45% conversion and 78% selectivity in the initial 2 h of
reaction. Whereas the activity subsequently dropped to 40%,
the selectivity toward propylene increased to 85%. The
catalytic results, along with TEM, XPS, and EDS investigation
are consistent with the migration of platinum and tin from the
atomically dispersed form to yield small (1.1 nm) metallic Pt—
Sn clusters (PtSn;) that were less active in converting propane
but much more selective. This was confirmed by DFT
calculations showing that propylene is less strongly absorbed
on the PtSn; clusters but the dehydrogenation barrier
increases. The catalytic performance was stable for 6 h as the
authors prevented formation of coke by adding water vapor to
the stream. After treatment with O, at high temperature, the Figure 41. (a) Representation of the process of assembly of the PtSn,
regenerated catalyst was shown to perform as the pristine nanoparticles during PDH at 680 °C and of the regeneration of the
material (including the trend of higher conversion and lower catalyst to the initial state by treatment with O, at 580 °C. (b) STEM
selectivity in the initial 2 h) for two more cycles, suggesting image of the catalyst after regeneration. (c) STEM image of spent
restoration of the initial state by oxidation of PtSn; catalyst after PDH. Adapted with permission from ref 325. Copyright
nanoparticles after 2 h on stream (Figure 41) as observed by 2017 John Wiley and Sons.
STEM investigation. The authors gave this process the
audacious term of “self-assembly”. the platinum atoms are embedded in inert copper, the barrier
Compared to the commercial catalyst on Al,O; support that for propane dehydrogenation remains reasonable (increase of
is not regenerated under oxidizing conditions and led to the 04 eV compared to pure platinum), whereas the deep
formation of much larger clusters (8 nm) during catalysis, the dehydrogenation of propylene becomes strongly endothermic
use of ceria as support allowed the atomic redispersion of Pt with higher barrier (>2 €V) compared to the accessible barrier
upon treatment with O,, the use of water to avoid coke (<1 eV) calculated for Pt(111). This observation suggested the
deposition and inhibited the formation of large clusters under possibility of achieving higher selectivity and reasonable
applied reaction conditions because of the ability of ceria to activity by preparing single Pt atoms dispersed in copper.
trap Pt atoms.”** Therefore, the authors proposed that such catalyst could break
On the basis of the lack of selectivity of ionic platinum the scalar relationship according to which increased selectivity
atoms toward propane dehydrogenation as shown in the to propylene is always paralleled by lower intrinsic activity for
former example, Sun et al. investigated the activity of isolated propane dehydrogenation. The authors verified their computa-
metallic platinum atoms “dispersed” in copper nanopar- tional results by preparing Pt single atoms—copper nano-
ticles.>” The authors showed by DFT calculations that when particles by coimpregnation of platinum and copper salts on y-
AP DOI: 10.1021/acs.chemrev.9b00238

Chem. Rev. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.chemrev.9b00238

Chemical Reviews

alumina followed by calcination and reduction with H,.
Superficial Pt—Cu alloys were formed with the platinum
atoms exposed on the surface of the copper NPs. The
monatomic nature of Pt was demonstrated by CO adsorption
experiments; the single Pt atoms showing a characteristic IR at
band 2018 cm™' due to linear CO adsorption on single Pt
atoms for Pt/Cu ratios equal to or lower than 0.1:6.7. This was
confirmed by AC-HAADF-STEM, EXAFS, and preliminary
propane dehydrogenation experiments, showing that the
performance of the catalyst improved up to a Pt/Cu ratio of
0.1:6.7 and remained constant for higher dilution of platinum.
In particular, the catalyst with Pt/Cu ratio of 0.1:10 displayed
90% selectivity for propylene at 13.1% conversion and only a
marginal loss of activity after 120 h on stream. In comparison,
the poorly dispersed 0.1 Pt/Al,O; displayed 70% propylene
selectivity at 5.8% propane conversion and a much higher rate
of deactivation.

4.4. Methane Activation

Methane can be converted into higher valuable and easier
transportable products as olefins, aromatics, and methanol
through oxidative and nonoxidative strategies. The indirect
conversion of methane into hydrocarbons, alcohols, light
olefins, or gasoline®® can be accomplished by commercial
processes, e.g., syngas combined with Fischer—Tropsch.*****”
Alternatively, methane can be converted through direct routes
without involving the intermediate syngas production step,
which is more economical and environmentally friendly
Scheme 30 summarizes strategies to directly convert methane.

Scheme 30. Pathways for Direct Methane Conversions
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(i) In the direct, oxidative route,”****" ethane, ethylene, or
oxygenates can be produced.”*’ In comparison to direct,
nonoxidative coupling of methane, the production of hydro-
carbons is thermodynamically favorable;**" however, products
are readily oxidized to form CO and CO, and H,O. Oxidative
coupling of methane cannot yield more than 30% ethylene,***
and the selectivity decreases dramatically at high conversion of
methane. (i) In the direct, nonoxidative routes,”*>**73* light
alkanes and alkenes, aromatics, coke, and the respective
amount of hydrogen can be produced. The thermodynamics
toward light hydrocarbons, olefins, and aromatics are less
favorable compared to the oxidative route, but neither CO nor
CO, are produced. Another recent interesting route is to
transform natural gas to hydrogen and carbon.”*® Yet, only a
small fraction of methane is consumed by chemical industries,
while the vast majority is burned for the production of
energy.”*” The reason for the low conversion of methane for
producing alternative feedstock is related to the high chemical
and thermal inertness of the C—H bond (434 kJ/mol), the low
electron affinity, and low polarizability.”*® Developing highly
efficient catalysts capable of directly converting methane into
transportable liquid chemicals presents an alternative to
petroleum as chemical feedstock. Usually, methane conversion
requires high temperatures (600—1100 °C)**~**" which are
not favorable for industrial applications. Scientists have been
working on reducing the reaction temperature, and successful
results were obtained by SOMC.”****> However, promoting
the conversion of methane under mild conditions remains a
challenge because of thermodynamic constraints.”*> Another
challenge is the deactivation of catalysts due to coke formation
(under nonoxidative conditions)** and/or CO, generation
(under oxidative conditions).

As in the previous parts of this review, we will consider
separately the SAC-, SAAC-, and the SOMC methodology,
trying to compare these two methods in terms of achievements
and understanding with examples of methane conversion
under nonoxidative (into alkanes, olefins, and aromatics) and
oxidative conditions (into alkanes, oxygenates). While the

Scheme 31. Stoichiometric Activation of Methane by Silica Supported Early Transition Metal Hydrides
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Scheme 32. (a) Initiation Reaction in the Low Temperature Activation of Methane with a Silica Supported [Ta]-Hydride and

(b) Deactivation Mechanism by Methyl Transfer’**
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catalytic performance of SACs is attributed to the atomic
dispersion of metal atoms with low coordination number,
quantum confinement, and/or strong metal—support (mostly
metal oxides) interactions, > the performance of SOMCat is
attributed to the presence of a well-defined metal hydrides with
d° configuration, which makes the catalytic pathway predict-
able by elementary steps of molecular chemistry.*®

4.4.1. Via SOMC. 4.4.1.1. Concepts and Methods. The
power of SOMC is to design catalysts for certain reactions and
to predict the reaction pathway by synthesis and character-
ization of intermediates. Typically, early transition metal
complexes are used because the metal is in its highest
oxidation state; it therefore has a d° electron configuration and
is consequently highly electrophilic.”®® The first example of
intramolecular methane activation was observed in 1983 in
molecular chemistry exchanging a methyl with a '*C labeled
methane in a lutetium complex.”** In 1991, it was discovered
that zirconium hydride grafted onto the surface of silica [(=
Si0—);ZrH] acquires such high electrophilic properties
enabling o-bond metathesis between the [Zr]-hydride and
the C—H bond of methane (Scheme 31).”°>**° Even better
results were obtained with silica supported [Zr]-dihydride [(=
SiO—),ZrH,], which reacts quickly and completely with
methane to yield [(=SiO-),ZrMe,] (Scheme 31).2°%%7
The reaction of [(ESiO—)(4_x)Zr(H)x:| (x = 1 or 2) with
methane was followed by solid state NMR (‘H MAS NMR),
which showed a partial disappearance of the resonance of [(=
Si0—),ZrH] [§ (ZrH) = 10 ppm], whereas that of [(=
Si0),ZrH,] [6 (ZrH,) = 12 ppm] completely disappeared.”’
No other changes were observed as compared to the NMR
spectra of starting material. The different reactivity of the
methane incorporation by both zirconium hydrides was
corroborated by in situ IR.

It was obvious to move on, to test silica supported [Ta]-H
((=Si0),TaH)*** (and hydrogenated (=SiO),Ta(H),)*""
for methane activation (Scheme 31).%*” This SOMC-catalyst is
known to catalyze the total hydrogenolysis of light alkanes,
including the hydrogenolysis of ethane®®" into methane. This is
in contrast to the silica-supported zirconium hydrides which do
not cleave ethane.®” To convert methane into ethane (or
higher hydrocarbons), the reversibility of ethane hydro-
genolysis reaction with [Ta]-H was considered.**’

4.4.1.2. Nonoxidative Conversion of Methane (to Alkanes,
Olefins, and Aromatics). The high activity of SOMC-based
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catalysts is explained by the high electron deficiency of silica
supported (linked to two surface oxygen atoms) [Ta]-H and
[Ta]-H; (8 and 10 electron systems, respectively), which are
prone to undergo o-bond metathesis.””*** The evidence for
defining such a mechanism is favored by the well-defined and
controllable character of such species obtained by SOMC.

For methane conversion to alkanes and olefins, two systems
have been described. Both catalysts were described to be active
in the hydrogenolysis of ethane to methane. The first example
of nonoxidative coupling of methane to ethane and hydrogen
via SOMC-based complexes was discovered in 2008,”** using
silica supported single-site [Ta]-H catalyst. Methane is
converted over [Ta]-H in a continuous flow reactor (250—
450 °C, 50 bar of CH, pressure) to hydrogen and ethane
(selectivity >98%) with traces of other hydrocarbons (propane
and ethylene) (TON = 40, 147 h, 475 °C, 50 bar). This silica-
supported tantalum hydride, [(=SiO),Ta—H], proves to be
the first single-site catalyst for the direct nonoxidative coupling
transformation of methane into ethane and hydrogen at
moderate temperatures (T < 300 °C), with a high selectivity
(>98%). The reaction likely involves the [(=Si—0-—),Ta-
(H)(=CH,)] species as a key intermediate. All the products
formed during the initiation (Scheme 32) have been identified
by NMR and various spectroscopies. It is obtained by o-bond
metathesis between the C—H bond of methane and the Ta—H
bond, followed by the a-H elimination leading to [(=
Si0—),Ta(H)(=CH,)]. A second molecule of methane reacts
with the Ta—H bond to give [(=SiO—),Ta(Me)(=CH,)].
Then the methyl ligand can migrate onto the tantalum-—
methylidene, affording the tantalum—ethyl. Ethane is then
liberated by reaction with hydrogen produced in the previous
steps.

In 2010, it was found that [W]-H supported on silica—
alumina or alumina coupled with a membrane could achieve
better yield than [Ta].>***%° Because the coupling of methane
to ethane and hydrogen is limited by thermodynamics at low
temperature, it was necessary to shift the equilibrium by using
a membrane reactor able to displace the hydrogen. A
significant increase of the yield could thus be achieved.’*
Only ethane, traces of propane and hydrogen were observed,
but no olefins. [W]-H catalysts are significantly more stable
(up to 10 days with a constant conversion maintaining the high
selectivities for ethane) than their [Ta]-H counterparts.
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Figure 42. (a) HETCOR and (b) *C CP-MAS and SS NMR spectra of [W]-H supported silica—alumina obtained after '*CH, activation at 150
°C for 24 h. Reproduced with permission from ref 345. Copyright 2010 Royal Society of Chemistry.

Scheme 33. Detailed Mechanism of Coupling of Methane to Ethane, Ethylene, and Hydrogen Using Single Site [W]-H

Catalysts Including SS NMR Signals®*®
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To understand the reaction mechanism, reaction inter-
mediates of [Ta]-H and [W]-H were characterized by
spectroscopic methods (IR, SS NMR) after "*CH, activation
(150 °C for 24 h). For both metals, IR studies show a strong
decrease of the v(M—H) bands after contacting the [M]—H
with CH,. *C CP MAS NMR spectra showed four distinct
resonances corresponding to Si-CHj, [M]—CH,, [M]=CH,,
and [M]=CH for both systems (Figure 42).

Solid-state characterizations by *C SS NMR suggest that
[Ta]-H and [W]-H follow a similar reaction mechanism which
includes [M]—hydride, [M]—CH,, [M]=CH,, and [M]=
CH. The proposed mechanism is shown in Scheme 33. The
first activation step is o-bond metathesis of methane with
[M]—H forming [M]—CHj; and H,. [M](=CH,)(H) is then
generated by a-H transfer. [M]=CH is formed by further a-H
abstraction followed by evolution of H,. Another methane
molecule reacts with the carbyne to form [M](=CH,)(CHj).
Alternatively, [M](=CH,)(CH,;) can be also formed by
methane activation with [M](=CH,)H. Insertion of the
methylidene into the [M]—methyl bond leads to the formation
of [M](—CH,—CHj,). Eventually, ethane is then released by o-
bond metathesis with another molecule of methane. For [Ta]-
H, -H elimination also occurs (viii), followed by the release of
ethylene and [Ta]-H (ix).

The aging of the catalyst is observed by the appearance of a
Si—Me which is observed at —10 ppm. The catalyst is
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deactivated by a reaction of one methyl of [M]—CHj to the
adjacent silicon by opening a Si—O-Si bond. Hence, the
catalyst is unable to form the active site, a methylidene and a
hydride [M](=CH,)(H).**

4.4.1.3. Oxidative Conversion of Methane (to Oxygen-
ates). Surface organometallic systems active for the conversion
of methane into oxygenates’®’ were inspired by the
homogeneous Periana system Pd/HZSO‘p%23 which is the
most efficient system to date for the direct conversion of
methane to oxygenates under mild conditions. However, the
environmental concerns and the utilization of precious metals
set drawbacks for its potential use. Considering the role of the
acidic part of the catalytic Periana system, the potential of solid
acids in the methane to acetic acid transformation was
evaluated.

In 2013, SOMC-based catalysts were prepared by
chemisorption of four different dehydrated Keggin-type
heteropolyacids (H,SiW;,04,, H3;PW;,0,, H451M012040,
H3PMo,,04) on partially dehydroxylated silica SiO,_gq. 3ot
The prepared system reacts with methane to produce a
stoichiometric amount of acetic acid at room temperature and
atmospheric pressure. Heteropolyacids can be easily modified
by the inclusion of metals (for instance, in the addenda or as
counter cations) with a significant effect on their reactivity. For
example, zinc incorporated materials have been shown to be
active for the transformation of light alkanes.***™*°® Zn
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Scheme 34. (a) Proposed Structure for Zn/H-ZSMS and (b) Proposed for the Co-conversion of CH, and CO, over Zn/H-

ZSMS to Acetic Acid Including SS NMR Slgnals369
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accelerates the heterolytic dissociation of the CH-bond of CH,,
by reacting with Zn?*0?".** Zinc-modified zeolites (ZSMS,
BEA) activate methane under mild conditions at a temperature
range of 523773 K.*7°737% For methane conversion with CO,
on a bifunctional zeolite or zinc-modified HZSM-$ zeolite at
the relatively low temperature range of 523—773 K, the
formation of acetic acid was observed by SS NMR.*” 369377
The coconversion mechanism of CH, and CO, on Zn/H-
ZSMS includes three key steps (Scheme 34): (i) the
simultaneous formation of zinc methyl species and Brensted
proton via methane activation, (ii) the insertion of CO, into
the Zn—C bond of surface zinc methyl species to produce
surface acetate species (—Zn—OOCCH;) as a key inter-
mediate, and (iii) the final formation of acetic acid via the
proton abstraction from Brensted acid sites to surface acetate
species.

In 2014, a Zn-exchanged heteropolyacid®®" was synthesized
via ion exchange from the parent phosphotungstic acid (HPW)
in water. The product was characterized by tools of SOMC as
FTIR and SSNMR and tools of heterogeneous catalysis, as
TGA-DSC, isopropylamine-TPD, XRD-diffraction, and ele-
mental analysis. Three different experiments were performed
with Zn-HPW-SiO,: (i) CH, (25 °C), with (ii) CH, and O,
(250 °C), and with (iii) CH, and CO, (300 °C), grovmg a
high activity and selectivity as proved by SS NMR.>"'

At room temperature, Zn-HPW-SiO, activates CH, which is
confirmed by the appearance of a >*C CP MAS NMR signal at
—23 ppm, showing that [Zn]-CH; was formed (Scheme 35).

Scheme 35. Illustration of Methane of Conversion on Zn-
Modified Heteropolyacid®
CH,

o |
ke ZnHPW

03,250 °C

CHy + Zn-HPW — CH0H

(G000 CH,COOH

“Reproduced with permission from ref 361. Copyright 2014 Royal
Society of Chemistry.

AT

In the presence of O, and at 250 °C, Zn-HPW-SiO, converts
CH, into CH;OH. The "*C CP MAS NMR spectrum shows a
signal at 49 ppm, which represents the condensation of gas
phase methanol on the silica surface. This demonstrates that
methane is oxidized to methanol. In the presence of CO, and
at 300 °C, n-HPW-SiO, converts CH, into acetic acid
(CH;COOH) in the presence of CO, at 300 °C. A signal at
20 ppm (—CHj;) and 180 ppm (—COOH) was observed by
13C CP MAS NMR, which confirms the formation of acetic
acid. These results confirm that Zn-HPW/SiO, can activate
methane for stoichiometric conversion to methanol (with O,)
and acetic acid (with CO,). Remarkably, the activation of
methane is achieved already at room temperature as evidenced
by the first-time detection of Zn—CH; on a Zn modified
heteropolyacid.

4.4.2. Via SAC. 4.4.2.1. Concepts and Methods. 1t has
been reported that C—H bond activation can proceed over an
isolated transition-metal center, yielding M—CHj species.”””
For example, platinum has been widely used to activate the C—
H bond in hydrocarbons™******" as well as for methane,***
absorbing CH, on Pt(111) at mostly C;, symmetry.”®
However, due to the high tendency of Pt to bind CH,
intermediates, coke can be formed easily, typically at high
temperatures (>800 °C).”***% By tuning the electronic
structure of Pt, eg, , by 1ncor;)orating, doping and/or alloying
surfaces as Al,O; 8y i0,, 7 Ce0,,*** and Cu,*®” a catalyst
with a superior catalytic performance and a reduced coke
formation can be observed. Besides Pt, also other late
transition metal SACs (e.g, Pd,**" Rh**'7*"°) are known to
have a high activity and selectivity for methane activation.
Fung et al. proposed theoretical investigations for screening the
efficiency of SACs for methane activation showing that the
methane absorption energy (E,4,) is an expressive descriptor.
Experiments showed that besides Pt (supported on TiO,),
successful results were also found for SACs including Rh, Ir,
Os, Re, and Ru which are prone to activate methane at low
temperatures (Figure 43).387

Most noble transition metals have a low earth abundance,
high price, and a tendency for easy catalytic poisoning.*”*>%°
Therefore, cheaper alternatives such as Cr-, Mn-, Fe-, Co-, and
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Figure 43. Adsorption energies of methane on the M1 (single-atom)
site on rutile TiO,(110) with M being 3d, 4d, and 5d transition
metals, in comparison with that on rutile IrO, (110) (green line). The
Ti data represents the undoped rutile TiO,(110). Reproduced with
permission from ref 387. Copyright 2018 Royal Society of Chemistry.

Cu were evaluated by DFT calculations with regard to their
energy methane-activation barriers. Results suggest that the
C—H bond of methane can be easily activated for Fe or Co

. 397
compared to Cr, Mn, and Cu (Figure 44).”
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Figure 44. Binding strengths (E,q4) of methane and their
corresponding optimized structures of TM—methane complexes
showing the various bond lengths dC-H, dTM-C, and dTM-H in A
units. M (4B) denotes the total spin magnetic moments for each of
the geometries. Reproduced with permission from ref 397. Copyright
2018 John Wiley and Sons.

Among the metals, Fe, Cu, and Co showed favorable results
with regard to methane activation. This is partially related to
the strong binding energies for single atoms of Fe (E 4, = 0.077
eV) and Co (E,4 = 0.078 €V) because strong binding may lead
to an easy bond cleavage of methane.””” Those metals are
extensively used for SACS, in combination with classical
supports such as silica, ™" graphene, zeolites,””® and more
recently with MOFs.*”

In summary, mainly transition metals such as Pt,
Pd,*0 Rh,¥1733 Fe 350401 00402 4nd Ni**® supported on
oxides (e.g., TiO, CeO,, Ir0,, Zr0,)>* 8371400403
silica,”*>**7*%* or carbonaceous materials (as graphene,
graphene nanotubes (GN))*”7*** were found to be active
for methane C—H activation. For the particular case of
methane to methanol conversion, a DFT-study proposes that
a-Al,O3, ZnO, and Ge,0; have favorable properties because of
(i) low reactivity for CH, activation, (ii) low reactivity toward
oxidizing agents, and (iii) strong methanol adsorption.*?®

4.4.2.2. Nonoxidative Conversion of Methane (to Alkanes,
Olefins, and Aromatics). CH-activation of methane under
nonoxidative conditions have unfavorable thermodynamics
toward C—C coupling and require high activation energies.**°
For the nonoxidative coupling of methane to light hydro-
carbons and aromatics, two systems have been described to be
highly efficient in SAC: Fe@S$iO,””° and Pt@CeO,**
operating at temperatures between 900 and 1100 °C. The
single site iron-catalyst Fe@SiO,>"*"” (Fe = 0.5 wt %) is
“embedded” (lattice-confined) on nonacidic silica as the
support (Figure 45), which improves the performance of
highly dispersed Fe cations on ZSM5.***~*"" When isolatin 8g Pt
atoms on the surfaces of Cu (as alloy) Cu,**’ Ce0O,,**

Al O3,** it was shown that the activity of the system is Stlll
related to platinum having more sophisticated electronic
properties. For example, the activation mechanism for
PtAL,O,** clusters shows that platinum rather than the
oxygen of Al,O;™ activates CH, in the initial step of reaction
and that the alumma oxygen is only relevant at a later stage of
the reaction.”*® DFT calculations have predicted that Pt, with a
low coordination number, can prevent the successive
dehydrogenation of methane by stabilizing the [Pt]-CH,
intermediate.*'*~*'* Pt/Cu-alloys showed to have intermediate
barriers for C—H activation in between the ones of pure
Pt(111) and Cu(111). The energy barrier toward coke
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Figure 45. (a) STEM-HAADF image of the catalyst after reaction with the inset showing the computational model of the single iron atom bonded
to two C atoms and one Si atom within the silica matrix, (b) in situ XANES upon activation, (c) Fourier transformed (FT) weighted (k)-function
of the EXAFS spectra, and (d) proposed mechanism for activation of Fe-species. Reproduced with permission from ref 350. Copyright 2014 The

American Association for the Advancement of Science.

AU

DOI: 10.1021/acs.chemrev.9b00238
Chem. Rev. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.chemrev.9b00238

Chemical Reviews

formation is higher than the one for Pt(IIl), suggesting that
Pt/Cu is coke resistant.”® Similarly, Pt@CeO, shows a high
dispersion of Pt (0.5 wt %) on CeO, and the metal—support
interaction leads to a very active catalyst toward C—H bond
activation of methane, without coke formation.>*® This shows
that the electronic properties of Pt can be indeed tuned toward
less coke formation and hence higher selectivity of product.

Fe@SiO, and Pt@CeO, are synthesized by high temper-
ature of calcination (at a temperature higher than 1000 °C).
Fe@SiO, was prepared by fusion of Fe,SiO, and SiO, at 1500
°C, and Pt@CeO, was prepared by calcination of Pt-
impregnated porous ceria nanoparticles at 1000 °C. Typical
characterization methods were used to elucidate the structure
of both SACs. In fresh Fe@SiO,, highly dispersed iron oxide
was detected on the silica matrix by TEM and EXAFS (Figure
45). The iron oxide species in the fresh 0.5% Fe©SiO, material
interacts extensively with the support after making contact with
CH, at 900 °C. Single iron atoms become embedded in the
silica matrix through bonding to Si and C atoms as proved by
EXAFS (Figure 45). Thus, these otherwise extremely reactive,
coordinatively unsaturated iron atoms are stabilized and persist
under the very harsh reaction conditions, even for 60 h of
reaction time.

The EXAFS spectrum of 0.5% Pt@CeO, (Figure 46)
exhibits only one pronounced peak associated with the first-
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Figure 46. XPS spectra collected of (ab) 0.5% Pt@CeO, and (c,d)
PtNPs/CeO, catalysts at the (a,c) Pt 4f and (b,d) Ce 3d edges.
Reproduced with permission from ref 388. Copyright 2018 American
Chemical Society.

shell Pt—O bond (with Pt—O coordination number of § at
~2.03 A). The absence of Pt—Pt and higher-shell Pt—O—Pt
scatterings demonstrate atomic dispersion of Pt in the catalyst
with Pt in the oxidation state of Pt**.

Isolated iron sites confined in a silica matrix’® and isolated
platinum sites®® confined in nanoceria enable nonoxidative,
direct conversion of methane. In both cases, catalysis was
performed at high working temperatures (>900 °C). Fe@SiO,
showed an 8% conversion of methane at 950 °C with 48%
selectivity to C,-hydrocarbons and at 1090 °C (WHSV =
21400 mL/g ,-h) a maximum conversion of 48% forming 99%
of hydrocarbons with a 48% selectivity for ethylene and 20—
30% for each, benzene and naphthalene. The catalyst was

5
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stable for 60 h. Pt@CeO, (WHSV = 6000 mL/g.-h) converts
14.4% of methane at 975 °C with a 74.6% selectivity toward C,
products (ethane, ethylene, and acetylene). The selectivity
toward C,-hydrocarbons gradually decreases with increasing
temperatures from 98.4% (at 900 °C) to 66.7% (at 1000 °C).
Starting at >950 °C, aromatic products appear. The
selectivities toward aromatics increased with increasing
temperature, achieving 26.6% for benzene and 2.1% for
naphthalene, while maintaining a high selectivity for ethylene
showing the formation of light hydrocarbons for Pt@CeO,.
Bao et al. postulated a free radical mechanism at 1100 °C in
gas phase starting from the active site of Fe@SiO, (Scheme
36). The oxidation state of iron is supposed to increase to

Scheme 36. Proposed Radical Mechanism for Activation of
Methane with Fe@$i0,>*’
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+VIIL. C—H activation on the iron sites generates CHj-radicals,
which desorb from the surface of the catalyst and subsequently
undergo a series of gas-phase processes to form ethylene,
benzene, and naphthalene as the only products. A similar,
radical mechanism was proposed by Labinger in the oxidative
coupling of methane.’**

4.4.2.3. Oxidative Conversion of Methane (to Alkanes,
Olefins, and Oxygenates). For the oxidative conversion of
methane to oxygenates, there are two challenges: (i) The first
one is the high activation barrier for C—H bond activation of
methane, and (ii) the second one is the easiness of total
oxidation to CO or CO,. Herein, we discuss some distinctive
examples of SACs for oxidative conversion of methane.

Rhodium turned out to be another interesting transition
metal for the oxidative conversion of methane conversion by
SAC on various supports: (i) Rh/ZrO,*”" (ii) Rh/ZSM-
5,392’393 and Rh/ TiOz.393 The highest methanol production
was observed for Rh-ZrO,,*”" when methane was reacted in
the presence of H,0, Rh/ZSMS5 and Rh/TiO,* convert
methane to acetic acid in the presence of CH, and CO.*”*

Different concentrations of Rh/ZrO,””" were synthesized by
wet impregnation of RhCl; onto zirconia. The single site
character of the 0.3 wt % sample was confirmed by EXAFS and
TEM. The Rh oxidation state of 0.3 wt % Rh/ZrO, catalysts
was measured by XPS (Figure 47) finding a binding energy of
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Figure 47. (a) EXAFS of Rh/ZrO, at different concentrations. Reproduce with permission from ref 391. Copyright 2017 American Chemical
Society. (b) Proposed structure of 0.3% Rh/ZrO, having oxidation state +3.7. (c) Mechanism of oxidative conversion of methane to methanol and

formic acid.

the XPS Rh 3d 5/2 peak of 309.4 eV. This value™>~*"7
suggests 0.3 wt % Rh/ZrO, having an average oxidation state
of 3.7. The proposed structure is shown in Figure 47.

Rh/ZrO, activates CH, on the [Rh]-site which is
dissociatively adsorbed as —CH; and —H. The adsorbed
[Rh]-CH; easily reacts with an adsorbed H,O, to form
MeOOH. Deoxygenation of MeOOH into MeOH is then
energetically favored, which is in accordance with time-
resolved reaction results (Figure 47).

At low temperatures, direct methane oxidation was observed
to produce ethane in the presence of a small amount of O, at
260 °C and atmospheric pressure. DFT calculations also
showed that dissociative adsorption of two CH, molecules and
subsequent formation of ethane are energetically plausible on
the single-atomic Rh site. CH, reacts with rhodium by CH
activation to form H-[Rh]-CH;. Subsequent migration of the
methyl group to a nearby O atom permits dissociative
adsorption of another CH, molecule. The adsorption of
second CH, is slightly endothermic but coupling of two —CHj;
into C,Hg is exothermic, allowing a favorable formation of
ethane on Rh,/Zr0,.*"

Rh/ZSMS (HAADF-TEM in Figure 48) and Rh/TiO, are
able to convert methane to acetic acid (22 000 ymol g, " at t
=3h) in the presence of CH, and CO at 150 °C and a
pressure of 30 bar.*”?

Two catalysts have been prepared by incipient wetness
impregnation of H-ZSMS forming Rh/ZSMS.”7*% Tt is
proposed that isolated Rh* (after treatment with H,)*”* or

2 nm
cm—

Figure 48. Aberration-corrected HAADF/STEM image of as-
synthesized Rh-ZSM-S. Reproduced with permission from ref 393.
Copyright 2017 Springer Nature.

AW

Rh** cations facilitates the activation of methane in the
presence of 0,.*”>** In both cases, it is expected that the Rh
cations replace the Brensted sites and thus bind to the Al
atoms. Figure 48 proposes a structure of Rh/ZSMS where the
Rh atom binds to three oxygen atoms of the ZSMS
framework.*”> A detailed mechanism has been proposed by
Tang et al>”* (Scheme 37). This mechanism involves the
occurrence of a Rh(Y) species, an oxidation state of rhodium
which is more and more involved in catalysis.418 Rh/ZSMS is
activated with oxygen forming Rh—O,. The C—H bond of
methane and the oxygen of Rh(#2-O,)forms a methyl and
hydroxyl adsorbed on the [Rh] atom. Then, a CO molecule
can insert into the Rh—O—H bond forming Rh—COOH. The
—COOH residue couples with the adsorbed methyl group to
form a weakly adsorbed acetic acid, which is subsequently
desorbed, yielding the first CH;COOH molecule. The
remaining [Rh]=0 oxo group activates the C—H bond of
the second CH, molecule to form a methyl and a hydroxyl
group adsorbed on the Rh atom. The second CO molecule
binds to the unsaturated [Rh] site and subsequently inserts
into the methyl-Rh bond forming an acetyl group. The
hydroxyl group couples with the carbon atom of C=0O of the
acetyl group and the second acetic acid is formed. Desorption
of the second acetic acid molecule recovers the Rh site, which
then bonds with a molecular O,, forming [Rh]-O, ready for
next catalytic cycle.

The EXAFS spectra show Rh—Rh bonding (coordination
number = 0.6 + 0.2), indicating the formation of some Rh
clusters during the methane conversion reaction. However, no
homogeneous reaction occurred because of leaching. CH;OH
was detected by *C NMR, confirming that the methyl group
carbon is derived solely from methane.””

Other interesting materials for the direct, oxidative
activation of methane are graphene-supported 3d-single TM
atoms such as Cr, Mn, Fe, Co, and Cu.>’’ A correlation
between catalytic activity and magnetic properties of the
graphene supported systems through hydrocarbon activation
was found. The best properties were found for Co and Fe. Co/
graphene is a high performance catalyst for methane
activation:"”> CoO**"” is reported to bear a high reaction
selectivity but very low reaction efficiency for the conversion of
methane to methanol (Figure 49).**%**' The reaction
mechanism was proved by first principle calculations: A two-
step reaction mechanism for direct methane oxidation to
methanol over a single atom [Co]-embedded graphene (Gr)
catalyst, with N,O as the O-donor molecule. C—H activation is
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Scheme 37. Proposed Structure of Rh/ZSMS and Reaction Mechanism for Formation of Acetic Acid from CH,
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Figure 49. (a) Proposed structure of Co/GN and (b) mechanism for the oxidation of methane with N,O to form methanol.**

the rate-limiting step. The high reaction activity and selectivity
under mild conditions were predicted for this catalyst.

The energy barrier of the transition state TS1-2 is 16.4
kcal/mol (in Figure 49),* close to those of Cu-ZSM-5 (18.45
kcal/mol.),*”> Cu-MOR (17.5, 21.4 kcal/mol),"***** AuPd
nanoparticles,"””> Co-ZSM-5 (15.0 kcal/mol),"*® Fe-ZSM-5
zeolites (15.0—39.9 kcal/mol),"*” and FeO/Gr**" catalysts.

Single site iron catalysts on graphene and boron nitride**’
are also active for methane to methanol conversion (Figure
50). In 2015,"" Fe on graphene and boron nitride were
proposed to be potential catalysts for methane to methanol
conversion. DFT calculations suggest that atomic iron (or
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Pd)*** embedded in the BN sheet would be an excellent center
for the C—H activation of methane, better than the atomic iron
embedded graphene. For the partial oxidation of methane by
the iron—oxo species, the iron embedded graphene was found
to be better than the BN sheet, mainly due to the very high
energy demand for the transformation of the surface methoxy
species to a methanol product.

In 2018, the single site iron catalyst FeN,/GN*"" was
prepared by embedding iron sites on graphene nanosheets
FeN,/GN (Fe = 2.7 wt %). This catalyst converts methane
into methanol at room temperature (TOF = 0.47/hm 10 h).
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Figure 51. (a) Proposed structure of FeN,/GN and (b) HAADF-STEM image of FeN,/GN (red circles show some single iron atoms in the matrix
of graphene nanosheets). Reproduced with permission from ref 401. Copyright 2018 Elsevier. (c) Proposed mechanism of ethane conversion on

FeN,/GN.

The single site character of Fe/GN was characterized by AFM
and HAADF-STEM (Figure S1).

Cui et al.*"" suggested that the conversion proceeds via an
O—FeN,—O, which is formed by a reaction of H,0,. O—
FeN,—O and H,O can activate CH, to form the methyl radical
with a low reaction energy barrier (0.79 eV, 18 kcal/mol). The
methyl radical is then converted into 94% oxygenated products
(Figure 51).*°" It was possible to detect CH;OH and
CH;00H (more initially) by '*C NMR and "*C DEPT-135.
Toward the end of the reaction, CH;OH converts into
HOCH,00H and HCOOH and 6% of CO,. Other catalysts
(MnN,/GN, CoN,/GN, NiN,/GN, CuN,/GN and molecular
catalyst FePc) have been tested, but best performance is
obtained with FeN,/GN. H,O, reacts with FeN,/GN to form
oxidized O-FeN,—O and H,O, which is able to activate CH, to
form the methyl radical with a low reaction energy barrier (18
kcal/mol). The methyl radical is then converted into
oxygenated products.

Another example of a Fe single atom catalyst used for
methane oxidation™” is the isolated Fe unit incorporated into
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an Al-based MOF (MILS3). MOFs have a high degree of
synthetic control, therefore an ideal support for SAC. In this
example, Fe was incorporated into the MOF by the
electrochemical route to avoid extra-framework species. A
catalyst with a loading of 5.4 wt % of iron was synthesized,
which was found to be active for methane oxidation. The
structure was identified by EXAFS, XRD, and CO, adsorption
measurements proposing a monomeric and dimeric Fe species
in the MOF. The antiferromagnetically coupled dimers have a
Fe—O—Fe bond and showed the highest effect on catalysis.

Iron, ”**" copper,”***™*7 and other metal-oxo clus-
ters"***? have also been used on various zeolite topologies for
the stoichiometric activation of methane to methanol. Cu or Fe
sites are activated into oxo species by O, or N,O, and then the
active sites react with CH, producing methoxy groups. For
example, Pappas et al.**® studied the activation of Cu/SSZ13
under oxygen-containing atmosphere at high temperatures. A
maximum conversion reaching 0.172 mol methanol/mol Cu
(107 pmol/g) was found at 450 °C after 120 min with 187
mbar partial pressure of O,. The mechanism of the methane
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activation studied by XAS and EXAFS and Raman, confirming

a single site structure of Cu?" is shown in Figure 52.

Figure 52. Proposed structure of Cu/SSZ13 with Si/Al ratio of 15
and Cu/Al ratio of 0.5.3%%

4.4.3. Via SAAC. As discussed in the previous section,
platinum has a high tendency to bind methane and CH,
intermediates during the conversion of methane®***® whi ch
leads to a strong coke formation. When diluting the
concentration of Pt to a single atom, the activity can be
throttled enabling the desired conversion from methane to
higher hydrocarbons. Marcinkowski et. al recently found a Pt/
Cu smgle atom alloy catalyst to be coke resistant for CH
activation.”® The principle was to make an alloy of Pt/Cu by
spreading out Pt(III) on the surfaces of Cu(III).”® The single
atom character was demonstrated by intermediates of CH-
activated CH, on Pt/Cu (Figure S53). Pt/Cu has an
intermediate barrier height in between the ones of pure
Pt(111) and Cu(111). The energy barriers (TS4 in Figure 53)
toward coke is higher, hence, Pt/Cu has a resistance for coke
formation. Similar results were observed with Pt@CeO,.

4.5. Emerging Reactions in SOMCat and SAC Chemistry

4.5.1. Imine Metathesis. Imine metathesis reaction has
been known since 1922 by Ingold and Piggott.**" However,
the study on C—N bond forming reaction is less advanced as
compared to C—C bond forming reaction. Recently, well-
defined surface organometallic fragments (M-carbene/hy-
dride) are widely used for improved alkane metathesis
reaction, olefin metathesis reaction, oxidative coupling of
methane, etc, which are mainly C—C bond forming
reaction.'”'?7?7#**! Keeping in mind the importance of
imido complexes in organic synthesis and catalysis,*** [M]=
NR fragments have been investigated for improved imine
metathesis reaction. The first well-defined silica supported
imine metathesis catalyst was [(=Si—O—)Zr(=NEt)NEt,].”"!
This catalyst was prepared by reaction of SiO, 5y, with
Zr(NEt,), in pentane following a thermal treament at 200 °C
under vacuum (Scheme 38).°"

It was understood that the initial surface complex [(=Si—
O—)Zr(—NEt,);] at 200 °C is transformed into a three
membered metalla-cycle intermediate (metallaaziridine) by f-
hydride abstraction followed by removal of NHEt,. This three
membered metalla-cycle is further transformed into [(=Si—
0-)Zr™)(=NEt)(—~NEt,)] 25 by releasing an olefin
(Scheme 38).>' To observe the transformation of the imido
to another imido during imine metathesis, 25 was reacted with
phenyl benzyl imine in toluene at 80 °C. After work up and
purification steps, a new surface complex [(=Si—0-)Zr(=
Ph)(—NEt,)] 26 was isolated and fully characterized by solid
state NMR, IR, and elemental analysis (Scheme 39).
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Figure 53. Comparison of reaction pathways between pure and SAA surfaces. Reproduced with permission from ref 389. Copyright 2018 Springer
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Scheme 38. Synthesis of Metal Imido Fragments from Homoleptic Zr’
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Scheme 39. Isolation of a New Surface Complex 26 Was Observed during Stoichiometric Imine Metathesis Reaction®"
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The isolation of the surface complex 26 confirms that imine
metathesis reaction undergoes a 4-centered metallacycle
intermediate before affording the final product.

Surface complexes 25 and 26 were tested for imine
metathesis between (4-fluorobenzylidene)-(4-fluorophenyl)
and various imines (29a—29d, Scheme 40) with conversions
ranging between 48% and 76% and moderate TON values
between 12 and 19 depending on the imine.”’ When studied
for the same reaction (reaction of (4-fluorobenzylidene)-(4-
fluorophenyl) with 29b), 25 and 26 displayed nearly identical
catalytic performance (Scheme 40). Following this initial

BA

study, the application of Hf-based complexes was studied.'*’

Hf surface complex [(=Si—O—)Hf(=NMe)(—NMe,)] 28
was prepared in a similar fashion as the analogous Zr complex.
In this case, the metalla-aziridine intermediate 27 was isolated
and fully characterized by solid state NMR, DNP SENS, and
EXAFS. It was observed that NHMe, which is supposed to be
released during the formation of metalla-aziridine intermediate,
coordinates with the metal complex.'” The structure of the
intermediate Hf aziridine complex was characterized as [(=
Si—O—)Hf(n*#MeNCH,)(1'-NMe, ) ) ('-HNMe, )] (Scheme
38)."% Upon heating this complex at 200 °C for 4 h, it is
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Scheme 41. Imine Metathesis Mechanism Carried out by Metal Imide Fragment
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further transformed to [(=Si—O-)Hf (=NMe)(3'-NMe,)]
28. This catalyst was used for imine metathesis reaction for a
wide range of imines. In the imine metathesis of N-(4-
phenylbenzylidene)benzylamine and N-benzylidene-tert-butyl-
amine, equilibrium was reached after 1 h with a conversion of
50%, whereas control blank reaction showed only 11%
conversion. On the basis of the metathesis product, a
mechanism was proposed; the initial stage of the imine
metathesis is coordination of the reactant (via the imine
fragment) with the electropositive metal followed by formation
of metallacycle intermediate [2 + 2 cycloaddition]. After
cycloreversion, a new imine fragment is released with the
formation of a new [M]=NR, fragment.'”’ The second imine
comes in contact with the new surface fragment and again
generates a metallacycle and after cycloreversion, a new imine
results with the formation of starting [M]=NR, (Scheme 41).

This reaction is not only restricted to group 4 metal imides;
also, group 6 molybdenum imides were also tried successfully
for this reaction. Silica supported molybdenum imido catalysts
were proved to be equally efficient as those of group 4 metal
imido by carrying out imine metathesis by reaching
equilibrium within 6—24 h.**

4.5.2. Metathetic Oxidation of Olefins. Aldehydes are
building blocks for many fine chemicals. Specifically,
acetaldehyde is used as a starting material for chemicals like
vinyl acetate, penta-erythritol, crotonaldehyde, resins, etc., and
the primary source for the production of acetaldehyde is the
Wacker process.*** In this process, ethylene is oxidized in the
presence of a dual catalytic system (PdCl,/CuCl,). In this
process, Pd** oxidizes ethylene to acetaldehyde and is
simultaneously reduced from Pd™W to Pd®. Cu acts as a
cocatalyst and oxidizes again Pd(0) to Pd(II), and the process
goes on (Scheme 42).4%

Although this process is reliable and widely used for the
production of acetaldehyde, the main disadvantage is the
formation of HCI during the reaction which corrodes the
reactor.

Recently, to mimic the industrial molybdenum oxide catalyst
(Mo00;), a well-defined bis-oxo molybdenum surface catalyst
was synthesized using SOMC strategy and used for conversion
of olefins to aldehyde in the presence of molecular oxygen, this
reaction is named “metathetic oxidation” because the concept
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Scheme 42. Wacker Oxidation Process
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used to discover this reaction was reminiscent of the olefin
metathesis reaction.”’ The predictive design idea was to use a
[Mo]=0O0 in the same way as [M]=CHR is used in olefin
metathesis. The reaction was found to occur quite selectively
with [Mo](=0),. This is the reason why the term metathetic
oxidation was used. This is the first example where in a single
step, olefins (internal and terminal) are converted under
oxygen to aldehzrdes metathetically in the presence of
molecular oxygen.

Silica supported molybdenum complex was prepared by
reaction of oxo-molybdenum tetrabutoxide [(Mo=0)-
(O'Bu),] 32 with SiO, ,o, in pentane (Scheme 43). The

Scheme 43. Schematic Illustration of the Preparation of
Single-Site [(=Si—0),-Mo(=0)] Catalyst
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resulting intermediate [(=Si—0),-Mo(=0)(0'Bu),] (33)
was further heated, resulting in [(=Si—0),-Mo(=0)] (34)
with the evolution of butanol and isobutene (Scheme 43).
These complexes are fully characterized by SS NMR, IR,
elemental analysis, and by EXAFS.”"

After full characterization of the supported bis oxo
molybdenum complex 34, it was used for oxidation of olefins
in a continuous flow reactor at a temperature range of 400—
450 °C. When propylene (7.5% v/v) was contacted with O,
(10% v/v) at 400 °C, 5—6% propylene conversion was
observed and the selectivities varied between 33 and 35% for
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Table 2. Catalytic Results Obtained with 34 Using Propylene and Molecular Oxygen as Reagents

temp (°C) feed (%) C;=, O,, N,, He conv C;= (%)
400 7.5, 10, 12.5, 70 5-6
450 7.5, 10, 12.5, 70 12—-14
450 7.5, 5, 12.5, 75 9-9.5
450 7.5, 2.5, 12.5, 77.5 5-6

selectivity (%)

CO, CO CH,;CHO acrolein
30-32 9—-10 33-3S§ 9—-11
31-34 11-14 25-29 9-12
23-24 9-10 30-31 13—-14
21-23 10—11 28-29 10—11

acetaldehyde, 40—45% for CO and CO,, and about 10% for
acrolein. Conversion nearly doubled at 450 °C under
otherwise identical conditions without strongly affecting
acetaldehyde selectivity. When the ratio of propylene to O,
was varied from 7.5:10 to 7.5:5 and 7.5:2.5 at 450 °C,
conversion progressively dropped but the selectivity for
acetaldehyde remained around 30% (Table 2).

The formed amounts of CO and CO, came from thermal
decomposition of formic acid, which is formed during over
oxidation of propylene. Particularlyy, CO comes from the
oxidation of formaldehyde which is formed due to 2 + 2
cycloaddition of molecular oxygen and a-olefins. The limited
amount of acrolein formed might be due to C—H bond
activation of methyl group of propylene, followed by oxygen
insertion and f#-H elimination.

This reaction was extended to cis-2-butene. As expected, cis-
2-butene exhibited a higher selectivity toward the formation of
acetaldehyde (~71%) at lower conversion (~5%) at 350 °C
(Figure 54).31
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Figure 54. Conversion and selectivity as a function of time-on-stream
for the cis-2-butene oxidation over [(=Si—0),-Mo(=0)] (34) at
350 °C. Reproduced with permission from ref 31. Copyright 2018
American Chemical Society.

By increasing the temperature, the selectivity to acetalde-
hyde decreases with simultaneous formation of CO and CO,.
Starting from these experimental results, the complete reaction
cycle has been investigated by DFT calculations (Scheme 44).

The reaction involves four steps: (i) 2 + 2 addition of the
olefin to the molybdenum bis-oxo species, leading to a metalla-
oxocyclobutane intermediate, (ii) cycloreversion of the metal-
lacyclobutane and release of one acetaldehyde with generation
of metal-oxo carbene, (iii) the 2 + 2 cycloaddition of O, to the
metallocarbene, and (iv) opening of the metallo-peroxo
intermediate and releasing of the second molecule of
acetaldehyde with regeneration of the starting Mo bis oxo
catalyst. The catalytic cycle involves species in different spin
state with the flipping from triplet to singlet state occurring
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Scheme 44. Reaction Pathway for the Formation of
Acetaldehyde through Metathetic Oxidation of cis-2-Butene
by [(=Si-0),~Mo(=0)] (34)"
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“Free energies are in kcal/mol. Reproduced with permission from ref
31. Copyright 2018 American Chemical Society.

during the rate determining addition of the O, molecule (TS3
in Scheme 44). Overall, the reaction is strongly exothermic
(—84 kcal/mol) and the quite high kinetic barriers are still
consistent with the experimental conditions.”’

4.5.3. Catalytic Hydrogenation of N, into NH;.
Ammonia synthesis is among the most globally important
processes in the chemical industry owing to the use of NH; as
the source of most fertilizers. There is a strong correlation
between the increase of human population from 1900 to
nowadays and the demand for worldwide ammonia produc-
tion.**> According to data provided by Apodaca, 2013
worldwide production of NH;, with China, India, the Russian
Federation, the United States, and the European Union as the
top of producers, reached 0.14 Gt. It is estimated that 3% of
the global CO, emissions into the atmosphere are due to
industrial, large-scale NH; synthesis,*** which contributes to
the release of approximately 1 billion tons of waste CO, per
year.**” Overall, it is clear that ammonia production has
positive effects on the world nutrition and negative effects on
the environment. Although Nobel laureate Fritz Haber**®
reported the use of osmium (also uranium) as the first
industrial catalyst for NH; synthesis from air-source dinitrogen
(N,), the scarcity of these rare metals meant that the only
alternative until the mid-1980s of the last century was based on
iron oxides materials.**” These provided stable activities during
reaction and practically unlimited access due to the low-cost
and abundance of Fe ores. However, the very harsh operating
conditions, with temperatures around 350—525°C and
pressures varying between 10—30 MPa (100—300 atm) of
Fe-based Haber—Bosch catalytic NH; synthesis,”*” ask for the
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Figure 55. Showing the dissociative mechanism of N, to ammonia on BS sites. Reproduced with permission from ref 454. Copyright 2006 Elsevier.

searching of new alternatives. To date, ruthenium®™' was
considered as the only possible realistic replacement. Although
biologically active nitrogenases enzymes contain most of the
time only a single metal atom, e.g, Mo, V, or Fe, it was
commonly believed that for heterogeneous catalysts, several
atoms (up to 7 to 8 metal atoms) or BS sites were necessary
for dinitrogen dissociation****** and a concomitant activation
and reduction of dinitrogen. The idea of this approach was a
dissociative mechanism in which N, is dissociated into two
chemisorbed N atoms prior to their hydrogenation (Figure 55
and Scheme 45).

Recent results, both via SOMCat and SAC methodologies,
have destroyed the common belief of the need of an ensemble
of atoms to dissociate N,. The DFT methods were proposing a
nondissociative mechanism. There were two successive
discoveries in SOMCat which showed that the dissociation
of nitrogen is not necessary to produce NH;.

Scheme 45. Modeling Study Showing All the Steps of
Dinitrogen Dissociation on a Flat Fe Surface (Dotted Line)
and on Stepped Fe (BS Sites) (Full Line) According to
Avenier et al.”
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4.5.3.1. Via SOMC. First it was found that N, dissociation
and partial hydrogenation to amido ligands could occur on an
isolated surface tantalum atoms supported on silica [(=Si—
0—)TaH,(SiO,_4) * = 1,3],*° an unexpected result in the
heterogeneous catalysis community. This work later inspired Li
and Li*** and Eisenstein et al.*** in the elucidation of the
mechanism of N, dissociation and partial hydrogenation on a
single Ta atom through a DFT approach. They hypothesized
that the formation of the [(=Si—0-),Ta(H)(-NH,),]
species by hydrogenation of [(=Si—0-),Ta(H)(7>-N,)]
followed an associative mechanism (Scheme 46), releasing
about 90 kcal mol ™.

Although this work helped in the understanding of the
chemistry of N, activation and hydrogenation by well-defined
single-site Ta-hydrides on silica, catalytic NH; synthesis could
not be observed with Ta due to the high stability of the silica
supported [(Si—O—),Ta(—NH,)(=NH)] (Scheme 46).

4.5.3.2. Via SAC. Recently, an important theoretical paper
appeared in which Hiromasa Tanaka et al.**” have studied, by
DFT, the grafting of an Fe; cluster on the 8-A1,0;(010). They
claim that it is a SAC or single cluster catalysis (SCC) strategy,
although this is not purely single atom but a cluster of three Fe
atoms linked together in a triangular geometry. They have
studied the whole catalytic mechanism for conversion of N, to
NH; on Fe;/0-Al,0,(010) and found that an “associative
mechanism”, in which the adsorbed N, is first hydrogenated to
—N=NH dominates the “dissociative mechanism”. This
associative mechanism is attributed to the large spin polar-
ization, low oxidation state of iron, and multistep redox
capability of Fe; cluster. The “associative mechanism” liberates
the turnover frequency (TOF) for ammonia production from
the limitation due to the Brensted—Evans—Polanyi (BEP)
relationship,**® and the calculated TOF on Fe,/6-Al,04(010)
is comparable to that of the so-called “Ru BS'’ site.*"*

Previous theoretical studies discussed the possibility of
ammonia synthesis at low temperature and low pressure, but
the TOF was limited due to the Brensted—Evans—Polanyi
(BEP) relationship.”****> The BEP relationship regulates the
dissociation barrier of N, and the desorption energies of NH,,
scale linearly with the adsorption energy of N atom.*®#¢>*%*
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Scheme 46. Associative Mechanism of N, Dissociation/Stoichiometric Reduction on a Single Ta Atom Obtained by SOMC*
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Figure 56. (a) Schematic representation of N, coordinated with three Fe(I)-ion homogeneous complexes in the side-on/end-on/end-on
(us—n*n'n") configuration; (b) schematic representation of N, coordinated with heterogeneous Fe;/6-Al,0,(010) in the same configuration; (c)
optimized Fe; cluster on §-AL,0;(010); (d,e) optimized configurations of N, adsorption on Fe;/6-Al,05(010); (f) N, adsorption configuration on
the C7 site of Fe(211) surface. Reproduced with permission from ref 473. Copyright 2018 Springer Nature.

Stronger adsorption of N atom implies lower N, dissociation
barrier but higher NH,, desorption energies, such as on Re, Mo,
and Fe metal surfaces, while weaker adsorption of N atom
indicates higher N, dissociation barrier and lower NH,
desorption energies, such as on Pd, Co, and Ni metal surfaces.
Thus, a good metal catalyst for ammonia synthesis must have a
moderate atomic N adsorption energy, around where the top
of volcano plot is located.**>*%*

The remarkable recent development of surface single-atom
catalyst (SAC) and single-cluster catalyst (SCC) demonstrates
the possibility to build homogeneous catalytic active centers on
heterogeneous solid surfaces,' 703409747

Several authors were inspired by nitrogenase, in which for
some examples, bis Mo complexes™” and iron complexes are
responsible for N, activation and ammonia synthesis.***~*"" A
series of multinuclear iron complexes were tried by DFT to

BE

mimic the nitrogenase. It was found by modeling that the
formally Fe(I) and Fe(0) complexes can weaken or even break
N, triple bond at low temperature.””"*’*> They proposed an
active center of Fe; cluster anchored on the 6-Al,0,;(010)
surface. They also predicted that the direct dissociation of N,
on this center is difficult (dissociative mechanism), but N, is
easily hydrogenated to form the *NNH species (associative
mechanism), which has a much lower N—N bond dissociation
barrier than that of *N, (Figures 56, 57).

4.5.4. Selective Catalytic Reduction of NOx by
Ammonia (NH;—SCR). The regulation on exhaust gases
coming from cars is a challenge for automotive industry and for
human health. One way to get rid of NO with regard to this
issue is the reaction with NH;, which is described in the
following equation:
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Figure 57. Energy diagrams for ammonia synthesis: (a) dissociative mechanism, and three pathways of associative mechanism with N—N bond
dissociation at *NNH, *HNNH, and *HNNH, intermediates by the alternating hydrogenation route. (b) Two pathways of associative mechanism
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with permission from ref 473. Copyright 2018 Springer Nature.

3NO + 2NH, — 5/2N, + 3H,0

Spectacular results have been obtained from chabazite-based
catalysts Cu-SSZ-13 and Cu-SAPO-34. Interestingly, these
catalysts based on Cu/zeolites are very likely to be single atoms
of Cu present in the cavities of the zeolite (6 or 8 membered
rings).”’* Many state of the art techniques have been used to
characterize those materials particularly in operando high
energy resolution fluorescence detected XAS (HERFD-XAS)
and valence-to-core X-ray emission spectroscopy (V2C
XES)'** (see the Tools section). Most of the results tend to
favor a mechanism occurring on Cu®" linked to the Z-O—
framework and surrounded by coordinated molecular water
(Scheme 47).

It is probably the gaseous NO (a reducing agent as it gives
NO* and a reduced Cu*), which will react with coordinated
ammonia or one of its derivatives (amide or imido) to give N,
and H,0. Obviously, the real elementary steps of this process
are still unknown at the moment, but at least this is the
beginning of an understanding at a molecular level of this
important reaction for environment. It is a rare example where
single atom catalysts lead to a reasonable mechanism of a
reaction, but one should mention here that each time a good
definition of the catalyst is achieved by adequate techniques,
the mechanism is pretty well understood.

BF

Scheme 47. Mechanism of SCR on Cu**/Zeolite Proposed

by Gunter et al.'**
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4.5.5. CO, Conversion for the Synthesis of Organic
Compounds. Conversion of CO, to useful chemicals by
catalytic methods is regarded as key strategy for recycling part
of anthropogenic emissions by transformation into fuels and
commodity chemicals.*”>~*”7 CO, conversion can be carried
out with reduction of the central carbon atom, such as in the
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synthesis of CO,*”® methane, methanol, and
amines,” or it can be nonreductive. The latter kind of
process is generally less energy-intensive™ and can be carried
out even under ambient conditions using very simple
catalysts.484’485 Moreover, it does not require sources of H,
and leads to useful chemicals such as carbonates,*¢~*%%
oxazolidinones,"™ and acrylates.”””*”" Use of CO, as substrate
is known for both SOMCat and SAC although only partially
explored for a limited set of reactions. In this context, one
remarkable application of SOMC is for the preparation of
catalysts for the reforming of CO, with methane*’”*** and for
CO, reduction to methanol.*****> However, in these cases,
catalysis is carried out by tiny, narrowly dispersed nanoparticles
formed upon reduction of SOMC-prepared complexes and not
by well-defined surface complexes or single atoms; metal atoms
of the support are also involved in CO, activation.*”* In the
case of SAC, CO, reduction to small molecules such as
CO,"%*7 formate,””® and methane*” has become an active
field of research in recent years. However, limited attention has
been dedicated to the synthesis of more elaborated organic
compounds. In this section, we provide a short overview of
emerging processes where CO, is converted to organic
products such as formamides and cyclic carbonates.

4.5.5.1. Via SOMC. In the case of SOMC, two main types of
reactions have been investigated on single-site supported
complexes: the insertion of CO, into well-defined silica-
supported zirconium hydrides to produce formates'’**%*>%!
and the use of surface coordination fragments of niobium
and zirconium®”* chlorides as isolated or bimetallic catalysts
for the synthesis of industrially relevant cyclic carbo-
nates.””>*> These heterogeneous inorganic Lewis acids can
carry out the cycloaddition of CO, to epoxides under mild
conditions (T = 60 °C, Pco, = 1—10 bar). In the case of
SOMC-prepared zirconium complexes, actual industrial flue
gas could be used as impure source of CO,.”*” These studies
were carefully reviewed in previous work and will not be
discussed here in detail except for comparison with SAC-based
catalysts.

4.5.5.2. Via SAC. Chen et al. used titanium surface deficit-
defects of Ti;_,C,T, nanosheets (metal carbide with titanium
vacancies; T: O, OH, F) to support and stabilize platinum
atoms by formation of strong bonds with neighboring carbon
atoms.””" When [PtCl¢] ™ anions were adsorbed on Ti;_,C,T,
nanosheets, presenting titanium vacancies due to treatment
with HCI/LiF, reduction of platinum was observed without H,
treatment to yield Pt;/Ti;_,C,T,. Indeed, XPS investigation
showed that the platinum atoms were reduced to an average
oxidation number between 0 and +2. This was accompanied by
oxidation of titanium atoms at the defect sites. EXAFS analysis
demonstrated that platinum atoms were placed at positions
previously occupied by titanium atoms before HCI/LiF
treatment and surrounded by three carbon atoms each. No
Pt—Pt contribution was identified, thus excluding formation of
nanoparticles. Pt;/Ti;_,C,T, was used as catalyst for the N-
formylation of amines using CO, as source of carbonyl and
triethysilane (Et;SiH) as stoichiometric reductant (Scheme
48). Pt,/ Ti;_,C,T, was able to formylate several aromatic and
aliphatic secondary amines in very high yields and selectivity. It
also showed good reusability with a progressive but moderate
loss of performance within five catalytic cycles. Importantly,
platinum nanoparticles supported on carbon or on Ti;_,C,T,
afforded much lower yields of formylated products than Pt;/
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Scheme 48. Formylation of Amines with CO, Using Pt,/

Ti;_,C,T, as Catalyst and Et;SiH as Reducing Agent™***
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“The proposed and calculated mechanistic routes are also shown.

Ti;_,C,T, when tested under identical conditions using aniline
as substrate.

Mechanistic studies (Scheme 48) revealed a formylation
pathway where the Si—H bond of the silane is activated by
platinum followed by CO, insertion in the Pt—H bond. Attack
of the amine on the latter intermediate leads to formamide
product, whereas reductive elimination of silanol restores the
catalyst.

The largest reaction barrier (1.24 V) using Pt,/ Ti;_C,T,
was calculated for the step of silanol reductive elimination.
Remarkably, when the same mechanistic barrier was calculated
for platinum nanoparticles, the step of amine attack on the Pt—
OCOH moiety was found to have a barrier of 2.57 eV; much
higher than 1.04 eV determined for Pt;/Ti;_,C,T,. This
difference was attributed to higher steric hindrance and
different coordination environment of platinum in the
nanoparticles. There are no reports of an equivalent
formylation reaction in SOMCat, but it is likely that it could
be afforded by supporting low-valent platinum complexes on a
metal oxide surface to leave a sufficient number of open
coordination sites for binding Et;SiH.

The synthesis of organic carbonates from CO, and epoxides
has become a very active field of investigation in the gast
decade®™ ™% as it allows fixation of CO, under mild**® or
ambient****>*%? conditions and affords useful compounds
that serve as chemical intermediates for synthesis of
plastics®*»*'>*'" and solvents 312513 Among several classes of
heterogeneous catalysts,"™ systems involving single-atoms
acting as Lewis acids for epoxide activation are well-
established, including metal centers in MOFs,>'*~°'°
immobilized molecular complexes on silica®” or as compo-
nents of porous orgamc olymers.”"®>'? These materials have
been carefully reviewed.****'? In this section, we will describe
two materials where single atoms are not part of preformed
metal—organic complexes or MOFs.

Wang et al. targeted the preparation of highly active
heterogeneous catalysts for the synthesis of cyclic carbonates
from CO, by preparation of single atoms of zinc embedded in
nitrogen-doped graphene (NG).**” The catalytic material was
prepared by mixing electrochemically exfoliated graphene with
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melamine as a source of nitrogen atoms and zinc oleate as a
source of metal. Following pyrolysis, atomically dispersed zinc
atoms were found to be embedded in the nitrogen-doped
carbon material (the final material was denoted as NG-aZnN).
The morphology of the material was constituted by hollow
graphitic shells dispersed on NG. The coordination environ-
ment of zinc was investigated by XPS and EXAFS. The latter
technique revealed the zinc center as tetracoordinated.
Moreover, a first coordination shell scattering peak at 1.56 A
was attributed to potential Zn—N bonding and was
corroborated by the observation of overlapping EDS
distributions for N and Zn. On the basis of these data, the
authors attributed [ZnN,] coordination to the zinc atom of
NG-aZnN.

NG-aZnN was investigated as a catalyst for the cyclo-
addition of CO, to epoxides using propylene oxide as a model
substrate in the presence of quaternary ammonium bromide
salts as a homogeneous nucleophilic catalytic component.
When used in combination with relatively expensive
tetraheptylammonium bromide, NG-aZnN led to the for-
mation of propylene carbonate (PC) in quantitative yield at
120 °C, 10 bar CO,. It is worthy of note that these reaction
conditions are harsher than reported for state-of-the-art
catalysts presenting SAC embedded in salen®*' or porphyrin
complexes.”” The use of NG-aZnN could be successfully
extended to other terminal epoxides, but more challenging®**
internal epoxides led to only moderate yields. When harsher
reaction conditions were applied (160 °C, 10 bar CO,), 98%
PC was obtained in just 1 h, leading to very high TON and
TOF values (TON = 8666, TOF = 2889 h™!). However, the
authors did not discuss the possible occurrence of Zn>* (a
powerful homogeneous catalyst in this kind of reaction)
leaching to the reaction solution. The reaction mechanism for
the NG-aZnN-catalyzed cycloaddition was proposed to follow
the classical steps**“*** of nucleophilic ring-opening of the Zn-
coordinated epoxide by the bromide anion, CO, insertion in
the alkoxide and five-membered ring closure as depicted in
Scheme 49.

A different approach to the production of single zinc atoms
in [ZnN,] coordination environment but with a much higher

Scheme 49. Proposed Mechanistic Cycle for the
Cycloaddition of CO, to Epoxides Catalyzed by NG-aZnN/
TBAB°
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metal loading (11.3% versus 1.62% of the previous example)
was reported by Jiang et al.”** The authors produced hollow
N-doped nanoparticles bearing isolated zinc atoms (HPC) by
pyrolysis of ZIF-8 MOF grown around functionalized
polystyrene nanospheres. The polystyrene core was removed
by treatment in DMF (dimethylformamide). Pyrolysis of the
thus-prepared ZIF-8 led to carbon nanoparticles rich of
nitrogen and zinc (Figure $8). Despite the high zinc loading,
the isolation of the Zn atoms was confirmed by HAADEF-
STEM investigation, whereas the absence of ZnO could be
excluded by XRD and XPS analyses. XANES and EXAFS
spectroscopies revealed zinc oxidation number between 0 and
+2 and [ZnN,]-type coordination which is similar to parent
MOF ZIF-8, respectively. The presence of such coordination
environment allows high loading of atomically dispersed metal.
Additionally, it was observed that HPC had the ability to
harvest light in a broad range of frequencies (230—800 nm)
due to its hollow structure which allowed multiple reflections
within the internal cavity.

HPC was applied as catalyst for the cycloaddition of CO, to
several epoxides in the presence of TBAB as a source of
nucleophilic anions for epoxide ring opening (Scheme 49).
The reaction was carried out under atmospheric CO, pressure
and using full-spectrum irradiation as source of heat. The
carbonate product of epibromohydrin as model substrate was
obtained in nearly quantitative yield (94%) under such
conditions with HPC pyrolyzed at 800 °C (HPC-800) as the
best material. However, the yield dropped to just 51% when
the irradiation range was restricted to visible light. Control
experiments were carried out to confirm the importance of the
hollow structure, the recyclability of HPC-800, and the
heterogeneous character of the reaction (filtration test). This
study demonstrates that it is possible to obtain single atom
catalysts with high metal loading and the possibility of using
light irradiation for CO, conversion by SAC.

Overall, there has been limited investigation on the use of
SAC and SOMCat for the synthesis of CO,-derived organic
products; nevertheless, both SAC (synthesis of formamides,
cyclic carbonates) and SOMC-prepared catalysts (synthesis of
cyclic carbonates) have been reported with promising results.
For the synthesis of organic compounds that involves
reduction of CO,, such as formamides, and that requires the
use of noble metals and the addition of reducing agents, SAC
appears to be favored over SOMCat for its ability to employ
supports able to stabilize single noble metal atoms in low-
valent oxidation state under reductive conditions. Both
methodologies are suitable for the synthesis of cyclic
carbonates by cycloaddition of CO, to epoxides because the
latter reaction requires only a Lewis acidic metal center
(Scheme 49) and allows high flexibility in the coordination
environment of the metal. When comparing SOMCat and SAC
for the synthesis of carbonates, it should be noted that the
former methodology allows CO, conversion under very mild
conditions (60 °C, 1 bar) without the need of full-spectrum
irradiation and can use flue gas CO, as feedstock.’”> Another
potential advantage of SOMCat over SAC, for the specific case
of CO,—epoxide cycloaddition, is the possibility to coimmo-
bilize the nucleophilic ammonium salt cocatalyst with the
metal on silica using aminosilane derivatives.”> This kind of
functionalization is unlikely to be applicable for the examples
of SAC reviewed above in partially homogeneous systems.
Importantly, single-site isolation is not necessarily the best
option in the synthesis of carbonates as, in several cases,
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Figure $8. Preparation of HPC nanoparticles starting from hollow ZIF-8 MOF grown around functionalized polystyrene nanospheres. Reproduced

with permission from ref 525. Copyright 2019 John Wiley and Sons.

bimetallic systems were found to function better than the
corresponding monatomic complexes.’”**® Given the promis-
ing results reported in this brief overview, it is expected that
both techniques might soon find applications in several
emerging organic transformations involving C02.476’499’527

5. CONCLUSIONS AND PERSPECTIVES

In this review, we have emphasized the analogies and
differences between SAC, SAAC, and SOMCat in several
classical processes involving C—H, C—C, O,, N,, and CO,
activation and in several emerging reactions. The fact that a
single atom possesses catalytic activity was a kind of revolution
in classical heterogeneous catalysis but not when considering
homogeneous catalysis or biocatalysis. Single atom catalysts
evolved recently through synthesis of smaller and smaller
nanoparticles until reaching the size of a single atom, but the
concept of catalysis by isolated single atoms was suggested
earlier in heterogeneous catalysis by metal nanoparticles. It was
observed that an isolated atom surrounded by inert metal
atoms could achieve very selective reactions. This area was
defined as single atom alloy catalysis (SAAC). Earlier than
SAC or SAAC, a previously developed discipline, SOMCat,
had already shown that single atoms, with a well-defined
coordination sphere, could be involved in a variety of catalytic
reactions. More importantly, SOMCat progressively evolved
into a predictive approach by introducing the concept of
surface organometallic fragment SOMF and surface coordina-
tion fragment SCF. By simply analyzing the possible
mechanism of any reaction from molecular chemistry concepts,
and by accessing the catalytic cycle using the suitable surface
organometallic fragment or surface coordination fragments, it
was possible to discover new reactions or improve existing
ones.

A selection of the most powerful characterization methods
applied for both for SAC and SOMCat were presented:
transmission electron microscopy, X-ray spectroscopies
(XANES, EXAFS, XES), and NMR. Transmission electron
microscopy aims primarily at demonstrating that an atomic
dispersion has been achieved through the sample. Combining
X-ray fluorescence or electron energy loss spectroscopies in the
microscope helps to identify the nature of the single atoms,

BI

especially when several types are present. X-ray spectroscopies
allow determining of the oxidation states of metal, coordina-
tion geometry, and the nature of ligands bounded to metal
center (especially with XES), including those located at the
metal—support interface. This is important in the context of
single-atom catalysis because support atoms are actually
ligands and influence reactivity and catalytic performance.
On the other hand, the characterization of the ligand is better
revealed using NMR spectroscopy. NMR spectroscopy gives
an edge over other spectroscopic techniques when it comes to
determination of structure of a metal complex attached with
ligand fragments. Not only it is used for the structure
elucidation of the molecular complex, but with advanced
NMR technique it is now very convenient to trap and
determine the reaction intermediate in a catalytic cycle.
Specifically, for SOMC complexes, it is the most desirable
tools for structure determination. As additional tool to provide
rational insights into the fundamental properties of the
discussed systems, a modeling perspective based on DFT has
also been presented. The different approaches commonly used
to study theoretically the physicochemical features and the
reactivity of the metallic species on the support were discussed.

The catalysis section of this review has been classified based
on the different kinds of reactions:

5.1. Hydrogenation

SOMCat, SAAC, and SAC can carry out hydrogenation of
alkynes, alkenes, dienes, and aromatics. SOMC-prepared Zr
hydrides can be used in 2-butenes hydrogenation without any
problem and the mechanism is well understood. Note that bis-
hydrides are more active than monohydrides. Another
surprising reaction was published by Coperet, who discovered
the hydrogenation of propene on Co on silica. The originality
of this mechanism comes from the heterolytic splitting of
hydrogen on a Co—O bond. This surprising result is, however,
consistent with previous studies by Cvetanovic and Baranski, in
which the heterolytic splitting of hydrogen was discovered on
magnesia and zinc oxide.”*® Interestingly, by SOMCat, cationic
Ti, Zr, and Hf supported on sulfated-alumina’s can hydro-
genate aromatics. Overall, this is a surprising reaction because
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the catalysis community would not expect that it could occur
on a single atom.

With SAAC many hydrogenation reactions were observed
on single Pd/Cu, Pd/Ag, and Pd/Au atoms. Selectivity could
be observed on phenyl acetylene to styrene on Pd/Ag. The
single atoms of Pd/Ag could hydrogenate acrolein to allylic
alcohols. The reduction of nitrobenzene to aniline with various
possible selectivities was observed with Pd/Au.

Regarding SAC, interesting results were observed on single
Pd atoms on graphene, where butadiene can be hydrogenated
to various isomers of butenes. Interestingly, single Pd atoms
avoid secondary hydrogenation reactions to butane because a
single atom cannot coordinate the butadiene molecule by its
two double bonds. In contrast, Pd nanoparticles can coordinate
butadiene by both double bonds, resulting in butane
formation.

Hydrogenation reactions can occur with various degrees of
selectivity on any kind of single atom (SAC SAAC or
SOMCat) without showing any strong difference of selectivity
or activity between these domains. Perhaps, one could say that
heterolytic splitting of hydrogen and hydrogenation of
aromatics could be considered as a particular advantage of
SOMCat. The hydrogenation of butadiene is a positive case for
SAC.

5.2. Hydrogenolysis

Hydrogenolysis of paraffins was probably the first reaction
discovered with SOMCat taking place at low temperature. It
was carried out with well-defined zirconium hydrides on silica,
a very electron deficient compound (formally eight electron
species, without considering pr—dz back-bonding). The
mechanism was very straightforward considering the well-
known elementary steps of o-bond metathesis and S-alkyl
transfer of organometallic chemistry already observed with
early transition metals or lanthanides. However, when moving
from group 4 to groups 5 and 6, the f-alkyl transfer did not
occur anymore. Instead, a-alkyl transfer took place leading to a
carbene-hydride.

The next step after hydrogenolysis was the “metathesis of
alkanes” using Ta/silica for which the mechanism was
elucidated by identification of the primary products of reaction
(olefin and hydrogen). Afterward, the metathesis reaction was
extended to W and then to bimetallic systems such as Ti/W,
for which knowledge of the mechanism suggested stepwise
preparation of Ti centers for dehydrogenation of paraffins to
olefins and of W complexes for olefins metathesis. Spectacular
TON values where thus obtained. These discoveries clearly
reflect the concept of SOMCat becoming a predictive science
for heterogeneous catalysis with single atom materials.
Mechanistic understanding of both hydrogenolysis and meta-
thesis of alkanes was at the origin of several new reactions such
as cross-metathesis of light and heavy alkanes, cleavage of
alkanes by methane, nonoxidative coupling of alkanes,
metathesis of cyclo-alkanes, and transformation of methane
or higher alkanes to liquid fuels. Such reactions do not find
equivalent in catalysis by SAC and SAAC; with SAAC, there is
just one example of hydrogenolysis of methyl glycolate (MG)
to ethanol with Pt/Cu. The mechanism seems to occur via a
free radical mechanism. With SAC, and to our knowledge,
there is no metathesis of alkanes because most of the examples
in SAC are dealing with late transition metals. It is very likely
that when with SAC, one will be able to move from late
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transition metals to early transition metals, alkane metathesis
will be observed.

5.3. Dehydrogenation

SOMCat dehydrogenation of paraffins to olefins was reported
with Ga associated with Pt/silica, Ga/silica, Fe**/silica, Cr’*/
alumina, Co?*/alumina, and V**/silica. Not all the results are
in agreement, especially in the Ga case, and the reaction
mechanism is not yet totally clear. Computational approaches
have revealed very high energy barriers for the proposed C—H
activation by the metal—support bond. Interestingly, for this
reaction, the ligands of SOMC-prepared catalysts were
generally removed by thermolysis to generate single atoms
covalently bound to the support. Therefore, the comparison
between SOMCat and SAC corresponds to a comparison
between non-noble and noble single atoms. The latter species
are highly active for the conversion of hydrocarbons but
generally lack of selectivity and lead to cracking by C—-C
activation. It is evident that single noble atoms need to be
embedded in a matrix of inactive atoms to achieve selectivity
toward dehydrogenation.

5.4. Methane Activation

The development of heterogeneous catalysts that are active for
methane activation and conversion was discussed. Research is
going toward well-defined systems where single atoms act as
active centers. In this review, some examples of SAC, SAAC,
and SOMCat were highlighted to illustrate similarities and
differences. The reported examples demonstrate that the three
fields are converging toward species with well-defined, single-
site character to exclude inactive sites which affect activity and
selectivity. We showed that there are numerous examples of
SACs active for methane activation with extraordinary
outcomes. These results could be further improved by
eliminating impurities and species with nonsingle atom
character.

5.5. Metathetic Oxidation

This new reaction is possible because well-defined molybde-
num bis-oxo can be easily grafted on silica via two o-bonded
oxygen atoms. A very original mechanism that splits an internal
olefin in the middle with creation of two aldehydes was
reported. The reaction can be very selective. In this case, the
active surface organometallic fragment is an oxo ligand [M]=
O. This reaction is currently not available for SAC because of
the absence of well-defined metal-oxo moieties.

5.6. Imine Metathesis

Similar to the previous case, two imines can be metathesized
by cleavage of the C=N bond in the middle and redistribution
of the imine fragments like in olefin metathesis. Interestingly,
the surface organometallic fragment here is an imido ligand
[M]=NR.

5.7. Emission Control for SCR Catalysts for Automotive
Diesel NOx

This very useful reaction for exhaust car systems is important
for the removal of NO, and particles from the exhaust gases.
These toxic gases are one of the main causes of pollution in all
cities worldwide. Interestingly one of the best catalysts known
thus far is a single-site Cu/zeolite system. The mechanism is
fairly well understood. Cu acts as SAC with no specific extra
ligands except the zeolite framework.

DOI: 10.1021/acs.chemrev.9b00238
Chem. Rev. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.chemrev.9b00238

Chemical Reviews

5.8. CO, Conversion to Organic Compounds

Catalysts based on SAC and SOMC have recently appeared for
the highly sought-after preparation of organic compounds from
CO,. For the synthesis of cyclic organic carbonates from
cycloaddition of CO, to epoxides, new active materials have
been successfully prepared by both methodologies by
supporting Lewis acidic metal complexes (SOMC) or single
atoms (SAC). In both cases, only the Lewis acidic catalytic
component was immobilized, and the nucleophilic component
was used as soluble additive. For future development of truly
heterogeneous systems for this reaction, the SOMC approach
seems advantageous over SAC because nucleophilic moieties
can be easily added on metal oxide support (for instance by
functionalization with 3-aminopropyltriethoxysilane deriva-
tives). Additionally, SOMC allows more flexibility on the
kind of metal and on its chemical environment. For reactions
that involve CO, reduction, the SOMC methodology can be
applied to prepare tiny (about 1 nm) and homogeneously
dispersed nanoparticles upon reduction of supported single-
site noble metal complexes. On the other hand, SAC allows to
investigate the activity of isolated noble metal atoms that are
stabilized on specific supports; using the latter concept, SAC-
prepared single platinum atoms were reported to produce
formamides from CO, and amines. Overall, both techniques
are still limited to a restricted selection of reactions for CO,
conversion and the portfolio of processes investigated on both
techniques is expected to increase in years to come.

On the basis of the concepts highlighted throughout this
paper we present below conclusive remarks on the affinities
and differences between SOMCat and SAC and perspectives
on the way both communities might collaborate in the future.

5.9. Affinities

Heterogeneous catalysis on well-defined metal sites has a great
advantage over homogeneous catalysis: SAC, SAAC, and
SOMCat do not suffer from deactivation by bimolecular
processes. In both methodologies, extremely electron deficient
catalysts with eight valence electrons can be stabilized. This is
almost impossible to achieve in solution unless using a strategy
of ligands design that, so far, was not successful. Such electron
deficient atoms are at the origin of low temperature C—H and
C—C bond activation in SOMCat (by respectively o-bond
metathesis followed by a- or f-alkyl transfer).

The elementary steps for forming or breaking bonds can be
rationalized in homogeneous catalysis based on knowledge of
modern organometallic chemistry and of reaction mechanisms
in molecular chemistry. It is obvious that both SAC and
SOMCat, where the catalytic process occurs on a single metal
sites like in most homogeneous reactions, are disciplines for
which rational design of heterogeneous catalysts will have to be
derived from molecular catalysis. The two communities of
molecular chemistry and heterogeneous catalysis should be
more connected to open a huge domain of emerging research
for the future.

The main drawback of SOMCat and perhaps SAC is the
high sensitivity of these species to moisture and oxygen
(especially with early transition metals). Besides, both kinds of
catalysts may migrate on the surface following thermal
treatments: either by penetrating into the bulk of the oxide
support (for early transition metals) or by aggregation to small
metal particles (for late transition metals). In both cases, the
activity or selectivity of the single atom is lost. The choice of
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the supports is of the greatest importance to tune or limit the
mobility of single atoms or surface organometallic complexes.

This is perhaps the reason why industry has not yet steered
into the direction of SOMCat and/or SAC: organometallic
chemistry appears too sensitive to environmental conditions,
temperature, and so on. It is only the polymerization
community, which has been dealing with air sensitive catalysts.
A big effort has to be made in this direction. Research should
be focused on reducing the sensitivity of highly electron
deficient atoms and complexes against moisture. Some results
were obtained by protecting highly efficient SAC or SOMC-
based catalysts by grafting them in cavities of zeolites or
mesoporous materials. Future work should focus also on more
hydrophobic support materials. Synthesis of catalysts should
follow the rational catalysis-by-design approach, which,
however, does not always fit within industry requirements of
simplicity and low costs. Nevertheless, catalysis by SAC and
SOMCat can provide crucial information on the importance of
site isolation, oxidation number, and coordination environ-
ment of the actual catalytically active species. These factors are
crucial to improve the design of industrial catalysts.

5.10. Differences

With respect to characterization, SAC-based systems suffer
from the fact that they might not always be constituted by
identical, single-site species. Tools such as EXAFS, XANES, IR,
and XPS give an average value among all surface species. In
catalysts obtained by SOMC, the identical nature of all sites
renders the interpretation of their structure easier and more
reliable than SAC. The combination of all modern character-
ization tools (X-ray spectroscopies, NMR, and TEM can
highlight with high accuracy the coordination sphere of the
surface organometallic fragments. In case of SAC, a more
careful control of their synthesis, support, temperature of
deposition, and/or activation is necessary to develop SAC as
single-site species.

Chemically, a main difference between the methodologies is
that SACs (and SAACs) are generally produced from late
transition metals (as Pt, Cu, Fe) by techniques (e.g, by
impregnation, electrochemical routes, atomic layer deposition,
etc.) that can be applied on a variety of supports such as metal
oxides, zeolites, graphene, etc. On the other hand, surface
organometallic catalysts are always prepared using organo-
metallic precursors or, in some cases, coordination compounds
(mainly from early transition metals as Zr, W, or Mo) on a
well-defined surface (dehydroxylated silica, alumina, and
recently also zeolites, MOF) to reach uniform distribution of
active sites based on single atoms. The challenge of SOMCat is
that early transition metals are very sensitive to oxygen, and the
preparation and application of the catalysts is, in most cases,
restricted to oxygen-free atmosphere. However, this approach
allows for well-defined ligand systems and reactions, which can
be followed by spectroscopic methodology such as SS NMR
spectroscopy, IR spectroscopy, etc., to predict precise
mechanisms and further improve the catalysts. Many SOMC-
based catalysts have been developed even if their synthesis is,
in most cases, more challenging than SAC. Results in the
nonoxidative coupling of methane to ethane and hydrogen
show that much lower activation temperatures compared to
SACs are needed.”**** This is because of the well-defined
character of surface organometallic catalysts.

The chemical difference between the active sites of SAC
(and SAAC) and those of SOMC complexes reflects also in the
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need for different computational models to simulate the
catalysts. For instance, periodic slab models are employed for
SAC (and SAAC) and mainly adsorption properties together
with binding strength and electronic structure calculations are
carried out limiting usually the amount of kinetic analysis
performed. On the other hand, small cluster models are
adopted for SOMCat and the computational studies often aim
at clarifying the whole mechanistic picture.

5.11. Concluding Remarks and Future Development

As shown in this review, a clear advantage of SOMCat over
SAC and SAAC is the presence of a well-defined coordination
sphere on the metal center, designed on the basis of molecular
chemistry mechanisms, that allows a predictive approach to
catalysis. The generation of well-defined hydrides, metal alkyl,
metal alkylidene, metal oxo, and bis-oxo moieties, among
others, enables access to mechanistic information and to
classes of reactions that are yet to be seen in catalysis by SAC
and SAAC; in SAAC, in the presence of hydrogen, hydrides are
very likely to be formed (Scheme 29), however, in SAC,
nothing is really known about the ligands present on the atoms
“adsorbed” on the support. Indeed, whereas isolated palladium
atoms on copper surface or gold surface clearly activate
hydrogen, the dissociated hydrogen atoms easily spill over to
the support.”*>** Nevertheless, very recent advances have
shown that single atoms of early transition metals that are also
widely exploited in SOMCat, such as Ta,*® Mo,>****" and
W,>*>°%3 can be prepared via different techniques on supports
such as metal oxides (silicon wafer,"® Ni(OH),**) and N-
doped carbon,”***** where hydrogen spill over should not
easily occur under mild conditions. One could expect that,
using analogous SAC systems based on coordinatively
unsaturated early transition metals, metal hydrides could be
easily generated on supports that are normally inaccessible for
SOMC (for instance carbon-based supports or several kinds of
MOFs) and reactions such as alkane metathesis could certainly
be observed, and perhaps spectacular results be obtained. It
should also be possible to study processes such as low
temperature hydrogenolysis of paraffins, but probably even
more interesting is the low temperature hydrogenolysis of
polyolefin. Similarly, metal-oxo and bis-oxo moieties could be
generated on supported single atoms by controlled reaction
with molecular oxygen. Indeed, it was shown that tantalum
single atoms on silicate support could be oxidized by air after
deposition and serve as epoxidation catalysts.** Such approach
could be used for the metathetic oxidation of olefins and for
oxidative dehydrogenations on single atoms of Mo and V,
respectively. Overall, future developments could show that it
possible to “do chemistry” with SAC to develop new catalysts
in place of direct application as-prepared. Careful functional-
ization of readily synthesized SAC on a variety of supports by
introduction of catalytically active moieties discovered via
SOMCat could represent a powerful approach toward
improved catalysts with potential to merge beneficial aspects
of both methodologies.

Regarding catalysis by SAAC, one should also consider the
mechanisms from molecular chemistry. For instance, the
mechanism of isobutane dehydrogenation or isomerization to
isobutene or n-butane described in this review article are
perfectly understood based on molecular mechanisms.
Francois Gault and co-workers pioneered such an approach.”**
New developments are expected on the isolation of single
atoms on nanoparticles composed of inactive metals. The
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isolation of Pt atoms on a Pt/Sn nanoparticle, described in this
review, could open new directions in this chemistry. This area
should be developed further in the future.
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