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as the use of complex nanostructures, and it includes the post-modification of materials via h;‘_»_‘ln;';:::n‘::;%‘lm Select""‘?}_ / Nanoparticles
processes such as silylation and atomic layer deposition. All these methodologies exhibit both . . % =
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applications. Because of the high cost of most nanotechnologies and the fact that the resulting L B Baccimss
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improving the selective synthesis of high value-added chemicals, to be incorporated in organic

synthesis schemes, but other applications are being explored as well to address problems in

energy production, for instance, and to design greener chemical processes. The details of each of these approaches are discussed, and
representative examples are provided. We conclude with some general remarks on the future of this field.
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1. INTRODUCTION

The modern holy grail of catalysis has become selectivity.' ™ In
the early days of Berzelius, catalysts were introduced as
substances used to accelerate reaction rates.* In those times,
the reactions being promoted were relatively simple, and
typically did not yield many byproducts. However, the
applications of chemical catalysis have expanded enormously
over the years, and now address many complex chemical
synthesis processes.”® As the targets of catalysts have become
more sophisticated, the ability to promote the proper reactions
selectively, discriminating against other pathways, has become
increasingly more difficult. For instance, with organic
molecules having multiple unsaturations, how can one of
those bonds be hydrogenated without affecting the others?”~”
In oxidation processes, how can complete oxidation, which
ultimately zproduces carbon dioxide and water, be
avoided?'’™"’ In organic synthesis, how can stereochemistry
and enantiochemistry be directed?'*™"” These challenges
require careful design of catalysts involving the control of
many molecular details.” Because of concerns associated with
the excessive consumption of feedstocks, the need to minimize
the use of expensive separation and purification methods, and
the desire to avoid polluting byproducts, improving selectivity
is often more important than speeding up reactions in
industrial processes.’

From a molecular point of view, selectivity in catalysis can be
controlled by forcing the reactants to traverse the potential
energy surface toward a particular transition state; that
transition state is expected to induce the appropriate electronic
and geometrical changes needed to form the desired
products.”*™** In this light, what is needed is a catalyst
with reaction sites that favor such transition states. In
particular, one can conceive a molecule or solid with “pockets”
having the right shape, where the only way for reactants to
access them is by adopting the right configuration for
conversion. This “lock and key” model is one often used to
understand enzymatic catalysis.”>~>* In addition, the tempo-
rary bonding between reactant and catalysts can take place at
particular atoms or sites of the latter where appropriate
electron donation or electron withdrawing may occur as
needed. The challenge is to be able to develop catalysts with
well-defined and identical sites displaying these desirable
structural and electronic characteristics.

The demanding requirements on the structural and
electronic characteristics of catalytic sites are best met at a
molecular level. Enzymes in particular, having complex
molecular structures, carry out catalytic functions in living
organisms under mild conditions and with exquisite
selectivity.”” However, although they are certainly used in
some applications, enzymes are in general finicky and hard to
preserve outside living organisms, and typically promote
reactions at slow rates. They are, therefore, difficult to use in
industrial settings.’~*® Instead, most practical processes,
especially those dealing with sophisticated synthesis such as
in the pharmaceutical, agro, and fine chemical industries, rely
on the use of homogeneous catalysts.”** "> Often, these
consist of organometallic or other metal organic compounds
where metal centers act as binding sites for reaction while the
surrounding ligands provide the appropriate geometrical and

electronic characteristics required to promote the desired
reaction.””*® The main drawback of homogeneous catalysis is
that, because the catalyst is added to the same solution that
contains the reactants and products, expensive and energy-
consuming separation processes are needed afterwards.’”*’ In
fact, because many metals are toxic, the requirements for the
purification step in medical and food-related applications are
quite stringent and sometimes near to impossible to fulfill.
Many homogeneous catalysts also have the tendency to
decompose after a limited number of turnovers.*'

The ideal solution to these problems lies in heterogeneous
catalysis, where the catalyst, typically a solid, exists in a
different phase to that of the reaction mixture (a gas or a liquid
solution). The main limitation here is that it is not trivial to
generate complex catalytic sites with identical structural and
electronic characteristics in large numbers in solids. To the
extent that the processes to be catalyzed are relatively simple,
such as in oil refining and in the manufacture of basic
chemicals such as ammonia, hydrogen, and syn gas, this
problem can be overcome; heterogeneous catalysis has for a
long time been at the center of the production of simple
products such as small olefins, ammonia, sulfuric acid,
hydrogen cyanide, formaldehyde, and vinyl acetate, as well as
in the hydrodesulfurization (HDS), cracking, and reforming of
fossil fuels.””** The three-way catalyst is another excellent
example of the success of heterogeneous catalysis, in that case
for environmental remediation applications.***> On the other
hand, in difficult organic syntheses, the state of the art does
not, in general, provide sufficient tools to design the
appropriate solids to promote the reactions involved with
acceptable selectivities."® This, however, may be changing.
Several approaches have been advanced in recent years to
produce solids with the well-defined and complex structures
that may facilitate the transition from homogeneous to
heterogeneous catalysis for the manufacture of fine and
speciality chemicals.”"*” >

In this report, we provide a critical review of the main routes
taken to address this issue. We start our discussion in Section 2
with the immobilization or tethering of homogeneous catalysts,
organic functionalities, or enzymes on surfaces. Next, in
Section 3, we introduce the way catalytic surfaces can be
modified via the adsorption of modifiers, discrete molecules
that can act as co-catalysts and/or help define the structural
details of the catalytic site. These modifiers can be added
reversibly, typically from liquid solutions (where their
adsorption-desorption equilibria can be adjusted), or irrever-
sibly, relying on strong bonding between the modifier and the
surface, as in the case of self-assembly monolayers (SAMs).
Alternatively, the catalytic site can be designed and built
entirely on solid surfaces without any molecular components.
One prominent new approach in this category is single-site
catalysis, an idea introduced in Section 4. In parallel, some
research groups have been attempting to harness the recent
advances seen in nanotechnology to synthesize solids with
complex but well-defined structures that may promote specific
catalysis. Some of this work has focused on metal
nanostructures (Section 5), but additional effort has been
directed at oxides and other non-metallic nanomaterials as well
(Sections 6 and 7). Finally, existing solids may be modified
afterwards, via the deposition of thin films on their surfaces or
by other treatments, as reported in Section 8. We end with a
general discussion of the advantages and limitations of each of
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the approaches discussed here, and with a personal outlook for

this field.

2. IMMOBILIZATION OF HOMOGENEOUS
CATALYSTS ON SURFACES

One of the oldest approaches for the design of highly selective
heterogeneous catalysts has been by immobilizing, grafting, or
tethering homogeneous catalysts on solid surfaces.”’ >
Particular selectivity in catalysis can be obtained with
organometallic and metal organic complexes, and much effort
has been directed over the years toward the effective addition
of those to porous solid surfaces, typically to oxides®*™®° but
also to other materials such as polymers.”®” To provide
stability, metal organic complex additions to solids often rely
on a form of covalent bonding, but the use of other non-
covalent interactions has in some instances proven successful
as well.”* More complex molecules, enzymes in particular, have
been immobilized to produce highly selective heterogeneous
catalysts. Examples of this approach are provided next.

2.1. Direct Grafting of Organometallic and Metal Organic
Catalysts to Surfaces

Much effort has been directed over the years toward
immobilizing homogeneous catalysts on solids in a way that
allows them to retain their catalytic performance, in particular
their high selectivity for the desired process. In many instances,
organometallic and metal organic catalysts are grafted on solids
via direct coordination to specific sites on the surface, typically
hydroxyl groups on solid oxides. In this approach, sometimes
referred to as surface organometallic chemistry,69 the surface
acts as one of the ligands in the coordination sphere of the
metal center, and replaces another ligand from the original
compound. Although this methodology has been tested for
decades,®*’°""* it has regained prominence in recent years
under the banner of “single-site” catalysis, as discussed in more
detail later in this review (Section 4.1).°*7*"®! One nice
example of coordinatively attaching homogeneous organo-
metallic catalysts to surfaces is that of a silica-grafted dihydride

pincer complex used for olefin hydrogenation (Figure 1).54%
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Figure 1. Schematics of a process followed to graft a dihydride pincer
complex [IrH,(POCOP), (POCOP = 1,3-bis((di-tert-butyl-
phosphino)oxy)benzene, 1a] onto mesoporous silica (SBA-15),
forming a 16-electron iridium(IlI)monohydride species [IrH(O—
SBA-15)(POCOP)] (2a).*® Reproduced with permission from ref 83.
Copyright 2014 American Chemical Society.

In another case, two novel tris(tert-butoxy)siloxy palladium(II)
complexes were covalently grafted onto the surface of
mesoporous silica to produce a heterogeneous catalyst capable
of selectively promoting the semihydrogenation of 1-phenyl-1-
propyne to (Z)-1-phenyl-1-propene.** On carbon nanotubes,
the surface was derivatized with pyridine to act as a
coordinating ligand for the anchoring of an Fe porphyrin to
promote the electrocatalytic reduction of oxygen (ORR).*

Immobilization of organometallic complex can also be used
to heterogenize molecular photoactive centers, or even
photosensitizers.**™*’ In a recent example, [Re(bpy)(CO),Cl]
was deposited on a bpy-derivatized mesoporous organosilica
surface (bpy-PMO) via a ligand exchange reaction to form a
new immobilized Re(CO);Cl(bpy—PMO) photocatalytic
center (Figure 2).%° Unfortunately, the activity of this

BPy-PMO

Figure 2. Immobilization of a molecular rhenium-based photo-
sensitizer on an organosilica mesoporous support.”® Reproduced with
permission from ref 90. Copyright 2018 Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim.

heterogeneous Re complex for the photocatalytic reduction
of CO, was lower than that of the corresponding
homogeneous Re complex, presumably because of a reduced
phosphorescence lifetime resulting from immobilization. This
is a common problem with photoactive molecules as they
interact with solids, a phenomenon that is often accompanied
by a red shift in light absorption energy. In the Re(CO);Cl-
(bpy—PMO) system, additional photocatalytic activity en-
hancement could be accomplished via the co-immobilization of
the [Ru(bpy);]** photosensitizer on the PMO surfaces. In
another study, both a Ru(II)(bpy-dicarboxylic acid—2H)(4-
picoline) (N-(3-(triethoxysilyl)propyl)isonicotinamide) photo-
active catalyst and a [Ru(bpy),(4,4-(PO;H,),bpy)]Br, photo-
sensitizer were immobilized successfully on a TiO, surface and
used for the splitting of water with visible light.”" Going one
step further, a third research group tethered molecular Ru- and
Co-complexes to a n-type TiO, anode and a p-type NiO
cathode, respectively, using pyridine-2,6-dicarboxylic acid and
the [Ru(bpy),(4,4’-(PO;H,),bpy)]* photosensitizer, to pro-
mote both the corresponding oxygen evolution (OER) and
hydrogen evolution (HER) reactions in a full water-splitting
photoelectrochemical device;”” other tethered organic photo-
sensitizers were tested at a later stage.”” In a fourth example,
the polyoxometalate [(PW,0;,),Co,(H,0),]'%" ion was
immobilized in the hexagonal channels of the Zr(IV)
porphyrinic MOF-545 hybrid framework to be used as an
all-in-one heterogeneous photocatalytic system for visible-light-
driven water oxidation with the catalyst and the photosensitizer
within the same porous solid material.”* On a p-type NiO
photocathode, an immobilized 4-[bis(4-{5-[2,2-dicyanovinyl]-
thiophene-2-yl}phenyl)aminoJbenzoic acid organic dye (P1)
has been combined with immobilized carbon monoxide
dehydrogenase (an enzyme) for the selective visible-light
promotion of the reduction of CO, to CO at low potentials.”®

The coordinated complexes used in these applications
typically consist of a single metal center surrounded by the
appropriate organic ligands, but in some instance small metal
clusters have been immobilized as well;””* the use of multiple
metal atoms affords the creation of more complex adsorption
sites on the surface.”””® Figure 3 shows some of the metal
clusters that have been successfully deposited on solid
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(a) Ir,/Zeolite X

(b) Os,C/MgO

(c) Rhy/Zeolite X

Figure 3. Structures of some of the metal clusters that have been successfully dispersed on solid surfaces: (a) Ir, on Zeolite X; (b) Os;C on MgO;
and (c) Rhg on Zeolite X.”” Reproduced with permission from ref 96. Copyright 2006 American Chemical Society.

substrates, on oxides such as SiO, or MgO.”””” The
coordinated ligand is often CO, but multicenter metalorganic
complexes with other ligands have been immobilized on solid
surfaces too, typically on silica or related oxides. Examples in
this category include the reported §rafting of [Fe{u'-
C6H2(CH3)3}{,¢42—C6H2(CH3)3}]2,10 and [Fe(II){N—
(SiHMe,),},],""" on silica substrates. Cases of the deposition
of larger (thiol- or phospine-based) clusters include a series of
Au,,(PPh3)y (n=38,9,11, and 101, variable y), immobilized on
titania nanoparticles (NPs).102 One important observation
common to many of these reports is that, although deposition
can sometimes be performed with preservation of the
molecular structure, these clusters do tend to undergo partial
decomposition, decarbonylation in the case of metal carbonyls,
especially when exposed to catalytic conditions; this is the case
in the examples in Figure 3."°%'%* In fact, in some instances the
ligand loss, breakup, and reformation of the clusters have been
shown to be reversible.'” Unfortunately, with very few
exceptions,'”° no catalytic tests have been carried out with
any of these supported clusters. Moreover, activation of the
molecular clusters can lead to ligand decomposition and metal
sintering. For instance, the grafting of [AgN(SiMe;),], on
silica was shown to result in the formation of 2 nm Ag NPs,
with the advantage that the resulting catalyst proved capable of
selectively hydrogenate alkynes to alkenes.'”” The use of
[CuOSi(OtBu);], and [CuOtBu], was also shown to lead to
the formation of Cu NPs, with control on the final oxidation
state of the Cu atoms made possible via the choice of the

108,10
precursor.'*%'%

2.2. Tethering of Organometallic Catalysts

One drawback with the direct coordination of organometallic
catalysts to solids is that the new interactions may affect the
electronic progerties of the metal center and alter catalytic
performance.” Alternatively, tethering may be carried out via
the insertion of a short organic linker, using so-called “click”
chemistry.''°~""® A number of reliable and sturdy routes have
been developed for the covalent tethering of discrete molecules
to oxide surfaces this way.''”~'** An example of this approach
is that of the immobilization of a (NHC)NN-pincer complex
on MCM-41 (a silica mesoporous material) reported by the
Corma group (Figure 4). Tethering in that case was
accomplished via a reaction of a propyltriethoxysilane moiety,
added to the imidazolium salt used as precursor for the
chelating N-heterocyclic carbene (NHC) pyridine pyrrolidine
ligands, with the surface.'*® Surprisingly, the resulting catalysts
showed significant increases in reactivity and enantioselectivity
compared with those obtained with the corresponding soluble
complexes, and the production of the S isomer always,
regardless of whether the organometallic precursor had a

=
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M= fh: Jbfth; 4cRh
Me Au: IbAu: 4bAu

[E1OSI” T~
H
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M= At 3bRh-MCM41: 4cRh-MCM-41
M= At ShAu-MCM-1: dbAu-MCM-21

Hydrogenation of (E)-diethyl 2-benzylidenesuccinate
3bAu-MCM-41 Catalyst
Run 1

Conversion(%)

Figure 4. Top: Scheme for the tethering of (NHC)NN-pincer
complexes on MCM-41 using click chemistry.'*® Bottom: Results
from recycling tests showing the activity (% Conversion) and
enantioselectivity (ee = enantiomeric excess) of a gold-based catalyst
over four consecutive runs. Reproduced with permission from ref 123.
Copyright 2010 Springer Science+Business Media, LLC.

mesityl or an isopropyl group (an inversion of enantioselec-
tivity potentially attributable to the confinement effect of the
porous support). The immobilized catalyst was also quite
stable, retaining its performance over four consecutive catalytic
runs (Figure 4, bottom). In another example, [Cu(I)(tris-
(pyridylmethyl)amine)] and [Mn(II)(tris(pyridylmethyl)-
amine)] were successfully tethered to a silica substrate via a
copper-catalyzed azide alkyne cycloaddition (CuAAC, the
original “click” chemistry)'**'** and tested for the epoxidation
of 1-octene.'*® An important conclusion from that work was
that the catalytic performance was dependent on the density of
the metalorganic catalyst tethered on the surface, with yields
decreasing with increasing coverage. In a third case, a
[Fe(1I1)(biuret-amide)] complex was immobilized onto
mesoporous silica NPs via the same CuAAC click chemistry
to produce an efficient peroxidase mimic.'”” A surface coverage
dependence was also seen with Ni[N,N-bis(2-pyridylmethyl)-
N-{(1-tertbutyl-1H-1,2,3-triazol-4-yl)methyl }amine] CuAAC-
tethered to silica in terms of the catalytic activity toward alkane
oxidation, but some leaching was seen at low coverages that

https://doi.org/10.1021/acs.chemrev.1c00905
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could be inhibited by increasing the surface density of the
catalyst."*® Co(II)-, Fe(II)-, and Cu(II)-salen complexes have
been tethered to silica using 3-aminopropyltriethoxysilane
(APTES) as the linker to produce catalysts selective in the
oxidation of the alcohol group in 5-hydroxymethyl-2-furfural
(HMF)."'*

Less common but also possible is the tethering of
homogeneous catalysts to other surfaces: witness, for instance,
the covalent attachment of a catalytically active Co complex to
a B-doped p-type conductive diamond via the appending of
peripheral acetylene groups to a Co-porphyrin complex
followed by CuAAC linking to a surface decorated with alkyl
azides; the resulting surface was successfully used for the
electrocatalytic reduction of CO, to CO in an acetonitrile
solution."*” On graphene oxide (GO), RuCl(PPh;), was
tethered to the surface using APTES as the linker to produce a
recyclable heterogeneous catalyst with enhanced catalytic
performance toward the hydrogenation of olefins and ketones
compared with the homogeneous analogue.131 An interesting
alternative route to tethering homogeneous catalysts is via their
in situ assembly, as in the case of a Cu-salen catalyst used to
promote olefin epoxidations prepared on GO via the sequential
modification of the surface with trimethoxysilane (APTMS),
condensation of salicylaldehyde on the resulting groups, and
addition of a Cu(II) salt to form the Cu-salen complex on the
surface (Figure 5).*> GO and other carbon-based materials
have in fact become a popular choice as a support for this type

of catalysts in recent times (see Section 6.4).133713%

NHz
NHz NHz [

) \

ATPMS--GO

Cu(NOs3)z:3H20
3#-’

Salen-f~GO Cu(salen)--GO

Figure S. Synthetic scheme for the in situ assembly of a Cu-salen
catalyst tethered to a GO surface, used for the promotion of olefin
epoxidations.'>> Reproduced with permission from ref 132. Copyright
2014 American Chemical Society.

Another popular type of support onto which homogeneous
catalysts are tethered is polymers.'**~"** An example of the use
of click chemistry to tether organometallic catalysts on
polymers is the synthesis of monofunctionalized Mn- and
Co-salen complexes attached via a stable phenylene-acetylene
linker to a norbornene monomer used for subsequent
polymerization (Figure 6).°° The resulting catalysts were
successfully tested for both the asymmetric epoxidation of
olefins and the hydrolytic kinetic resolution of epoxides: all
polymeric catalysts showed catalytic activities and selectivities
comparable to the original catalysts reported by Jacobsen, and

\ ~
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Epoxidation Reactions Successfully Tested

Mn-Salen Catalysts
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Figure 6. Top: Scheme for the preparation of an architecture of salen-
based catalysts tethered to polymer matrices via short linkers.®®
Bottom: Some of the epoxidation reactions successfully promoted by
these immobilized catalysts. Reproduced with permission from ref 66.
Copyright 2006 American Chemical Society.

higher than their homopolymer analogues. Studies with these
polymer-based systems have also provided corroborating proof
of the fact that, with salen salts, catalyst density and site
isolation are key factors, the same as in the examples provided
above with silica substrates. One additional advantage of using
polymers as supports for catalyst tethering is that, in addition
of the ability to add linkers via the click chemistry described
above, with these solids it is also possible to incorporate the
linkers directly into the monomers used to synthesize the
polymers."*” This approach can provide a great degree of
control on surface concentration and site distribution. Further
control of the swelling of the resins can be harnessed to add
selectivity.'*07'**

The methods for complexing metal ions with organic ligands
tethered to solid surfaces can go beyond simple individual or
bidentate coordination in discrete metalorganic complexes.
More flexible coordination modes may be particularly useful
for redox catalysts, where changes in the oxidation state of the
metal center may lead to changes in coordination number or
structure. In an example from our laboratory, a new selective
hydrocarbon oxidation heterogeneous catalyst was developed
by tethering an iron-coordinated cavitand to the surfaces of
SBA-15, a mesoporous silica material (Figure 7). %5 This
catalyst was shown to catalyze the oxidation of cyclic
hydrocarbons at room temperature and to be quite robust
and easy to recycle. The architecture in this case turned out to
be somewhat complex, with the roles of the cavitand scaffold
being the prevention of the catalytic Fe ions from interacting
directly with the silica surface and the provision of a controlled
environment for reversible redox catalysis. In another example,
a catalyst with multiple metal centers was prepared by first
grafting poly(amidoamine) dendrimers on carbon nanotubes
and then appending those with polypyridyl ligands to

https://doi.org/10.1021/acs.chemrev.1c00905
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Figure 7. Proposed structure of a Fe-cavitand-derivatized SBA-15 catalyst used for the selective oxidation of non-functionalized saturated C—H
bonds (fluorene in this example).'* Adapted with permission from ref 145. Copyright 2013 American Chemical Society.
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Figure 8. Top: Reactions used in the preparation of metolachlor.*®'* Bottom: Results from tests on the hydrogenation of N-(2-methyl-6-ethyl
phenyl)-1-methoxypropyl-2-imine (MEMI, labeled here as MEA imine) with free, extractable, and immobilized Josiphos-based metal catalysts.

Reproduced with permission from ref 153. Copyright 2014 Elsevier Ltd.

functionalize with iron(II)-benzoylformate complexes; this
design was aimed at mimicking artificial non-heme oxygenase
for the selective catalytic oxidation of organic molecules.'*
Tethered calixarenes have also been used to create new surface
sites with controlled accessibility,"*’~"*” and even to control
stereoselectivity.'°

Particularly challenging has been the promotion of
asymmetric and chiral reactions with useful stereo-, regio-, or
enatio-selectivity using heterogeneous catalysts, an area that
has received much attention in recent years."'*'>"'3* One
interesting example of the use of tethered organometallic
complexes for this use in industry is in the synthesis of (S)-
metolachlor, a chiral tertiary amine used as an herbicide. A
research team at Solvias developed an heterogeneous process
for this process based on an metal complex containing a
Josiphos derivative with R = 3,5-xylyl.>*'>* As indicated by the

data reported in Figure 8, tethering that complex to a silica
surface resulted in a new heterogeneous catalyst that retained
the initial enantioselectivity of the original homogeneous
catalyst (compare entries 1 versus 3) but showed significantly
less total activity, presumably because of mass transport
limitations. Ultimately the low activity, combined with the
additional synthetic cost, led Solvias to discard this option for
their industrial process. Nevertheless, the experience provided
valuable lessons for the design of future immobilized
catalysts.*®

The same parameters discussed above in connection with
other tethered and immobilized catalysts are relevant to chiral
tethered catalysts as well. For one, there are some examples
where the tethered chiral catalyst contains several metal
centers: as an example, a di-Rh(II) tetraprolinate catalyst
tethered to silica has been successfully used to promote a range

https://doi.org/10.1021/acs.chemrev.1c00905
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of enantioselective transformations in donor/acceptor carbe-
noids.">* Magnetic supports can also be used to assist with
catalyst separation, as in the case of the chiral Cu-
bis(oxazoline) complex tethered to a mesoporous silica foam
with magnetic NPs grafted to its pore surface; the resulting
material was used successfully to promote enantioselective
Henry reactions with nitromethane and aryl aldehydes."** One
important aspect of chiral catalysis promoted by tethered
homogeneous complexes is that the enantioselectivity is highly
sensitive to structural factors associated with both the complex
itself and the support. This was made evident, for example, in a
study of an Ir Lewis-acid chiral catalyst tethered to polystyrene
macrobeads using different linkers: the anchored catalysts
displayed superior enantioselectivity during the promotion of
the Friedel—Crafts alkylation of indole with a,f-unsaturated 2-
acyl imidazole than the original homogeneous catalyst, but
similar to those obtained with their structural homogeneous
homologues (Figure 9)."*° In another example, the enantio-

Ph
A-IrPS1 A-IrRef1
Ph
cat, THF =
\ N AW !
Me H Me NH
| Catalyst | Time(h) | Conversion (%) | (R)ee (%)
A-1rO 16 98 93
A-IrPS1 72 70 a7
N-IrRefl 44 =99 93

Figure 9. Effect of tethering on the performance of an
enantioselective Friedel—Crafts Ir(III)-based catalyst.156 Shown are
the structures of the homogeneous (top, A-IrO) and tethered (center-
left, A-IrPS1) Ir(III) complexes, together with a reference compound
where the linker is bonded to the homogeneous catalyst (center-right,
A-Refl). Bottom: Results from catalytic runs on the addition of
indole to a,f-unsaturated 2-acyl imidazole, showing both total
conversion and ee. Adapted with permission from ref 156. Copyright
2017 American Chemical Society.

selectivity of asymmetric cyclopropanation reactions promoted
by Cu-pyridineoxazoline complexes was shown to improve
markedly upon immobilization, allegedly because of a
synergistic effect between the polymeric backbone and the
bulky substituent in the chiral oxazoline ring around the Cu
center due to their proximity."”” It should be said that
enantioselectivity with tethered organometallic catalysts, if
improved, almost always comes at the expense of lower overall
activity; this is certainly the case in the example in Figure 9.">*

2.3. Tethering of Organic Functionalities

In addition to organometallic complexes, other organic
functionalities have also been added to solids to incorporate

new chemistry or improve their catalytic activity.'>”~'®> The
most common examples of this have been the addition of
acidic or basic organic groups to solid oxides, usually silica
porous materials, in many cases using the linkin% and click
chemistry mentioned in the previous section.””'*° Many
oxides, aluminosilicates in particular, have both Brensted- and
Lewis-acid sites already, but the molecular nature of those can
vary among sites within a given solid, and control on the acid
strength is limited;'®*~'®” the same can be said of basic or
nucleophilic solids."®® Tethering of molecular acid or base
functionalities provides a way to better control the nature of
those catalytic sites, and even to tune their strength. Examples
of tethered acid organocatalysts and of reactions promoted by
them are provided in Figure 10; a similar long list exists for
basic catalysts.'®*

There are three general aépproaches to the incorporation of
functionalities into solids:'®*'® (1) during the synthesis of
such solid, typically a sol-gel process when dealing with oxides,
by simultaneous reacting the precursor used to make the solid
and organic compounds with terminal groups capable of
reacting with those during co-condensation (condensable
inorganic silica species and silylated organic compound to
make silica-based catalysts);'”® (2) by grafting the organic
component onto the surface of already-made solid matrixes,
either using conventional immobilization or click reactions;"”*
and (3) by using organic precursors with dual terminal groups
that can condense and form periodic mesoporous solids (bis-
silylated reactants to make silica).'””> These schemes are
summarized in Figure 11. All three approaches have proven
successful, but perhaps the most commonly used, and the one
that more closely relates to the theme of this subsection, is the
second. It is perhaps also the most flexible.

One example of acid-functionalized catalysts made by the
second (grafting) method is that of the covalent attachment of
sulfonic acid-containing aryl radicals on the surface of ordered
mesoporous carbon depicted in Figure 12."”* This material was
shown to exhibit high surface area, uniform pore size
distribution, high activity, and good stability for acid-catalyzed
reactions such as esterifications and condensations. In another
study, four different sulfonic acids were grafted onto silica-
coated magnetic NP supports to produce easily removable
solid acid catalysts.'”* The acidic functionality was shown to
promote the deprotection of benzaldehyde dimethylacetal, and
the catalyst to retain its sulfonic acid moieties in recycling
experiments. A similar approach was followed by a different
research group to produce sulfamic acid-functionalized
magnetic Fe;O, nanoparticles, for the promotion of the one-
pot synthesis of @-amino nitriles in water.'”> A fourth case is
that of the preparation of amine-functionalized MCM-41
materials for the promotion of nitroaldol (Henry) reactions:'”®
high selectivity was achieved with secondary and tertiary (but
not primary) amine groups. Perhaps more interestingly, the
least sterically hindered amines were found to be the most
active, suggesting that the size of the pores in MCM-41 affects
this catalysis. In a more recent example, sulfonic groups have
been tethered to porous carbon supports for the promotion of
reactions related to biodiesel production.'”’

An example involving the use of chiral molecules to add
enantioselectivity to reactions catalyzed by basic/nucleophilic
groups from our laboratory illustrates some key aspects of the
surface organic-derivatization approach (Figure 13)."7% First,
we showed that the point of bonding to the surface can affect
catalytic performance: two synthetic routes were explored for

https://doi.org/10.1021/acs.chemrev.1c00905
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Figure 10. Examples of molecular organoacid functionalities tethered to silica surfaces (left) and of organic reactions catalyzed by them (right).
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Figure 11. Main synthetic strategies used for the synthesis of catalysts
based on functionalized organosilicas.'®” Reproduced with permission
from ref 169. Copyright 2006 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim.

the grafting of cinchonidine (Cd), adding 3-isocyanatopropyl-
triethoxysilane (ICPTEOS) to the alcohol position to make a
carbamate link, and attaching 3-mercaptopropyltriethoxysilane
(MerPTEOS) at the vinyl position to make a mercapto
bond.'” In addition, a loss of enantioselectivity was observed
upon tethering because of a combination of factors, namely,
the nonselective catalytic activity of the solid itself, the activity
of surface OH species, and the direct bonding of the Cd
molecule to the surface. These effects could be minimized via
silylation of the surface (a surface silanol-capping treatment to

5, J 73
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Figure 12. Top: Reaction used for the functionalization of CMK-S, an
ordered mesoporous carbon material, with sulfonic acid groups.
Bottom: Acid-catalyzed formation of bisphenol-A, a reaction
successfully catalyzed by the acid-derivatized carbon. Reproduced
with permission from ref 173. Copyright 2007 American Chemical
Society.

be discussed in more detail later in this review, Section 8.1), by
choosing appropriate solvents, and by selecting the best
attaching position, but it is clear that the surface plays an active
role in these tethered catalysts beyond providing a solid
platform for the heterogenization of molecular catalysts. An
independent study by another research group has shown that
controlling acid—base interactions on the surface of the catalyst
is also important in designing cooperative catalysis. In
particular, amine-silanol cooperativity in solids made by
tethering amine groups to silica supports were shown to be
critical to the promotion of nitroaldol condensation, and that

H https://doi.org/10.1021/acs.chemrev.1c00905
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Figure 14. Examples of organocatalysts, salen ligands with or without Mo ions, tethered to the surface of a periodic mesoporous organosilica
(PMO)."** Reproduced with permission from ref 188. Copyright 2021 Wiley-VCH GmbH.

such cooperatmty can be tuned by adjusting the linker length materials from alkyl halide-functionalized mesoporous SBA-15
and pore size;' s1l latlon of the surface was shown to turn off silica by post-grafting amination has also been reported as a
this cooperativity.'”' An anhydrous synthesis of aminosilica way to improve activity in acid—base bifunctional catalysis
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Figure 15. Reaction scheme for the functionalization of the surface of glassy carbon with ferrocen (R)-terminated propargyl groups via Diels—Alder
condensation with surface dienes.'”® Reproduced with permission from ref 193. Copyright 2019 American Chemical Society.

compared to traditional amine-grafted materials, presumably
because of an increase in the spacing between the amine
groups obtained with the new synthesis.'*>

More complex organic functionalities can be tethered to
porous oxide materials for use in catalysis too. For instance,
silica-tethered pyrrolidine—triazole proved to be a good
insoluble and recyclable organocatalyst for the enantioselective
Michael addition of ketones to nitroalkenes.'® Cytosine-
functionalized SBA-15 was shown to exhibit high activity for
Knoevenagel reactions.'™  3,3'-bis(2,4,6-triisopropylphenyl)-
1,1’-binaphthyl-2,2"-diyl hydrogen phosphate, a phosphoric
acid—based catalysts commonly referred to as TRIP, was
successfully immobilized on polystyrene, using a copolymeriza-
tion-based strategy, to produce a robust and recyclable
heterogeneous catalyst for the asymmetric allylboration of
aldehydes.'® A resin-supported peptide catalyst with an N-
terminal primary amino group was developed for the
asymmetric epoxidation of enones through iminium activa-
tion.'®® An interesting recent example is that of 4,4',4"",4""'-
porphyrin-5,10,15,20-tetrayltetrabenzoic acid tethered to a
periodic mesoporous organosilica, which was successfully
used for the cycloaddition of epoxide and CO,, a carbon-
capture reaction.'”’” Figure 14, illustrates a case where a
mesoporous-silica-based catalyst was decorated with a salen
ligand to promote the epoxidation of cyclohexene, and further
functionalized with MoO,** ions to aid in the preparation of
cyclic carbonates.'®® Yet another type of periodic mesoporous
organosilica, made by coupling hexachlorocyclotriphosphazene
with APTES, proved able to promote the same reaction.'® A
complex chiral amino carbamate tethered to silica was
designed as a recyclable catalyst for the conversion of
cyclohexanone to (E)-f-nitrostyrene, a prototypical Michael
addition.'”’

Supports other than silica, alumina, or other common oxides
can be used to tether catalytic organic functionalities as well.
For example, proline immobilized on a polystyrene matrix
proved to be recyclable and to produce pure enantiomeric and
diastereomeric aldol adducts in asymmetric aldol reactions
under continuous flow conditions.'”" In another case, proline
tethered to carbon nanotubes (CNTs) via an aniline linker was
tested for the promotion of the synthesis of 2-amino-4H-pyran
derivatives."”> An interesting tethering new chemistry is that
used for grafting ethynyl ferrocen covalently onto a glassy
carbon electrode via a Diels-Alder reaction; the resulting
material was successfully tested for reversible electro redox
conversions (Figure 15)."”> In general, carbon-based supports
have become popular for uses in this type of molecular catalyst
tethering."”* An example of yet another kind of support is that
of the aminosilane-grafted SiO,—ZrO, polyamide-imide
hollow fibers developed to promote the tandem conversion
of glucose or fructose to HMF.'” There are in principle many

permutations of supports, linkers and organic functionalities
that can be used to make this type of tethered catalysts.

2.4. Tethering of Enzymes

More complexity can be added to the catalytic sites of solids by
immobilizing enzymes. Enzymes offer a unique level of
selectivity and operate under mild conditions. On the other
hand, their stability under the harsh conditions encountered in
many industrial processes is limited. Immobilization of
enzymes on solid surfaces may help protect their structural
integrity, and also simplify downstream processing and
improve operational stability. Depending on the methodology
used, it has been reported that immobilization may improve
the functional properties of some enzymes too, and even their
selectivity during catalysis."”*~"*” However, it may also affect
the behavior of such enzymes: the type and extent of bonding
to the surface and of the changes induced by the surrounding
microenvironment, especially in porous materials, can affect
the ability of enzymes to perform as well as when free in
solution.””” Although the incorporation of enzymatic catalysis
to industrial processes is still a nascent and evolving field, there
are already a number of excellent reviews on this area, in
particular in reference to enzyme immobilization,**>*°~>%°
Several aggroaches for enzyme immobilization have been
tested,”*”**>*°772? with mixed success. Adsorption or binding
to a support through hydrophobic or ionic interactions is in
principle a straightforward method for enzyme immobilization,
but physical binding is in general too weak to keep the enzyme
bound to the surface in the presence of water, the solvent
typically used in enzymatic catalysis.”’"*'’ Entrapment or
encapsulation of enzymes within a solid matrix, typically a
polymer or sol-gel-made silica, can minimize but not fully
prevent leaching of the enzyme from the solid,”*® and puts
additional constrains on the sturdiness of the enzyme, as the
matrix needs to be synthesized in situ in the presence of the
enzyme; reactive szpecies or toxic solvents, for instance, can
denature enzymes.”'' Covalent binding can provide adequate
stability against leaching, improve recyclability, and also resolve
issues of solubility. An example of the latter is the case of the
immobilization of ketoreductase on a solid resin via covalent
binding at two points between amine and epoxide groups to
facilitate its operation in organic solvents: the production of
(R)-1-(3,5-bis(trifluoromethyl)phenyl)ethanol, a key chiral
intermediate in the synthesis of EMEND (a orally active
neurokinin-1 receptor antagonist used for chemotherapy-
induced vomiting), could be made with this catalyst in 98%
yield and with >99% ee (Figure 16)."”” On the negative side,
this so-called cross-linking is impractical with enzymes that
deactivate easily, as there is no practical way to regenerate the
tethered enzymes. Tethering may also lead to losses in enzyme
flexibility, and typically dilutes activity. Despite all these
limitations, however, tethering of enzymes to a variety of
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solids, including polymers*'* and inorganic solids,”'**'* also

brings many benefits and has been amply tested and is actively
pursued at the present time.

One important observation deriving from studies on the
immobilization of enzymes is that the surface of the support
often la?/s a role in the behavior of the cata-
lyst,20%206210215=217 Topically, immobilization affects enzy-
matic catalysis in negative ways, but in some instances it can
improve performance, by, for instance, facilitating operation in
organic solvents as in the example in (Figure 16), or by
increasing pH tolerance or heat stability. In addition, the
interaction of enzymes with surfaces increases structural
rigidity,zm’219 minimizes enzyme aggregation,zzo'221 blocks
possible inhibition sites,"”®*** and stabilizes multimeric
enzymes,””’~*** preventing dissociation-related inactivation™**
and even stabilizing a hyperactivated form of the enzyme, as in
the case of lipases immobilized on hydrophobic sup-
ports.”**~** In one example of surfaces influencing enzymatic
catalysis, it was shown that hydrophobic supports enhance the
catalytic activity of lipase by more than an order of magnitude
compared to that seen in solution (Figure 17); the change in
catalytic behavior was traced back to the fact that hydrophobic
surfaces appear to force the immobilized lipase into its more
active open configuration.”*’ In another study, with soybean
peroxidase immobilized on graphene and single- and multi-
walled CNTs, a correlation was identified between the
curvature of the substrate, which presumably affects the extent
of distortion of the immobilized enzyme, and catalytic
activity.”>' A clear illustration of electronic effects associated
with enzyme immobilization is that of horseradish peroxidase
on graphene-related materials, where the oxygen functionalities
of the support induce changes in electronic conductivity that
interfere with enzymatic processes: both graphene and GO
lead to significant reduction in enzymatic stability because of
the alteration of the conformation of the enzyme, but reduced
GO was shown to enhance enzymatic activity 7-fold because of
its capacity to quench superoxide radicals.””

Some processes are ideally suited for enzymatic catalysis,
and in those immobilization has been a useful route to improve
recyclability and overall catalytic performance. A high-profile
example of the application of immobilized enzymes in industry
is the isomerization of glucose to fructose catalyzed by glucose
isomerase.”*”*** More recently, there has been much interest

Figure 17. Specific activity of lipase from Pseudomonas cepacia (PCL)
immobilized onto siliceous mesocellular foams (MCF) with various
hydrophobic/hydrophilic surfaces for the promotion of the non-
aqueous transesterification reaction of racemic 1-phenylethanol (the
reaction indicated at the top).>*® The data clearly show that increases
in hydrophobicity (characterized by measurements of the water
contact angle) lead to increases in specific activity. The surface
modifiers used were N-trimethoxysilylpropyl-N,N,N-trimethyl-
ammonium chloride (TMNCL), n-octyl triethoxysilane (C8), and
phenethyltrimethoxysilane (Ph). Reproduced with permission from
ref 216. Copyright 2015 American Chemical Society.

in using immobilized enzymes in biorefining and other bio-
inspired green processes, to, for instance, promote the
conversion of carbohydrates to furfural and HME.>**~>%
However, the number of industrial processes that use
immobilized enzymes is relatively small, among other reasons
because of the high cost associated with the synthesis of these
immobilized catalysts.”®” In addition, many natural enzymes
often fail to meet the stringent operational requirements
required in specific industrial applications. To address that
latter shortcoming, protein engineering has been implemented
in some instances to modify the structure of proteins, to create
enzymes with improved functional properties such as higher
stability, specific activity, minimized inhibition by reaction
products, or selectivity towards non-natural sub-
strates.”>***7>* In one example, a new biocatalyst was
developed by immobilizing a modified enzyme, made via
mutagenesis of the wild-type penicillin acylase (PA) from
Escherichia coli, on glyoxyl Eugergit C250L, a modified
industrial support (Figure 18).”*' The resulting catalyst
showed improved activity compared to the original PA for
the synthesis of cephalexin (99% versus 76%), cefaclor (99%
versus 65%) and cefprozil (99% versus 60%), and also better
stability. Site-directed mutagenesis can also be used specifically
to improve on the way that enzymes are immobilized on the
support.”*>** For example, in one study the orientation of
ferredoxin-NADP* (NADP = nicotinamide adenine dinucleo-
tide phosphate) reductase immobilized onto a modified Au
electrode was accomplished by introducing a genetically
engineered metal binding site on a selected region of the
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protein surface and covering the Au surface with a self-
assembled monolayer of thiols appended with nitrilotriacetic
acid groups complexed with metal transition ions.”* In
another case, site-directed mutagenesis of the penicillin acylase
surface from Escherichia coli was specifically designed to
increase multipoint covalent attachment to the substrate, in
this case glyoxyl-agarose.”*® An investigation where cysteine
residues were introduced in Escherichia coli inorganic
pyrophosphatase at specific sites in order to control binding
to Au NPs concluded that site-directed orientation and surface
density can modulate the activity of immobilized proteins, and
also that orientation has a greater effect than density.”*’
Protein engineering may be applied to the material on the
surface where the enzyme is immobilized as well. This was the
case in a study where magnetite NPs were coated with a
genetically functionalized lipid membrane tuned to immobilize
a phosphohydrolase, with the aim of producing a recyclable
biocatalyst for the degradation of ethyl-paraoxon (a commonly
used pesticide).”**

It is clear that enzymes can provide unparalleled selectivity
in specific reactions and that immobilization of enzymes not
only helps with process design but can also improve catalytic
performance. Yet, because of the fragility of many enzymes and
the cost of their preparation and purification, the number of
practical examples available for the use of immobilized
enzymes as catalysts in industrial processes is still limited.
More work is needed to make this approach more common.

2.5. Multifunctional Catalysts

Solid catalysts can be conceived to contain more than one
functionality. The advantages of using such catalysts are
several, in particular the ability to simplify process engineering
in multistep chemical synthesis. The design of catalytic
processes in tandem, to perform a sequence of cascade
reactions, is particularly valuable for the synthesis of fine
chemicals, because such combined systems reduce the number
of isolation and purification steps required. A lesser number of
steps leads to a reduction in waste generation and to savings in
energy, either because of the elimination of heat-based
processing (i.e, distillation, recrystallization, etc.) and/or
thanks to the reduced requirement of solvents in purification
steps.”*” Moreover, immobilization of incompatible catalytic
functionalities such as acids and bases, oxidizers and reducers,
amines and metals, enzymes and acids, etc., can afford their use
in the same vessel, and interferences with reactants and/or
products can be avoided this way as well. Solid catalysts also
solve the problems of solubility often encountered in
homogeneous catalysis. Finally, if properly placed spatially
within the support (with complementary functionalities next to
each other, for instance), multifunctional immobilized catalyst
can be conceived to promote processes involving kinetically
unstable intermediates.”*"

Multifunctional catalysts can be used in different modes,
either by allowing for cooperative effects in specific chemical
steps involving two or more different surface sites, or by
promoting various chemical reactions.”>'~>** These applica-
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tions have been referred to in the literature by using different,
sometimes overlapping, terms, including (1) cascade (or
domino) processes, where the catalyst promotes sequential
steps going from reactants to intermediates to products; (2)
more generic tandem, cooperative, or one-pot conversions,
involving multiple steps that not necessarily required
sequentiality (and with reactants added all at once or in a
stepwise manner); and (3) catalysts with dual (or multiple)
sites that perform in a synergistic fashion to promote a specific
reaction. Some debate has ensued in the literature to better
define and distinguish among these options,”*>**® but much
confusion remains, and the different terms are often used
indistinctively; here we do not intend to resolve this issue but
rather focus on illustrating how solid catalysts can sustain
several functionalities and be used to design complex catalytic
processes. It should also be noted that sometimes one given
catalytic site can itself promote cascade processes, as with acid
sites on solid oxides;*’ this is not the focus of this section
either. It is also possible to combine homogeneous and
heterogeneous catalysts in one pot to carry out cascade
conversions, as in the recent example where an asymmetric
bifunctional organocatalytic nitro-Mannich reaction was
coupled with a gold-catalyzed allene hydroamination step for
the enantioselective preparation of trisubstituted pyrrolidine
derivatives.”*® However, such approach may defeat the gains
from using all-heterogeneous systems, and is also not to be
discussed in this review. The basic idea behind the use of all-
heterogeneous multifunctional catalysts for cascade reactions is
illustrated in Figure 19.
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Figure 19. Left: Schematic illustration of the mechanism of cascade
catalytic reactions promoted by molecular functionalities tethered on
the surfaces of porous solids. Right: Hypothetical cascade process, in
this case a two-step synthesis involving the hydroformylation of
ethylene on a Ru-based catalyst followed by the proline-promoted
trimerization of the resulting acrolein.

There are several ways by which solid catalysts can be made
to contain two or more different functionalities. Perhaps the
most straightforward is by using materials with intrinsic
catalytic activity and adding a second type of site to them. For
instance, oxide substrates, even nominally inert ones such as
silica, display acid or base sites capable of promoting specific
organic reactions, and can therefore be used as good starting
materials to make bifunctional catalysts. Figure 20 illustrates
this idea with an example where molecular amines tethered to
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Figure 20. Bifunctional and trifunctional catalysts made out of
tethered molecular amines, complexed Pd ions, and solid acid sites,
used for the promotion of several nucleophilic addition reactions.”*”
Reproduced with permission from ref 259. Copyright 2014 The Japan
Petroleum Institute.

aluminosilicate supports, which expose both Lewis- and
Bronsted-acid sites, were used to promote a number of
nucleophilic addition reactions.”*” It is interesting to note that
in this example the authors also added Pd ions, which formed a
complex with some of the surface-tethered amine groups (a
way by which they could be retained on the surface), and in
that form assisted with a variety of C—C bond-forming
reactions. The synergistic behavior between amine tethered
groups and surface silanol sites was tested by Bass and
coworkers, who showed that capping the latter via silylation (a
deactivation process discussed in more detail later in this
review, Section 8.1) leads to the poisoning of the catalytic
activity toward the Knoevenagel condensation of isophthal-
aldehyde with malonitrile seen without silanol capping.260
Also, a systematic study of aminated silica catalysts has
highlighted the effects of amine structure and base strength on
the acid—base cooperative promotion of aldol condensations:
it was found that the arrangement of the amine active sites
depends on the amine type used (primary versus secondary
versus tertiary, aliphatic versus aromatic), and influences the
rate of reaction: primary amines are more active than tertiary
amines, for instance.”®! Nevertheless, even tertiary amines that
cannot promote C—C coupling reactions in solution show
catalytic activity when tethered to silica, again highlighting the
importance of the amine-silanol cooperative interaction.”**

A related bifunctional architecture is one where the
performance of catalysts based on metal NPs, dispersed on
porous materials or in core—shell or other nanostructures, is
augmented by the addition of a molecular organofunctionality.
For instance, amine groups have been tethered to a Pd/MCM-
41 catalysts to 7Promote the one-pot tandem Sonogashira-
Henry reaction.”” Unfortunately, this catalyst performed
poorly. We in our laboratory developed a synthetic protocol
to tether cinchonidine selectively to silica sites directly adjacent
to Pt NPs to bestow enantioselectivity to the hydrogenation of
ethyl pyruvate, and showed that this leads to a Dbetter
performance than that obtained with catalysts where the
molecular modifier is added randomly on the silica surface
(Figure 21).*** The examples above involve the addition of
small molecular functionalities, but larger molecules such as an
enzyme can be incorporated as well. For instance, the one-pot
synthesis of R-1-phenylethyl acetate starting from acetophe-
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Figure 21. Effect of correlated surface modification on catalytic
performance.”** The example is for SBA-15-supported Pt catalysts
modified via cinchonidine (Cd) tethering to add enantioselectivity to
the hydrogenation of alpha-keto esters. Both yields (left) and ees
(right) are reported for the hydrogenation of ethyl pyruvate promoted
by catalysts where Cd was distributed on the silica surface randomly
versus in a correlated way around the Pt NPs, and where the tethering
was done via either carbamate or mercapto links, as indicated at the
bottom. The results in three different solvents are shown, and
contrasted to equivalent catalysis with the Cd modifier free in
solution. The general observation is that tethering selectively next to
the Pt NPs improves catalytic performance. Adapted with permission
from ref 264. Copyright 2015, The Royal Society of Chemistry.

none hydrogenation has been possible over supported Pd
catalysts when combined with immobilized lipase.”®® In
another case, a catalyst made by tethering glucosidase to the
outside surface of a Au@SiO, core—shell nanostructure was
used to carry out a tandem process where 4-nitrophenyl-f-
glucopyranoside is hydrolyzed (by the glucosidase) to generate
4-nitrophenol, an intermediate that is then reduced to 4-
aminophenol (by the Au nanoparticles).**®

A second option for the preparation of multifunctional
heterogeneous catalysts is via one-pot direct synthesis. For
instance, specific agents can be added to the reaction mixture
during the sol-gel preparation of oxides such as silica, as
exemplified by the case of the co-condensation of trialkox-
ysilane-terminated Pd and Ru complexes with 1,2-bis-
(triethoxysilyl)ethylane following the scheme shown in Figure
22 to create a bifunctionalized mesoporous organosilica
catalyst capable of promoting the sequential Pd-catalyzed
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Figure 22. Example of the synthesis of bifunctional catalysts using sol-
gel chemistry.”®” Top: Synthetic steps leading to a mesoporous silica
material derivatized with Pd and Ru complexes. Bottom: two-step
coupling process promoted by this catalyst. Reproduced with
permission from ref 267. Copyright 2014 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.

cross-coupling of haloacetophenones with arylboronic acids
and the Ru-catalyzed asymmetric transfer hydrogenation to
produce chiral biaryl alcohols in aqueous solutions with high
efficiency and enantioselectivity.”®” Another illustration of this
approach comes from the synthesis of ordered nanoporous
polymer resins via self-assembly of lyotropic liquid crystal
monomers; the resulting material contained both acid and base
sites and could catalyze a model tandem process consisting of
the acid-promoted deacetalization of benzaldehyde dimethyl
acetal to benzaldehyde followed by a base -promoted nitroaldol
(Henry) step to yield f-nitrostyrene.”*® A variation of this
methodology consists of first incorporating specific organic
groups within the silica network during its synthesis and then
derivatizing those further after the solid is made. In fact, this is
what was done to add the Ru sites to the catalyst in Figure 22.
Another example is one where an acid—base bifunctional
catalyst was made by first hydrolyzing 1,4-bis(triethoxysilyl)-
benzene and APTES (in the presence of cetyltrimethyl-
ammonium bromide, CTAB, a surfactant) to make amine-
functionalized mesoporous phenylene-bridged silica and then
protecting the exposed amine groups, sulfonating at the
bridging phenylene units by simple treatment with chlor-
osulfonic ac1d and deprotecting the amino groups by thermal
treatment.” Interestlngly, in a study that directly compared
MCM-41-based acid—base catalysts made using direct syn-
thesis versus via post-synthetic grafting (to be discussed next),
it was determined that the latter is more efficient in promoting
the one-pot deacetalization-Knoevenagel and deacetalization-
Henry reaction sequences; the relative poor performance of the
former was explained by a combination of lower density of
active sites on the surface and the possibility of some of those
being trapped inside the silica network and therefore
inaccessible for catalysis.””® This latter conclusion may not
be general, as the reverse trend was reported by another
research group, however;””" resolving this discrepancy would
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be useful, as it would help determine the optimum synthetic
route for bifunctional catalysts.

Many multifunctional heterogeneous catalysts are made by
immobilizing two or more individual molecular catalytic motifs
on one single solid support using the type of tethering
chemistry described previously. The bulk of examples in the
literature of this type of tandem catalysts often involves the
addition of acid (sulfonic) and base (amine) molecular groups
to solid oxide supports. In an early example from the Davis’
group, a catalyst made via the simultaneous tethering of
primary-amine and sulfonic-acid groups on SBA-15 proved
active for the promotion of the aldol condensation of 4-
nitrobenzaldehyde with acetone.”’”””* The behavior of
catalysts made via co-condensation and post-tethering
synthetic methods were contrasted in terms of their ability
to promote aldol condensations: not much difference was
detected between the two, but what did make a difference was
the nature of the acidic functionality, as the native silanol
groups proved to have a better cooperative effect than added
carboxylic functionalities."*” A different synthetic approach to
acid—base bifunctional silica catalysts has been provided by
Shiju and coworkers, by which the surface is first amine-
functionalized using APTES and then partially titrated with
phosphotungstic acid (H;PW,0,): the resulting material was
shown to promote the model one-pot tandem deacetalization-
Henry sequence of reactions (Figure 23).”’* Another acid—
base bifunctional catalyst was designed to promote the one-pot
conversion of cellulose to HMF via a three-step process:
hydrolysis of the oligomers with the help of acid sites, base-
promoted isomerization of the resulting glucose monomers to
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Figure 23. Synthetic protocol to produce acid—base bifunctional
heterogeneous catalysts where a silica support is first derivatized with
amine groups (using APTES) and then partially titrated to add
phosphotungstic acid (H;PW;,0,,).””* Reproduced with permission
from ref 274. Copyright 2011 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim.

fructose, and acid-catalyzed interconversion of fructose to
HME.””® More recently, glucose isomerase, immobilized inside
the pores of an amine-functionalized silica support, was used as
the active phase for the glucose-to-fructose isomerization step;
the combination of this catalyst with a second Brensted-acid
(—SO;H) functionalized mesoporous silica afforded the one-
pot transformation of glucose to HMF.>’® Post-modification of
solid supports to add multiple functionalities, often acid and
base sites, has also been successfully tested with other materials
such as polymers and other carbon-based materials. For
instance, acid—base bifunctional microporous organic nano-
tubes were recently made via a combination of hyper-
crosslinking core—shell brush copolymers and post-function-
alization, and successfully evaluated for the test acid-catalyzed
acetal hydrolysis plus base-catalyzed Knoevenagel tandem
sequence of reactions.”’” More than two functionalities can be
added to solid catalysts as well: witness the example of the
simultaneous tethering of Cu(I)-pyridyltriazol, TEMPO, and
N-methylimidazole (NMI) sites on azide-functionalized silica
particles (via CuAAC click chemistry) to promote the aerobic
oxidation of alcohols; NMI is known to accelerate the reaction
by decreasing the Cu(1I)/Cu(I) reduction potential.””*~>*

Tandem reactions may be carried out sequentially, even with
one single multifunctional catalyst, by spacing the exposure of
the catalyst to the different reactants in time. This may be
needed under certain circumstances, but it adds complexity to
the design of the catalytic process; it is more desirable to be
able to carry out the conversion all at once, by adding one
single reaction mixture at the start. More interesting, albeit
more difficult to accomplish, is the possibility of conceiving
processes with multifunctional catalysts that display spatial
compartmentalization. This may not only afford proper
separation of incompatible functionalities, but also, at least in
principle, improve the kinetics of the overall conversion by
matching the rates of the different steps, minimizing mass
transport bottlenecks and optimizing the transfer of unstable
intermediates from one site to the next before decomposition.
In fact, in some instances it may be desirable to have two or
more functionalities placed in adjacent sites, because they may
exhibit a cooperative or synergistic behavior that may help
promote certain catalytic conversions. When tethered
functionalities are expected to cooperate with solid surface
sites such as silanols in silica, the interactions can be tuned by
varying the length of the linker: in cases involving tethered
aminoalkylsilanes and surface silanols, for instance, short
linkers were shown to limit the amine-silanol cooperativity and
to result in lower catalytic activity in aldol condensations; three
carbons proved sufficient to optimize catalytic performance,
and no additional changes were seen with longer chains
(Figure 24).%81

More commonly, two organofunctionalities may be added to
the solid support in a concerted fashion. Several strategies have
been tested to control the distribution of the different tethered
functionalities within the solid at a molecular level in those
cases.””***” One is by using an imprinting agent during the
synthesis of the solid,”®* as, for instance, in the case of the sol-
gel synthesis of porous silica where a carbamate-protected
APTES with two or three of such units bonded to a central
aromatic ring was added to the regular tetraethoxysilane
(TEOS) sol-gel reagent; once the solid was formed, methanol/
aqueous sodium bicarbonate washing was used to break the
carbamate bonds and release the aromatic ring scaffold, leaving
behind two or three amine groups tethered to the silica surface

https://doi.org/10.1021/acs.chemrev.1c00905
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with chains with three carbons or longer. Reproduced with permission from ref 281. Copyright 2012 American Chemical Society.
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Figure 25. Imprinting synthetic route for the derivatization of silica surfaces with aminopropyl groups in a correlated fashion.'* In this case, three
amine groups are carbamate-protected on a single aromatic ring, and terminated with triethoxysilane groups to help incorporate the molecules to
silica during a sol-gel synthesis. The benzene-carbamate groups are then remove by washing with a solvent. Reproduced with permission from ref

159. Copyright 2002 American Chemical Society.

in predetermined relative positions (Figure 25).”** A second
approach here is site pairing. Propyltriethoxysilane-terminated
disulfides can be used for this purpose to produce pairs of
sulfonic acid sites (after oxidation), for instance.'*”*% Tests
on the promotion of the condensation of phenol and acetone
to produce bisphenol-A proved that the resulting proximity of
pairs of sulfonic acid groups on silica leads not only to a clear
increase in total activity but also to higher regioselectivity.”*®
In a separate study, a decrease in spatial distance between the
sulfonic-acid groups prepared with such disulfide precursors

was found to increase the acid strength of the resulting solid
catalyst. However, catalytic performance for the promotion of
the methanol esterification of palmitic acid could not be simply
related to the effects induced by the spatial location of the acid
sites.”® Finally, the two functionalities may be incorporated
within the same organic fragment. For instance, catalysts
prepared by tethering of discrete pairs of sulfonic acid and thiol
groups were proven more active than materials containing
randomly distributed acid and thiol groups in the condensation
of either acetone or cyclohexanone with phenol; increasing the
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acid/thiol distance in the paired materials was shown to result
in decreases in both activity and selectivity.”*’

Another option is the simple derivatization of the solid with
one single type of organic fragment such as amino acids
containing multiple functionalities, as in the example of
cysteine and cysteamine tethered on a silica support by
means of a photoinitiated thiol—ene click reaction; this catalyst
could easily promote the aldol condensation of 4-nitro-

benzaldehyde with acetone.”® A more sophisticate example

is that of the solid catalyst that was functionalized with a chiral
proline-like group at the end of a linker chain containing
another amine groups; this catalyst, after protonation of one of
the two amine groups to make it an acid—base catalyst, proved
active in the aldol reaction between acetone and p-nitro-
benzaldehyde, with an activity that decreased with increasing
acid strength.”*” A dual organofunctionality can be built in situ
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on the surface in a stepwise fashion. This is what was reported
by the Jones’ group in the case of SBA-15 first derivatized with
iodosilane, after which the terminal iodide group was replace
with ethylamine, ethanolamine, methyl aminoacetate, or
diethyl aminomethylphosphonate (Figure 26); specific trends
were identified for the catalysis of aldol reactions as a function
of the strength of the acid site.””

In some instances, the interest is to place two orthogonal
molecular functionalities in different regions of the solid, a
compartmentalization defined at a nanometer scale. To
illustrate the type of synthetic approaches available to attain
this type of phase separation, we cite an example from our
laboratory where both simple acid and base groups where
immobilized on the same mesoporous material (SBA-15).>°" A
number of steps, including group protecting and deprotecting,
needed to be strung together to add the acid and base
functionalities without neutralizing each other: (1) the
addition of Boc-protected APTES; (2) the controlled use of
UV/ozonolysis to selectively remove the exterior groups; (3)
the decoration of the exterior sites freed in Step 2 with 3-
mercaptopropyltriethoxysilane; (4) the selective oxidation of
the mercaptan groups to sulfonic acid; and (S) the pyrolytic
deprotection of the amine (Figure 27). The resulting catalyst
contained sulfonic acid functionality on its external surface and
entrance of the pores and amino groups deep inside those
pores, at coverage ratios that could be controlled by tuning the
exposure time during the UV/ozonolysis step. This catalyst
was successfully tested for the promotion of the model
deacetylation-Henry cascade reaction: optimum performance
was seen with the catalyst having an overall 1:2 acid:base molar
ratio.””" A different group followed a similar sequence of steps

but using CTAB during the thiol addition (which was done
first) to block the pores and thus prevent access to the amine,
which consequently ended up tethered only to the otter
surfaces of the catalysts.””* A third example is that of a selective
functionalization with acid (carboxylic) and base (amine)
groups at the outer and inner surfaces of hollow silica
nanospheres, respectively; these were also successfully tested
for the promotion of the deacetalization-Henry cascade
reaction.””* In yet another recent case, compartmentalization
of the active sites was accomplished by segregating acid sites
on the silica surface and base sites within the polymer domains
of SBA/MCM-SH-poly(styrene-co-2-(4-vinylbenzyl)-
isoindoline-1,3-dione) mesoporous silicate-polymer composite
materials; the use of large polymer units confined the
associated functionalities to the external surfaces.””* Shell
cross-linked micelles is another way to compartmentalize
functionalities: in one case, amphiphilic poly(2-oxazoline)
triblock copolymers were used as starting materials to develop
a two-chamber nanoreactor with acid sites in the shell and base
sites in the core to promote the prototypical deacetalization-
Henry reaction.””

Polymers are also good supports for the design of synthetic
strategies to separate different molecular functionalities within
one solid catalyst. For instance, hyper-cross-linked polymers
with both acid and base sites have been synthesized by a three-
step Friedel-Crafts reaction-based approach involving the
synthesis of a microporous organic support using a SiO,@
PS(19) core—shell composite as the precursor (see Section 7.1
for more details on these nanostructures), the addition of acid
sites (mostly on the external shell of the sphere) using acetyl
sulfate, and a final decoration step using 2-(hydroxymethyl)-
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isoindoline-1,3-dione as the amine precursor; this catalyst was
successfully tested for the promotion of deacetalization-Henry
and deacetalization-Knoevenagel reactions.”’® An example not
involving acid—base system is that of the immobilization of
two incompatible transition metals on a core—shell micellar
support: the orthogonal functional groups on the side chain of
a ampbhiphilic triblock copolymer of poly(2-oxazoline), used as
the support, were covalently cross-linked and conjugated to
two metal catalysts in different domains of the micelle: to a Co
complex at the hydrophobic core to catalyze the hydration of
alkynes, and to a separate Rh complex in the hydrophilic shell
to promote the asymmetric transfer hydrogenation of the
intermediate ketone into a chiral alcohol.”®” 2,2,6,6-tetrameth-
yl-1-piperidinyloxyl (TEMPO) and Rh N-tosylated 1,2-
diphenyl-1,2-ethylenediamine (Rh-TsDPEN) moieties have
been spatially positioned into the hydrophilic corona and the
hydrophobic micelle core of poly(2-oxazoline)-based shell
cross-linked micelles, respectively, to promote one-pot redox-
driven deracemizations of secondary alcohols in aqueous
media.””® Differences in size can also be used to attain spatial
separation of functionalities, particularly if the active
component is an enzyme (Figure 28).”773%

It should be indicated that, while innovative in their
construction, most reported heterogeneous tandem catalysts
address simple reactions that illustrate proof of principle but
may not be of great value for practical applications.”>* The use
of the deacetylation-condensation (Henry or Knoevenagel)
sequences to test the multifunctional catalysts in many of the
examples cited above illustrates this point. Another common
example is that of the oxidation of styrene followed by simple
reduction to 1-phenylethanol,”' a case that nicely illustrates
asymmetric reactivity but produces a compound that is a
feedstock itself. The true impact of the heterogeneous tandem
catalysis concept lies in the addition of value to simple
feedstocks via C—C bond constructions and the application to
more complex, challenging reactions. This has been demon-
strated by the Dumesic group in their use of a Pd/MgO-ZrO,
bifunctional aldol condensation/hydrogenation catalyst for the
conversion of furfural, obtained from biomass sources, to large
water-soluble organic precursors for the synthesis of
alkanes.””’ % The implementation of multifunctional cata-
lysts with well-defined spatial definition to practical applica-
tions also remains a challenge for the future; there are only
limited ways to control functionality placing, and kinetic
matching is also quite difficult. To these specific issues, one
needs to add the generic limitations associated with the design
and use of catalysts with tethered molecular functionalities
mentioned before. These include stability, recyclability, and
cost. There may be processes where the high value of the
products may justify wrestling with these shortcomings,
however, in particular in fine chemical production.

2.6. Decomposition and Leaching

It is clear that the immobilization of molecular catalysts, be
organometallic or metal organic compounds, organic function-
alities, or enzymes, is the approach that promises the highest
level of selectivity in heterogeneous catalysis. As discussed later
in this review (Sections $ and 6), modern nanotechnologies
may provide new avenues for the preparation of solids with
complex and well-defined structures, but the resulting catalytic
surface sites in those cases cannot yet achieve the same level of
structural detail possible with molecular synthesis. On the
other hand, immobilized molecular catalysts face some

important shortcomings that limit their use,’** and there is a
trade off associated with the immobilization of molecular
structures on solids.”* If their interactions with the surface are
weak, as in the case of physical adsorption, chances are that the
molecular catalyst will leach out of the solid during catalysis.**
Even with some covalently bonded tethered catalysts, leaching
because of chemical decomposition, via detachment of the
metal from the ligands in organometallic catalysts, is possible.
In Figure 29 we provide an example, for the case of a carbon-
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Figure 29. Metal leaching during dihydroalkoxylation catalysis using a
carbon support functionalized with a [Rh(CO),(u-Cl)], organo-
metallic complex.**®

tethered Rh complex used for hydroamination and dihydro-
alkoxylation reactions: high turnover numbers, close to 1000,
were achieved with these catalyst, but a few percent of the Rh
content was lost in each cycle, and a drop in hydroamination
conversion from >98% to 72% was measured by the fourth
consecutive run.*’° This may be a particularly acute problem
with immobilized catalysts based on Rh,>9773%% pg,310=312 ond
other transition metals.”’*~>'® Alternative mechanisms for the
loss of activity with tethered catalysts include clustering of the
metal ions into metal NPs*'>*'? and the hydrolysis of silane
bonds."'? Tt is interesting that in some instances structural or
electronic changes in the tethered catalysts may be required for
their activation; in those cases, an increase (rather than a
decrease) in activity is seen in reusability tests.'***° However,
these are the exception rather than the rule. At the other
extreme, namely, if the interaction between the support and
the tethered functionality is strong, as in cases involving
covalent bonding, the catalysts are hard to regenerate once the
molecular functionality decomposes. For instance, tethered
amine organofunctionalities have been shown to deactivate
starting at temperatures below 200 °C.**' In one of the few
mechanistic studies on the decomposition of tethered catalysts,
with Pd-pincer complexes bonded to silica supports, it was
suggested that such process may occur through exchange of
the phosphorus or sulfur ligand within one arm of the pincer
ligand with triethylamine followed by a -hydrogen elimination
of the base and a rapid second ligand exchange.””' It is
unfortunate that, even though these problems are well known
and generally recognized by the catalysis community, they have
not been studied explicitly in much detail; leaching of tethered
or immobilized molecular catalysts, for example, is often
mention in passing if at all as part of studies of catalyst stability.

https://doi.org/10.1021/acs.chemrev.1c00905
Chem. Rev. XXXX, XXX, XXX—XXX



Chemical Reviews

pubs.acs.org/CR

Review

Propylene Metathesis Activity versus Surface Podality

: SiMesy
MesSi, @ Ve g s jf_/smﬁej
~ A i e v
W -SiMes 5104700 * O siMe; SiOz200 O,-'W"--.O
O - 5 r - -
,:'H e ME_.Slx._JVl\"' -HCl \‘Si’f Cl‘.
wve.d 9 Cl -TMS w':.? ] oﬂ} o NO,
2 ) : [ P
A P - -
3.3 TOF (Propene/W min) 141
325

Figure 30. Effect of podality on the performance of grafted organometallic catalysts.

In this case, a tungsten complex was bonded to a silica

surface via one (left) or two (right) oxo ligands. The latter resulted in a much more active catalyst for propene metathesis, as indicated by the
turnover frequency (TOF) values reported below the reaction scheme. Reproduced with permission from ref 325. Copyright 2016 American

Chemical Society.

A second challenge relates to the role of the surface of the
solid in the processes promoted by the immobilized molecular
catalysts. In many instances, an inert solid with high surface
area is chosen for these applications in the hope that they only
provide a platform to heterogenize the catalyst and do not
participate in any conversion. However, this often turns out
not to be the case. With organometallics, for instance, their
grafting often involves surface sites acting as ligands that
coordinate to the metal center.”” On silica, for instance, the
surface may be viewed as equivalent to a siloxo ligand.”** This
organometallic-surface complexation provides a strong inter-
action for immobilizing the metal center, but the structural and
electronic properties of the surface site are never able to exactly
match those of an analogous free ligand, and therefore may
produce heterogeneous catalysts with different behavior. The
picture is further complicated by the fact that the surface can
act as a substitute for more than one ligand, increasing the so-
called “podality”.64'75’323’324 With [ Si0),WO-
(CH,SiMe;);_,] (x = 1, 2) grafted tungsten complexes, for
instance, it was shown that the bipodal catalyst (x = 2) is
significantly more active in promoting propylene metathesis
than the monopodal (x = 1) counterpart (Figure 30).** In
another example, with a tethered rather than grafted catalyst,
Rh, (trifluoroacetate), was complexated to SBA-1S derivatized
with amino (APTES) groups either alone or in combination
with carboxylic ligands; the latter was clearly superior for the
promotion of the cyclopropanation of styrene with ethyl
diazoacetate.”*® More subtle but also important is the position
at which the ligand bonds to both the linker used for tethering
and the immobilized metal ion-ligand: for instance, it has been
possible to tune the regio- and stereo-selective of C—H
functionalization reactions using a tethered chiral Rh,(S-ortho-
Cl-(1,2,2-triarylcyclopropane carboxylate), catalyst by varying
the ligand immobilization position.””” A similar effect related
to the point of tethering within the molecular functionalities
can be seen with non-metallic organic groups, as illustrated in
the examples shown in Figures 13 and 21."7%'7 Tt is
interesting that in those studies it was found that the
enantioselectivity of the thiol addition to 2-cyclohexen-1-one
decreases not only upon tethering of the cinchona alkaloid
catalyst to a silica surface but also if physical mixtures of the
homogeneous catalyst with pure silica are used; this is a case
where the acid sites of the support independently promote
undesirable side reactions (the non-enantioselective coupling
of the reactants).'”” As also discussed above, silanol surface
groups can act in a cooperative way with other tethered
functionalities to promote tandem reactions. These effects may

in some cases be beneficial to the catalytic process,”** but more
often are detrimental because homogeneous catalysts have
typically been optimized prior to considering their immobiliza-
tion on solid surfaces.”””

The influence of the surface on the molecular catalytic
center can be minimized via tethering using “click” chemistry
and longer linkers, as discussed already (Sections 2.2, 2.3, and
2.4). However, in that case the flexibility of the linker may
allow for the molecular functionality to approach surface sites
nearby.'”®'”” We witness one example of this issue when we
tethered cinchona alkaloids on silica supports: a loss of
enantioselectivity during the promotion of the addition of
aromatic thiols to a conjugated cyclohexanone was observed,
which could be accounted for by a combination of at least
three effects: (1) the nonselective catalytic activity of the
surface of the solid itself; (2) the activity of the OH species
generated by hydrolysis of some of the Si-alkoxy groups in the
trialkoxy moieties used to bind many linkers to oxide surfaces;
and (3) the bonding of the molecule to be tethered directly to
the surface.'”” Fortunately, several approaches are available to
minimize these problems, including the silylation of the active
OH surface groups of the support (discussed in more detail in
this review, Section 8.1), the selection of solvents to minimize
hydrolysis or alcoholysis reactions, and the regioselective
binding of the molecular catalyst (the cinchona alkaloid) to
minimize its ability to interact with the surface. The
hydrophobicity or hydrophilicity of the surface is another
factor, as already discussed above in connection with the
immobilization of enzymes (Section 2.4). Finally, porous solids
are often used as supports in order to achieve high surface
areas, sometimes even to retain big molecular discrete catalysts,
enzymes in particular, within the solid to minimize leaching,***
but those pores may impose geometrical constrains on the
ability of molecular catalysts to adopt their required structure
and interact with the reactants for optimum promotion of
reactions,”*” especially with large molecular catalysts such as
enzymes (as mentioned before, Section 2.4)33532 To the
specific limitations imposed by the local structure of the pores,
additional consideration needs to be given to mass transport
limitations of reactants and products to and from the catalytic
site,>>® although this is a problem common to all
heterogeneous catalysts. It should be mentioned that the
complexity of solid surfaces can also provide unique
opportunities, since they can display large atomic assemblies
difficult to reproduce via molecular synthesis. The advantages
of using such multiatom surface sites as catalysts by themselves
will be discussed later in this review, but here it needs to be
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Figure 31. Examples of chiral imprinting on model surfaces using enantiopure adsorbates. (a) Typical contrasting temperature-programmed
desorption (TPD) traces for (R)-propylene oxide (PO) adsorbed on a Pd(111) surface modified with a submonolayer coverage of either (R)- or
(S)-2-butoxide surface species. It can be seen that there is a larger uptake on the surface with the (R)-2-butoxide layer than with the analogous (S)-
2-butoxide modifier. (b) Enantiomeric TPD (R)-PO/(R)-2-butoxide versus (R)-PO/(S)-2-butoxide yield ratios as a function of initial 2-butanol
exposure for the system exemplified in (a) showing optimum enantiomeric differentiation (RR being more favorable than RS) at an exposure of
~1.2 L (about a quarter of a monolayer). Reproduced with permission from ref 364. Copyright 2002 American Chemical Society. (c) TPD, and
(d) reflection-absorption infrared spectra (RAIRS) from similar PO/2-butoxide combinations on Pt(111), showing again an enhanced monolayer
PO uptake for the SS and RR combinations relative to the SR and RS counterparts. Reproduced with permission from ref 371. Copyright 2008
American Chemical Society. (e) Model proposed for the formation of supramolecular surface chiral templates, where three molecules of the
enantiopure templating agents (2-butoxide adsorbates) form a pocket of specific chirality on the surface: the (R) purple structure fits nicely in the
chiral site left by the (R)-butoxides but not on that defined by the (S) enantiomers. Reproduced with permission from ref 3. Copyright 2009

American Chemical Society.

acknowledged that they can also be coupled with molecular
functionalities to help shape the catalytic site, add a second
catalytic element, or help with additional adsorption sites for
the reactants.’>***°

All the effects listed above can in some instances be
incorporated in the design of heterogeneous catalysts, and may
in fact help improve the catalytic performance of the molecular
functionalities being immobilized. More often, however, the
presence of solid surfaces affects molecular catalysts in negative
ways. Because of these issues of catalytic stability and surface
interference, and also because of cost, the use of immobilized
molecular catalysts in industry has been limited. It may still be
worth using this approach for the synthesis of complex and
expensive products requiring high selectivity, such as, for
instance, enantiopure chiral pharmaceuticals, but it is unlikely
for this approach to become common in industrial applications
where profits are marginal and catalyst cost is a deciding factor.

3. ADSORBATES AS CO-CATALYSTS OR CATALYST
MODIFIERS

Another way to incorporate molecular features to surfaces is by
adsorbing appropriate molecules directly from the gas or liquid
phases during the course of the catalytic process. This can
perhaps be seen as a hybrid approach, in between

homogeneous and heterogeneous catalysis, given that a
molecular compound is required and constitutes part of the
catalytic site. This modifier may bond reversibly on the surface,
in which case it may need to be added to the reaction mixture
to attain appropriate surface coverages under -catalytic
conditions, or, alternatively, it may be attached more strongly
and irreversibly to the solid, becoming part of the
heterogeneous catalyst. Below we briefly discuss a few key
examples of this approach.

3.1. Chiral Modifiers

As mentioned above, a molecular agent can be added
temporarily and reversibly to the catalysts by establishing an
adsorption-desorption equilibrium of such modifier, mixed
with the reaction mixture, on the surface. A particular case
where this idea has shown some promise is in the bestowing of
enantioselectivity to typical transition-metal-based heteroge-
neous hydrogenation catalysts by using chiral modifiers.
Chirality is quite relevant to many groducts in the
pharmaceutical and agro industries:***~** because life on
earth has evolved to favor one chirality over the other, much of
the biochemistry of living organisms runs with pure
enantiomers.”**™>** The direct production of enantiopure
chiral compounds is arguably the most stringent test of
selectivity in catalysis.” To bias the hydrogenation of achiral
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Figure 32. Example of chiral modification of Pt/SiO, hydrogenation catalysts via the immobilization of a non-cinchona chiral modifier.*'? Top:
reaction scheme, highlighting the reactant (1-phenyl-1,2-propanodione), the products ((R)- and (S)-1-hydroxy-1-phenylpropan-2-one), and the
catalysts with its surface modified via the tethering of (4'R,5'S)-4’,5'-dihydro-4',5’-diphenyl-2-(6-cyanopyridyl)imidazoline. Bottom: catalytic
performance in terms of TOF and %ee as a function of the chiral modifier surface coverage. Adapted with permission from ref 419. Copyright 2015

Elsevier B.V.

compounds toward the preferential formation of one of the
enantiomers over the other requires a chiral environment, and,
although some surfaces are known to be chiral > 7% it is
difficult to produce solid catalysts that expose only one
handedness. Instead, a local chiral environment can be
recreated on surfaces by an adsorbed chiral compound.'”**°
Two related families of chiral modifiers have been put
forward and proven to impart enantioselectivity to hydro-
genation catalysts."®**”**® In one, tartaric acid has been added
to nickel catalysts to promote the enantioselective hydro-
genation of f-ketoesters.”*”***7*5* The scope of this reaction
is quite limited, as it only works for a small group of
uninteresting molecules,”*~>*° but these systems have never-
theless generated quite a bit of interest in the surface-science
community because of their simplicity.”**"*** The challenge in
explaining how this modifier works is that, because tartaric acid
is such a small molecule, it is not likely to provide, by itself, a
local chiral environment around solid catalytic sites with
enough structural details to promote enantioselective hydro-
genation steps. Instead, the focus has been on exploring the
idea of the formation of adsorbate suprastructures on the
surface via the organization of the individual molecules in
specific patterns.””*°" The premise is that such supra-
structures may create a template with open spaces having chiral
characteristics, the sites that may show enantioselective
adsorption and reactivity. In fact, experiments on selected
model surfaces and molecular combinations have proven this
to be possible,**** as illustrated by the examples with 2-
butanol (templating molecule) and propylene oxide (enantio-

selectivity probe) on Pd and Pt surfaces shown in Figure
317 In the end, however, although some interesting
kinetic effects leading to large enantioselective effects on
surface reactions have been identified,*’® the extension of the
understanding derived from studies on model surfaces to actual
catalytic systems is still missing.

The more promising and more studied second group of
chiral modifiers is based on cinchona alkaloids, which were
originally added to platinum catalysts to enantioselectively
hydrogenate a-ketoesters. The reaction was 0ri§inally reported
in the late *70s by Orito and coworkers,”’”*”> and has been
studied extensively ever since.'®**”*7*7*%" Excellent enantio-
selectivities have been reported with particular a-ketoesters
such as ethyl pyruvate,”®'~** but the scope of this reaction, as
in the case of the tartaric acid-modified nickel catalysts, is
limited. There is a little more flexibility in this case, though, as
examples have been identified for the promotion of hydro-
genations with related reactants such as ketones,>” 73847386
other carbonyl-containing organic molecules,**”*** and even
reactants with C=C double bonds,'® as well as for related
reactions such as asymmetric C—C bond couplings.”®”
Transition metals other than Pt (Pd, Rh Ir) have proven
useful as well,*”>**%*! and the range of possible modifiers has
been extended from cinchona-related®””**>~*! to amino
acids*****® and other aromatics (e.g., indans and indols)***
Catalytic performance can also be tuned using different
supports,‘%%405 solvents,>””***™*% reaction conditions*' ™"
and surface structures (metal NP size).*'>~*'° There have even
been attempts to tether the chiral modifier to the surface of the
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Figure 33. Evidence for the flat adsorption geometry that NEA adopts on metal surfaces under UHV conditions. Left: STM images and
corresponding overhead views of DFT-optimized structures for the (a) exo- and (b) endo-conformers of NEA on Pd(111).*** Right (c):
Normalized carbon K-edge NEXAFS spectra for a monolayer of (S)-NEA on Pt(111). The inset shows the normalized intensity for Peak A as a
function of photon incidence angle, and at the top-left a proposed structure with the aromatic ring parallel to the surface based on these data.”*®
Reproduced with permission from refs 422 and 428. Copyright 2011 American Chemical Society and 2001 Elsevier Science B.V., respectively.
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Figure 34. Schematic presentations of the (a) one-point**® and (b) three-point**® activated surface complexes proposed to form upon the surface
interaction of cinchona alkaloid modifiers with ketoester reactants during the hydrogenation of the latter promoted by metal catalysts. Reproduced
with permission from ref 379. Copyright 2007 American Chemical Society. (c) STM images and corresponding DFT atomic illustrations and
adsorption energy values for the most common complexes observed with methyltrifluoropyruvate/(R)-NEA on a Pt(111) surface. Reproduced with
permission from ref 442. Copyright 2014 Elsevier B.V.

support to make all-heterogeneous enantioselective catalysts, not provide a way to prevent decomposition of the surface
but that approach has only shown limited success, and does species and deterioration of the catalytic performance over
w https://doi.org/10.1021/acs.chemrev.1c00905
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time.”***"”*!® In Figure 32, a case is reported that exemplifies

some of the varied components listed above: (4'R/5'S)-4',5'-
dihydro-4',5’-diphenyl-2-(6-cyanopyridyl)imidazoline was co-
valently immobilized on a Pt/SiO, catalyst to add
enantioselectivity to the hydrogenation of l-phen(;rl—l,Z—
propanodione to 1-hydroxy-1-phenylpropan-2-one.*'” The
enantioselectivity effect of the modifier is only moderate, but
one important observation is that both enantioselectivity and,
in particular, activity depend on the coverage of the modifier
on the silica surface, with the catalyst reaching optimum
performance at intermediate values.

Multiple modern surface-science studies have been carried
out to understand the details of the chiral modification of solid
surfaces with cinchona-type modifiers, using 1-(1-naphthyl)-
ethylamine (NEA) in particular as a simplified modi-
fier,'7?*9"0% 1 Much of that work has been performed
under ultrahigh vacuum (UHV) conditions, as needed to
operate the techniques used, which include scanning tunneling
microscopy (STM),"?%***7** reflection-absorption infrared
absorption spectroscopy (RAIRS),362’420’424_427 temperature-
programmed desorption (TPD),**>**° near-edge X-ray
absorption fine structure (NEXAFS),"**** X-ray photo-
electron spectroscopy,””**** and molecular beams,**>** and
the experimental work has been complemented with quantum
mechanics calculations, mainly using density functional theory
(DFT).***! One main conclusion from those studies has
been that adsorption of the chiral modifier takes place through
the aromatic ring (the naphthyl ring with NEA, a quinoline
analog with cinchona alkaloids), and that, at low coverages at
least, the ring lies parallel to the surface plane. Representative
data supporting this conclusion are provided in Figure 33.

Additional experiments have also been carried out on the
coadsorption of chiral modifiers with ketoesters, prototypical
reactants, in order to understand the mechanism that drives
enantioselectivity in these systems. In contrast with the case of
the addition of tartaric acid of Ni surfaces, the cinchona
alkaloid modifiers have a molecular structure large enough to,
by themselves, provide the chiral local environment required to
direct the hydrogenation steps during catalysis. Accordingly,
most models start from the assumption that the reactant and
modifier form weak 1:1 adducts or complexes on the
surface.*”*™* The initial proposal, put forward by Baiker
and coworkers, was based on a one-point hydrogen bond
between the amine group of the quinuclidine ring of cinchona
alkaloids and the oxygen atom of the keto group of the reactant
(Figure 34a),%*” but that scheme was later refined by
McBreen and coworkers to include additional interactions, in a
3-point model (Figure 34b)**® akin to what has been
previously reported for enzymes.*” Results from recent STM
experiments such as those shown in Figure 34, aided by DFT
calculations, have provided direct visualization of how
heterogeneous asymmetric induction with single-site resolution
is sufficient to distinguish stereochemical conforma-
tions.”>*****! Notice in particular the different relative
positions and orientations of (R)-NEA when interacting with
pro-(R) (top-left case in Figure 34c) versus pro-(S) (Figure
34c, bottom-right) methyltrifluoropyruvate, and also the subtle
differences in enerzgies involved (-0.52 eV vs —0.59 eV, for a
AE ~ 7 kJ/mol).**

The UHV work discussed in the previous paragraph shows
how modern surface-science studies have been able to provide
a molecular-level picture of catalytic sites on the surface of
heterogeneous catalysts for subtle enantioselective processes. It

highlights the need of the addition of discrete molecular
modifiers to achieve the level of structural detail in the catalytic
site required for demanding enantioselective reactions.
Unfortunately, the UHV/surface-science research approach is
incomplete, as it does not consider all the elements involved in
catalysis. For one, practical catalysts consist of small metal NPs
with rough surfaces, not flat and ordered crystallographic
planes. There is in fact some evidence that variations in the size
of the metal NPs may affect catalytic performance: larger
particles, with more basal planes, appear to, in general (but not
always),**® perform better.”**' "5 A recent report has
also shown that enantioselectivity is promoted by (111) but
not by (100) facets of Pt, and this effect is combined with a
second dependence on particle size, presumably because larger
NPs contain larger facets where the modifier:reactant complex
can be better accommodated (Figure 35).*'

Metathesis Grafted Catalysts
(a) With Alkylidene Ligands

POl A Pro._ b N
R L
M Aty
a v o
7 OH OH oH
4 s 5i si si si i

Sifly = SiMa B (a). SYOIBu); (b) 2 4

(b) Alkylidene Ligand Formed via Tautomerism

fBu 8y,

Bu— I\, —rBu
HH; T
11} d 7
o8
—l ] s
Pentane, 50 °C - _IJ'
T CHulBu
2y 3a) 13b)

code

PN —HOR 5 0 MoF,
l ; " 1 MoF,
o 2 MaFg
. a
l 3 MaF,
MoF S0, MaF,/Si0.
Me
Mes
| Ph—=—Me Ma—<n —Me
e 3
N — N2 OT(CF 3y
A 0 {FiCheo="|
IGICF )
(F4G1,00
MoFg MoF-MCBDM

Figure 35. Effect of facet orientation and NP size on the
enantioselectivity of the hydrogenation of ethyl pyruvate (EtPy) on
a cinchonidine (Cd)-modified Pt/Graphite catalyst.*'® Three sets of
catalysts were prepared and annealed at increasing temperatures to
alter the fraction of (111) facets exposed, and that fraction was then
correlated with catalytic performance. A linear dependence was
identified, but the preparation method also affected performance,
presumably because it created NPs with different size distributions.

More important is the need to consider the role of the
solvent. For one, our in situ infrared absorption spectroscopy
(IR) studies*****” have shown that adsorption of modifiers
from solution yields species quite distinct from those seen
under vacuum, or even from the free molecules in
solution.***™"° We have also shown that the adsorption
geometry of cinchona alkaloids from solution onto Pt surfaces
changes with surface coverage, from the flat-lying configuration
seen under UHV at low coverages to a more tilted arrangement

https://doi.org/10.1021/acs.chemrev.1c00905
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Inc.

as the surface becomes more crowded.””**" This change in
geometry was found to correlate with enantioselectivity in
catalysis. Indeed, our initial work on this suggested that it is the
flat adsorption geometry the one that provides the chiral
environment for enantioselective hydrogenation, and that,
counterintuitively, adding more modifier to the reaction
mixture leads to the tilting of the aromatic ring of the modifier
and with that to a deterioration of, not an improvement in,
enantioselectivity.'”**' However, our proposed adsorption
geometry of the active modifier has been recently
challenged;**"*** this issue is still not fully resolved. Curiously,
with NEA at least, we have also shown that adsorption may be
controlled by the amine nitrogen atom, not the aromatic ring
as implied by the surface-science studies carried out under
UHV. Indeed, a correlation between the availability of that N

atom for bonding and both adsorption and catalytic perform-
ance was identified (Figure 36): adsorption seems to require a
primary amine group, only available in NEA and 1-naphthyl-
methylamine (NMA) (among the modifiers probed), and no
enantioselectivity can be obtained without modifier adsorption
even if the modifier is chiral (like in the case of (S)-N,N-
dimethyl-1-(1-naphthyl)ethylamine (S-DNE).*%#345%
Several other considerations concerning these chiral-
modified catalytic processes have not been fully addressed to
date. It has been recognized, for instance, that the cinchona
alkaloids have many internal-rotation degrees of free-
dom,0Z0843L4557958 Lt it is not yet clear how those become
reduced upon adsorption and complexation with the reactant
(if at all).***° In fact, it is not even known if the
modifier:reactant adduct mentioned before forms directly on

https://doi.org/10.1021/acs.chemrev.1c00905
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the surface or previously in solution. Certainly, the nature of
the solvent is critical,”" affecting not only enantioselectivity
but also total activity; it would seem that better solvents for the
modifier facilitate reversible adsorption,%2 and with that
improve catalytic performance.”******~*’ The competitive
adsorption of different modifiers defines the nature of the
surface modification as well,***™*7° and can even lead to
enantioselectivity inversion from the preferential production of
one enantiomer to the other;>””*?>*"'=*"> an early example of
this type of inversion, due to changes in the bulkiness of the
ether function of the modifier, is illustrated in Figure 37.476
The silanol groups of silica supports may also interact with the
chiral modifier, and in some cases improve enantioselectiv-
ity."”” The presence of gases in the solvent is another factor to
take into consideration,”’® in particular because hydrogen
preconditioning of the surface appears to be necessary for
catalyst activation in many circumstances; such pretreatments
may even affect the adsorption geometry.4 2,480 Finally,
protonation of the modifier may also affect catalytic perform-
ance.”®'™*** None of these factors are easy to emulate with
model systems under vacuum conditions.

There are a few other examples of the use of adsorbed
molecular modifiers to control enantioselectivity in heteroge-
neous catalysis.*** For instance, a catalyst consisting of Ru NPs
supported on CNTs could be made enantioselective for the
asymmetric hydrogenation of acetophenone by adding
(1S,25)-1,2-diphenyl-1,2-ethanediamine to the reaction mix-
ture as a chiral modifier.”® In another example, the synthesis
of iodomethyl dihydrobenzofuran promoted by a Pd/SiO,
catalyst was made enantioselective via the addition of a chiral
sulfinamide phosphine modifier.**® Ir NPs can also be made
enantioselective for the hydrogenation of ketones via the
addition of a chiral secondary phosphine oxide.*” Another
example is that of the use of chiral N-heterocyclic carbenes to
modify Pd/Fe;O, catalysts during the promotion of asym-
metric a-arylations.”® Molecular modification can also be
applied to non-metallic catalysts. With MgO catalysts, for
instance, the promotion of a tandem conversion involving the
Claisen-Schmidt condensation of benzaldehydes with aceto-
phenones to yield chalcones on Lewis-base O sites followed
by an asymmetric epoxidation on Brensted hydroxyls could be
made enantioselective by adding a diethyl tartrate salt to the
solution, which forms strong hydrogen bonds with the —OH
surface groups on MgO and directs the delivery of nucleophilic
oxygen in a surface peroxide species (also added from solution,
as the oxidant) stereoselectively to produce the chiral epoxy
ketones (Figure 38);**” similar MgO-promoted asymmetric
Henry and Michael reactions aided by (S)-(—)-1,1’-bi(2-
naphthol) are possible as well.**® In a somewhat different
approach to molecular surface modification (not related to
enantioselectivity), it has been reported that the acidity and
redox properties of SiO,-supported Hj,,PV,Mo;,_,O4 (n =
0—4) Keggin clusters, used for the promotion of the selective
one-step low-temperature oxidation of methanol to dimethoxy-
methane, can be titrated dynamically during catalysis via the
addition of either 2,6-di-tert-butylpyridine or pyridine to the
reaction mixture, thus preventing the undesirable methanol
dehydration side reaction.””’ The reversibility of the
adsorption of the modifier in most of the cases mentioned
above were not tested or discussed, though. In general terms, it
is safe to say that the number of examples in this area is quite
small; the use of reversibly-adsorbed molecular modifiers in
heterogeneous catalysis has yet to be exploited to its fullest.

CO,E:

Transition State

5
b H

Las0 L0,E Claisen-Schmidt
t-Bu ﬁ Condensation +
{ B o Asymmetric
Epoxidation
: on Tartrate-
\r Modified MgO

_~On"

Figure 38. Proposed mechanism for the tandem Claisen-Schmidt
condensation of benzaldehydes with acetophenones followed by an
asymmetric epoxidation using MgO NPs as catalyst, tert-butyl
hydroperoxide as oxidant, and diethyl tartrate as chiral modifier to
drive the enantioselectivity of the epoxidation step.** Reproduced
with permission from ref 489. Copyright 2004 American Chemical
Society.

3.2. Molecular Mediators in Electrocatalysis and
Photocatalysis

The addition of reversibly adsorbed discrete modifiers may
also be required to attain the desired performance in electro-,
photo-, and photoelectro-catalysis. It is indeed common in
electrocatalysis to use molecular agents in solution to shuttle
electrons via reversible redox chemistry, and in photocatalysis
(and photoelectrocatalysis) to use photosensitizers capable of
adsorbing light and converting that excitation into activated
electrons. It should be noted that in many of the examples in
this section the main catalyst is in fact molecular; the surface of
electrodes in electrocatalysts often acts as a collector or donor
of electrons, to close the redox cycle. Nevertheless, we include
these systems in our discussion because without a heteroge-
neous interface the catalytic process would not possible.
Electrochemistry affords direct access to radical species
useful in synthetic organic chemistry for the selective addition
of organic functionality to produce commodity chemicals and
complex natural products.*”>**®> There are three broad
modalities of how electrocatalysis can be implemented (Figure
39).** The catalytic reaction can take place directly at the
surface of the electrode, which may be inactive (and only
promote electron transfer) or activated (Figure 39, top two
modalities). In these cases, the electrode provides little
flexibility in terms of selectivity, as it tends to impose high
kinetic barriers and to oxidize or reduce species from solution
indiscriminately, with the only control typically being the
applied potential. Moreover, the high-energy species (radicals,
cations and anions) resulting from reactions at electrodes tend
to accumulate in the double layer that forms above the surface
during electrochemical processes, sometimes decomposing and
depositing unwanted impurities leading to electrode deactiva-
tion."” Only a small family of useful conversions has proven
feasible using this apfroa}ch, processes such as dimerizations
and other couplings,””°~*°" including intramolecular cycliza-
tions.””” % Reaction specificity can also be added to
electrocatalysis by using redox-active species as mediators

https://doi.org/10.1021/acs.chemrev.1c00905
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Figure 39. Operational types of electrocatalysis. Only the third type,
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molecular mediator (electrocatalyst) participates, is discussed in detail
in this review. Adapted with permission from refs 507 and 494.
Copyright 2007 Elsevier B.V. and 2018 The Authors.
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(the third modality; Figure 39, bottom),*”* an approach that
usually affords the use of milder potentials too.”"° These
mediators are in fact often the actual catalysts, either by
selectively targeting a specific functional group in a complex
substrate to aid in the electrochemical redox step, or by
offering control over the selectivity of downstream reactions
involving electrochemically generated reactive intermediates.
Redox-active molecular catalysts that interact directly with
electrodes and mediate electron transfer between the electrode
and the substrate are known as electrocatalysts.**
Electrocatalysts in organic syntheses have mainly been used
as electron transfer agents or hydrogen-atom-abstraction
catalysts, to promote reactions such as alkene functionaliza-
tion>"**"” and alcohol oxidation (for fuel cell applications, for
instance),”'”*"" and more recently carbon dioxide conver-
sion.”'>>"? In the past these mediators have often been small
ions, radicals or molecules such as halogen, sulfonium or
ammonium ions, nitroxyl radicals, amines, imidazoles,
fluorenes, benzoquinones, or ferrocenes, 033085147523 byt
there are also examples involving more complex molecules
such as organometallics, as discussed in more detail
below.”*”***>*° These mediators are commonly used in simple
reactions such as water splitting/ oxidation,5 6527 Hut those
processes are beyond the scope of our review. Instead, here we
focus on more involved organic conversions, where selectivity
may become a key consideration. Early examples of the use of
electrocatalysis in organic synthesis include epoxidations of
olefins, which can be promoted by using metal (Ru,”***
Fe, 207532 Mp, 333733 Cr536_538) oxo compounds, including

AA

metaloporphyrins.”* Such metal-oxo species are often electro-
generated in situ from metal-aquo complexes, and reduced
back at the electrode surface after reaction with the olefin.
Another partial oxidation reaction sometimes assisted by
electrocatalysts is the conversion of alcohols to aldehydes or
ketones, for which metal complexes with Ry, 28540541 Ry, 542
Ir,>* and Ni**"*** have been used. It appears that in many
cases selective oxidation is achievable thanks to the formation
of specific peroxide and superoxide intermediates at the metal
center, in oxygen reduction reaction (ORR) steps analogous to
those seen in enzymatic catalysis (Figure 40);°*7>* the
electrogenerated superoxide species can function as a base, a
nucleophile, an oxidant, a reductant, an electron transfer
shuttle, or a free radicals.”*’

+0,/[H"]

+[H*)/me~
[mediator]

2H,0
+ne~

[cat}""/ 4’
Hz0;

+0,/[H*lne™

Figure 40. Peroxides and superoxides as intermediates coordinated to
metal complexes to promote the ORR in electrocatalysis.*®
Reproduced with permission from ref 548. Copyright 2020 American
Chemical Society.

Metal complexes have been shown to be particularly useful
electrocatalsysts for the promotion of organic synthesis
reactions.”””***"%** Many of the complexes used for this,
typically based on transition metals, are good catalysts in their
own right. Nevertheless, a combination of organometallic
chemistry and electrochemistry is required when redox steps
are involved and the organic substrates are not electroactive or
cannot be converted selectively via direct electron transfer
activation. Because selectivity is typically provided by the
molecular catalyst, electrocatalysis in these systems often
involves two sequential steps, chemical activation of organic
substrates by the transition metal followed by electron transfer
between the electrode and that activated complex (Figure
41a). Alternatively, the role of the electrodes may be to provide
(or extract) electrons to recycle the active catalyst after its
oxidation (reduction) during the catalytic step (Figure 41b). In
these two mechanisms, the main interaction of the reactant is
with the organometallic complex, and catalytic activity and,
more importantly, catalytic selectivity are primarily defined by
the structural details of such complex; these are cases of
electrode assisted homogeneous catalysis. Yet a third
mechanism for electrocatalysis promoted with organometallic
mediators is one where the latter acts as a shuttle to help
transfer electrons from (to) the electrode to (from) the
reactant (Figure 41c). Because in this process no new
organometallic species are formed (since the electron transfer
only involves outer-sphere orbitals), no additional structural
features that can help with selectivity are provided by the
mediator; no further discussion of this modality will be
provided in this review.

Metal-complex-assisted electrocatalysis can promote both
oxidation and reduction reactions, and may involve one- or
two-electron activations. Ni complexes, including Ni-salen, are
popular: examples of electrocatalytic processes gpromoted by
those include electroreductive carboxylations,”>>™>>" electro-
reductive couplings,”***** and reductive cyclizations.”®’ In

https://doi.org/10.1021/acs.chemrev.1c00905
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Figure 42 two recent examples are provided where Ni-bpy
complexes were used to help with the amination of aryl halides
(Figure 42a)°°" and with aryl-alkyl cross-couplings (Figure
42b).%°* Other organometallic electrocatalysts include Mn(II)
salts, used for the oxidative vicinal difunctionalization
(diazidation, dichlorination, halotrifluoromethylation) of al-
kenes,**® Pd acetate, employed for C—H activation, *>*** Co
acetate, to promote a [4+2] annulation of sulfonamides with
alkynes,”®® and Co chloride, for the oxychlorination of
alkenes.’® The development of organometallic electrocatalysts
for the electrocatalytic promotion of specific organic synthesis
reactions selectively is still in its infancy, but much progress has
been seen in recent years and more is expected in the near
future.

In many of the examples cited above, either selectivity is not
a critical issue or it is not dependent on the nature of the
mediator. However, in highly demanding reactions where

AB

regio-, stereo-, or enantio-selectivity is required, directing such
selectivity is most viable via the tuning of the molecular
structure of the mediator. The use of chiral electrocatalysts to
produce enantiopure products has gained particular attention
in recent years. One approach derives directly from the surface
modification methodology discussed in the previous section,
where a reversibly adsorbing chiral modifier is added to the
solution to promote the formation of a weak adduct with the
reactant that, when bound to the surface, forces a particular
stereochemistry thanks to the resulting chiral environ-
ment.*”*”%% In an early example of this, the electrochemical
reduction of 4-methylcoumarin and $-methoxy-4-methylcou-
marin in the presence of optically active amines was shown to
afford optically active dihydrocoumarins.’® The synthesis of 2-
hydroxy-2-phenylpropionic acid (atrolactic acid) from aceto-
phenone via CO, electrocatalytic fixation could be made
enantioselective, to produce either the (R) or the (S)

https://doi.org/10.1021/acs.chemrev.1c00905
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enantiomer, by adding cinchonidine or cinchonine to the NHPg
solution, respectively.””’ In a study on the alkaloid-induced B Elsctio:
electrocarboxylation of 4-methylpropiophenone, enantiodiscri- l = chemistry NHPg
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Figure 43. Example of an electrocatalytic hydrogenation made
enantioselective via the addition of cinchona alkaloid modifiers, with
acetophenone as the reactant.”’” Adapted with permission from ref
572. Copyright 2013 Elsevier Ltd.

recently, the addition of cinchonidine to the reaction mixture
was shown to bestow enantioselectivity to a Ag—Cu bimetallic
cathode in the asymmetric electroreduction of ethyl
benzoylformate.””® These are all interesting examples of the
use of chiral modifiers to direct enantioselectivity in surface
reactions, but, as in the case of chiral modifications of thermal
hydrogenation catalysts discussed before, the scope has proven
to be quite limited so far. Notice too that the modifiers and
reactants (cinchona alkaloids and a-ketoesters and related
carbonyl containing compounds) are often the same or similar
to those used in the analogous thermal chemistry. Presumably,
the electrode in these cases is added mainly to provide an
alternative way to generate the surface atomic hydrogen
required for the hydrogenation reaction, as substitute for the
activation of molecular hydrogen required in thermal catalysis.
It is promising to see that the idea of chiral modification can be
extended to electrocatalytic systems, but more work is still
needed to make it general.

Other examples of stereo- and enantioselectivity in electro-
catalysis follow the mechanisms already discussed above in
connection with non-chiral processes.”’**’> In particular,
electrochemical activation may involve the formation of a
complex between the reactant and a chiral catalyst in solution.
Examples here include that of the a-alkylation of aldehydes
electrocatalytically promoted with chiral tertiary amines to
produce enantiopure a-alkylated aldehydes,””® the more recent
case of the asymmetric Lewis-acid catalyzed electrochemical
alkylation mediated by a nickel chiral complex,””” and the
electrocatalytically-driven oxidative cross-coupling of 2-acyl
imidazoles with silyl enol ethers aided by a chiral Lewis acid
Rh-based catalysis to produce non-racemic 1,4-dicarbonyls.””®
The diagram in Figure 44 is for a process where anodic
oxidation and aldehyde organocatalytic a-arylation steps were

AC

Y
OH R

Figure 44. Proposed mechanism for the electrochemical/organo-
catalytic sequence shown on the top. TMS = trimethylsilyl, Ts = 4-
toluenesulfonyl. Reproduced with permission from ref 579. Copyright
2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

. . . s
combined to access an enantiopure dihydrobenzofuran.””

Some enantioselective electrocarboxylations have been re-
ported as well.>*” In all these examples, complexation between
the electrocatalyst and the reactant occurs first, in solution,
after which the new complex (or one of the compounds
involved) approaches the surface of the electrode to undergo
the required electron transfer, or reacts with a second reactant
pre-reduced or pre-oxidized at the electrode surface. These
processes can be seen as similar to the reversible surface
modification discussed before, except that here the chiral
modifier may participate directly in the redox steps; with the
cinchona alkaloid, the role of the electrode is to provide atomic
hydrogen, a step independent of the adsorption and conversion
of the reactant. Nevertheless, in both cases the key reactions
still proceed on the surface of the electrode, and require the
modification of the local environment by the modifier to
achieve stereo- or enantio-selectivity.

More indirect mechanisms are viable as well. For instance, a
cascade process may be designed in which redox steps can be
coupled with subsequent catalytic steps involving chiral
mediators, as in the reported enantioselective Ni-catalyzed
electrochemical synthesis of biaryl atropisomers (Figure
45a),"" or the catalytic asymmetric electrochemical oxidative
coupling of tertiary amines with simple ketones.”® Alter-
natively, a mediator may reduce or oxidize the reactant and be
regenerated afterwards at the surface of the electrode. An early
example here is the asymmetric epoxidation of olefins using an
optically active Mn-salen complex reported by Tanaka and co-

https://doi.org/10.1021/acs.chemrev.1c00905
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Figure 46. Example of enantioselective enzyme-based electrocatalysis, in this case for the chiral hydrogenation of ketones to alcohols promoted by
NAD-phosphate (NADP*).**” A Rh-bpy-derivatized soluble membrane was added to physically separate the redox and catalytic steps. Reproduced
with permission from ref 587. Copyright 2009 Wiley-VCH Verlag 4998 GmbH&Co. KGaA, Weinheim.

583 Another more recent case is that of the

enantioselective electrocatalytic cyanofunctionalization of
vinylarenes reported by Fu et. al. (Figure 45b).”** Because in
these schemes the catalytic selectivity is attained in the liquid
phase, away from the surface, they are less relevant to the focus
of this review.

Even more subtle selectivity can be achieved in electro-
catalytic system by using enzymes. However, although this has
been an area of great interest for a number of years, the

workers.

number of useful enzyme-aided electrocatalytic systems
developed to date is still small. Enzymes are delicate, and the
environment and conditions where they can operate may be
incompatible with those required for the chemical reaction of
interest. Nevertheless, electron transfer in electrochemistry can
provide a viable mechanism for regenerating enzymes after
reduction or oxidation steps.575’585 This is, for instance, what

AD

happens during the electrocatalytic promotion of the hydro-
genation of cyclohexanone with thermophilic nicotinamide
adenine dinucleotide (NAD)-dependent alcohol dehydrogen-
ase (TADH).>* In another case, an approach based on the
spatial separation of the enzymatic and redox chemistry using a
bpy-derivatized water-soluble polymeric mediator was devel-
oped to minimize the rapid enzyme inactivation typical in
electroenzymatic synthesis of chiral alcohols: in that case, a Rh
complex formed at the polymer acted as a redox mediator
(Figure 46).>Y Like in non-enzymatic cases, electrocatalytic
systems can also be conceived where a reactant is oxidized or
reduced at the surface of an electrode to produce an active
intermediate that then reacts further at an enzymatic site in
solution; chloroperoxidase can be used, for instance, to
enantioselectively catalyze an asymmetric sulfoxidation via
the prior reduction of atomic oxygen to a peroxide

https://doi.org/10.1021/acs.chemrev.1c00905
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Figure 47. Examples of photocatalytically promoted conversions using discrete molecular mediators. (a) Hydrogenation of fumarate to succinate
promoted by flavocytochrome ¢3 adsorbed on a TiO, NP.®° (b) Hydrogenation of fumarate to succinate promoted by fumarate reductase
adsorbed on carbon dots.”” (c) Debromination of phenethyl bromide and coupling to 2,3-diphenylbutane promoted by B12(cobalamin)-
dependent enzyme adsorbed on TiO,.°*® Adapted with permission from refs 606, 607, and 610. Copyright 2014, 2016, and 2019 American

Chemical Society, respectively.

intermediate.”®® Again, in these examples selectivity is provided
by the enzyme in solution, not the surface, and in that sense
could be viewed as cases of selectivity in homogeneous, not
heterogeneous, catalysis. Virtually no examples exist for the
direct catalytic reduction or oxidation of the reactant on the
surface of an electrode while attached to an enzyme, where the
latter provides the environment required for selective
conversion as in the non-enzymatic examples discussed
above. On the other hand, in a few cases enzymes have been
immobilized on the surface of electrodes, forcing all steps of
the electrocatalyst to occur on the solid surface.””” ™" These
are specific cases of the immobilized catalysis that are discussed
in more detail elsewhere in this Review (Section 2.4).
Photocatalysts can also be combined with molecular
modifiers, in this case called photosensitizers, to help define
surface sites and help with selectivity in catalytic conversions.
There are several similarities between electrocatalysis and
photocatalysis.’*® For one, like in indirect electrocatalysis,
where catalytic processes may be initiated via reduction or
oxidation of the mediator rather than the substrate, indirect
photoredox processes typically begin by exciting the photo-
sensitizer rather than the reactant; the excited state of the
sensitizer can then serve as the catalyst for the oxidation or
reduction of the reactant via a photoelectron transfer process.
In fact, some electrocatalysts are also good photosensitizers, a
good example of this being 2,3-dichloro-§,6-dicyano-1,4-
benzoquinone (DDQ).****> On the other hand, some
photocatalytic systems have been constructed where the
photosensitizer is not molecular but rather a semiconductor
NP, and the catalytic site the discrete molecular modifier.””*"*
Much effort has been dedicated to the use of photosensitized
heterogeneous catalysts for simple reactions such as hydrogen
production®” and CO, reduction,”*>*® yet, the examples
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where photosensitizer-modified photocatalysis has been used
to direct selectivity in complex reactions are rare. In terms of
molecular photosensitizers, porphyrins or other organometallic
compounds have also been used, in combination with solid
(carbon, Pt) surfaces, mainly for the promotion of the same
simple reactions mentioned above, namely, water reduction’”’
and the conversion of CO, to acetylene:**°"* in these, the
porphyrin transfers electrons to the surface after photo-
excitation to promote the catalytic reaction. It should be noted
that, although the conversion of CO, to hydrocarbons is
difficult to promote in general, no particular demands are
imposed on the catalytic site in terms of shape or structural
details, and the porphyrin does not contribute to defining such
site. Perhaps more interesting from the point of view of
selectivity are combinations of photoactive (sometimes dye-
sensitized) NPs with discrete catalysts, usually enzymes but
also porphyrins and other organometallics, which have been
tested for the reduction of alkenes (Figure 47a,b),°%577 and
for reductive dehalogenation reactions (Figure 47¢).5086% 1
those examples, the roles are reversed: it is the NPs that is
photoactive, and the discrete modifier the one responsible for
the selective catalytic conversion. Since enzymes are often
immobilized (or just deposited/adsorbed) on the surface of
the NPs, these can be seen as true heterogeneous catalysts. To
date, though, the number of examples of this type of enzyme-
assisted photocatalysis is low.

In principle, it is possible to combine electro- and photo-
excitations to fine-tune the type of reactions discussed
above.”"' Photovoltaic cells have indeed been used to conduct
electrochemical oxidations®>*®'> and other reactions requiring
the generation of reactants with high reduction potentials such
as aryl radicals.”’> However, the examples of this to date are
sparse, and mostly rely on indirect mechanisms that, as we
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Figure 49. Proposed mechanisms for the way SAMs participate as modifiers of catalytic sites for the improvement of selectivity.**> Reproduced

with permission from ref 643. Copyright 2014 American Chemical Society.

have discussed above, do not require special surface sites as the
catalysis takes place in the liquid phase. The idea of designing
photoelectrocatalytic processes for selective organic synthesis
is enticing, but lies in the future.

3.3. Self-Assembly Monolayers and Other Non-Covalent
Adsorbates

In the systems discussed in this section so far, a molecular
modifier is added to the reaction mixture, in solution, to aid
with the definition of the structure of the catalytic site. This is
accomplished on solid surfaces via the adsorption of those
modifiers, either prior to the uptake of the reactant and the
start of the catalytic reaction, or after forming a complex or
adduct with the reactant in solution. In many instances, this
adsorption is reversible. The addition of molecular modifiers
via reversible adsorption provides several advantages, among
them the ability of the catalyst to continuously regenerate
itself. However, because the “co-catalyst” is added to the
solution, this approach defeats the purpose of transitioning to

AF

heterogeneous catalysts in that the added modifier needs to be
separated from the reaction mixture and the product purified
as in homogeneous catalytic processes.

The irreversible adsorption of molecular modifiers circum-
vents this shortcoming. In some instances, this is already what
happens with the modifiers described above. For instance, in
the chiral modification of nickel catalyst with tartaric acid for
the promotion of J-ketoester hydrogenations, there is some
evidence that indicates that deprotonation occurs upon
adsorption, and that the actual chiral modifier is a tartrate

;914791 such species is likely to be bound irreversible to
the surface. Surface modification with amino acids, which may
form irreversibly-adsorbed zwitterions on metal surfa-
ces, 970227927 has also been considered,®>%76% although the
success of this approach in catalysis is still under investigation;
only a handful of examples of the use of such modifiers are
available in the literature to date (Figure 48). 633=636 1n fact,
even in the case of cinchona alkaloid modification, where the
adsorption is believed to be reversible in solution, irreversible
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adsorption has been tested in gas phase, with limited
success.”>”**" Finally, because of their high molecular weight
and because they display multiple organic functionalities, some
of the enzymes used as modifiers in the electrocatalysts
discussed in the previous sub-section are also likely to adsorb
irreversibly on surfaces. In this section we explore the
possibility of functionalizing the surfaces of heterogeneous
catalysts with modifiers that bind irreversibly but via non-
covalent bonds.

One non-covalent way to modify the surface of heteroge-
neous catalysts is via the addition of self-assembled monolayers
(SAMs). This is an approach that has been greatly advanced by
the Medlin group.”**~%*® In their first report on this topic, they
indicated that selectivity during the hydrogenation of
unsaturated epoxides with Pd catalysts can be enhanced by
adding n-alkanethiol SAMs to the surface.”*” The role of the
SAM in this case was determined to be primarily indirect, via
the destabilization of adsorbates to favor bond-making
reactions over bond-breaking steps. SAMs can also be used
to selectively block surface sites, the terraces on metal NPs in
the case of the hydrogenation of furfural (Figure 49, top).*** A
third mechanism for the intervention of SAMs in catalysis is as
a steric agent to block access to the surface of bulky reactants
or products (Figure 49, bottom-right): in one case, SAMs
facilitated the hydrogenation of polyunsaturated to mono-
unsaturated fatty acids but inhibited further hydrogenation to
the fully, “kink”-shaped, saturated species.650 Finally, a more
proactive SAM role was seen in the selective hydrogenation of
cinnamaldehyde on Pt catalysts, which was shown to be aided
by the addition of phenylated SAMs thanks to aromatic
stacking interactions between the phenyl rings of the reactant
and the SAM (Figure 49; bottom-left).**'

Other groups have provided additional examples of the use
of SAMs to modify the surfaces of metal-based heterogeneous
catalysts.””" For instance, several publications have reported
the use of SAMs to improve selectivity in Au- or Pd-catalyzed
half-hydrogenation conversions of alkynes to alkenes.”*”~®**
SAMs have also been used to modify the catalytic conversion
of alcohols,”**™*** like in the case of the Pd-promoted
isomerization of allyl alcohols to carbonyl analogues, where
performance was optimized by tuning both NP size and SAM
surface coverage.”” One particularly interesting example is
that of the thiolate-mediated selective oxidation of benzyl
alcohol promoted by carbon-supported Au clusters, because in
that case not only selectivity but also absolute activity for the
production of the desirable benzaldehyde product was
reported to increase (Figure 50).°°° Lastly, like in the examples
discussed above with reversibly-adsorbed modifiers, SAMs can
be used to control enantioselectivity."' For instance, the
deposition of homochiral cysteine SAMs on Au(111) has been
used to direct enantioselectivity during the electrocatalytic
redox conversion of catechin and epicatechin.’®* In a study
from our own laboratory, cinchonidine-terminated thiol-based
SAMs were added to both colloidal Pt NPs and Pt NPs
dispersed on a solid oxide support to direct the enantiose-
lectivity of the hydrogenation of ethyl pyruvate.*'® Significant
improvements in both activity and selectivity were seen with
the colloidal NPs upon chiral SAM modification because of a
kinetic effect associated with increases in cinchonidine
residence time on the surface, whereas more nuanced
compromises between activity and selectivity were identified
when using supported catalysts.
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Figure 50. Conversion and selectivity data for the aerobic oxidation of
benzyl alcohol on thiol (SCy,H,;)-SAMs-modified carbon-supported
Au,s NPs as a function of the severity of the calcination post
treatment (which increases from bottom to top in the bar graph).*°
Optimum performance (69% conversion, 90% selectivity) was
reached after partial SAMs removal (4 h calcination at 450 °C).
Reproduced with permission from ref 660. Copyright 2014 American
Chemical Society.

Surface modification by non-covalent molecular agents is
also common in many new catalysts because of the way they
are prepared. Indeed, self-assembly approaches to the
preparation of metal NPs such as via colloidal chemistry
involve the use of surfactants that may not be fully removed
during subsequent treatments. The role that those organic
residues play in catalysis has been somewhat controversial (as
discussed later in this Review, Section 5.4) JOOSL663=657 Byt in
some cases they have been added purposely to modify the
activity of the metal surface.”**°*” It needs to be remembered
that even if surfactants only play an indirect role in affecting
the characteristics of catalysts during both the synthesis and
catalysis stages, those effects need to be clearly delineated. For
instance, in a study on the hydrogenation of p-chloro-
nitrobenzene and cinnamaldehyde using colloid-prepared Au
NPs, although significant variations in catalytic behavior were
seen with different surfactants, they were ascribed to changes
in NP size rather than to intrinsic modification of the surface
chemistry by the adsorbed organic fragments.””® Figure 51
provides an example where the activity of polymer-supported
Ru—Co bimetallic catalysts, used for the room-temperature
chemoselective reduction of nitroarenes, was altered by tuning
the electronic properties of the supporting polymer: faster
conversion was attained with electron-deficient polystyr-
enes.””! Also, surfactants can affect the shazpe of metal NPs,
and that way direct selectivity in catalysis.””

In the majority of cases, however, it is clear that the surface
species resulting from the addition of surfactants directly affect
catalytic performance. The effects of these adsorbates on
catalysis may be ascribed to the properties of the individual
molecular units: by systematically diluting active ligands with
inert ones, Ghosh and coworkers excluded cooperative effects
and highlighted the role of the morphology of the ligand shell,
in their case the promoting contribution of sulfonic acid layers
to the esterification of carboxylic acids on Au NPs.°” In a
separate investigation where primary alkylamines were used to
modify the Pt-catalyzed hydrogenation of alkynes to alkenes, it
was determined that activity and selectivity can both be tuned
by adjusting the relative adsorption energies of the capping
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Figure S1. Effect of the electronic properties of the organic matter in
polymer-supported Ru—Co bimetallic catalysts on the rate of
reduction of nitroarenes to aromatic amines. Electron-rich and
Lewis-base polymers slow down the reaction.””' Reproduced with
permission from ref 671. Copyright 2015 American Chemical Society.

agents relative to the alkyne reactants and alkene products
(Figure 52; in this case unsupported Pt NPs were used as the
catalyst).””* In some examples the effect of the ligands has
been explained via a modification of the electronic structure of
the metal NPs.””* For example, the poly(diallyldimethyl-
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Figure 52. Effect of the surfactant on the selectivity of the
hydr0§enation of 4-octyne to 4-octene and octane promoted by Pt
NPs.°”* Adapted with permission from ref 674. Copyright 2012
American Chemical Society.
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ammonium chloride) stabilization of Pt and Pd NPs that was
shown to lead to a more efficient promotion of the
hydrogenation of 4-nitrophenol with NaBH, was explained
by a charge-transfer modification of the surface of the metal.””®
In another report, the electronic properties of catalysts made
out of Pt nanowires were modified via ethylenediamine
adsorption to improve the selectivity of the partial hydro-
genation of nitroaromatics toward the production of N-
hydroxylanilines: it was claimed that electron donation from
ethylenediamine to the Pt surface makes the latter electron
rich.*”” More often, though, the modification of catalysts by
surfactants may be a collective effect associated with steric
factors, as in the example of the aerobic oxidation of benzyl
alcohol by Au/SiO, in liquid phase, where the use of PVP as a
capping agent enhances selectivity toward benzaldehyde
production; that behavior was justified by a model where a
competitive coupling step is blocked by the adsorbates.”’* In
another case, the selective hydrogenation of furanic aldehydes
to furfuryl alcohols using Ni catalysts could also be directed by
capping the metal NPs with organic molecules during their
colloidal synthesis because of the added steric hindrance.””” An
extreme example is that of the asymmetric hydrogenation of -
keto esters over @-amino acid-functionalized Pt nanoparticles,
because it was claimed that in this system the modifier induces
a switch in reaction mechanism from stepwise H atom
incorporation (a classical Langmuir-Hinshelwood mechanism)
to a pathway where the addition of the two hydrogen atoms to
the carbonyl group of the reactant is concerted and mediated
by the amino group of the ligand.**’

On the whole, the studies of non-covalent surface
modification at the colloidal NP synthetic stage for the control
of catalytic performance has so far been sparse and
unsystematic; the main focus in this field has been on
extracting correlations with NP morphology instead. Con-
sequently, the full potential of this approach is still to be
demonstrated. Another important observation here is the fact
that most SAMs and surfactant modification studies of catalysts
have involved metal NPs; other types of solids are seldom
considered in this research. One notable exception is the
recent work on the use of carboxylates to tune selectivity
during the ammoxidation of hydroxyaldehyde toward the
desired hydroxynitrile product on manganese oxide catalysts,
an effect that was attributed to a selective decrease in hydroxyl
adsorption affinity of the oxide surface.”*"*** A second case is
that of the dehydration of alcohols over TiO, catalysts
modified with various phosphonic-acid SAMs, where the
changes in catalytic behavior upon surface modification were
explained by a balance between transition state stabilization
and active site blocking effects.”*® Hopefully, more examples
will become available in the near future.

4. SINGLE-SITE CATALYSIS

In the preceding discussion, we have talked about the addition
of molecular functionality to solid surfaces to develop selective
heterogeneous catalysts. In those, selectivity is provided mainly
by the added discrete molecule, be it an organometallic
catalyst, an enzyme, or an organic functionality. Alternatively,
elements can be added to surfaces in order to build surface
sties as part of the solid structure. There is presently an interest
in developing individual and isolated catalytic sites on solid
surfaces to create new selective heterogeneous, so-called single-
site”>0%9%47%%¢ o1 single-atom,”®” %% catalysts (a distinction is
sometimes made between these two terms,®® but in this
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review we will group them together). The recent advances in
this direction are surveyed and discussed next.

4.1. Isolated Metal Atoms from Organometallics

One way to create catalytic sites on the surfaces of solid
catalysts is via the adsorption and further processing of
organometallic precursors. We have already discussed the
design of heterogeneous catalyst via the grafting or tethering of
organometallic catalysts (Sections 2.1 and 2.2), but in this case
the idea is to (partially) decompose the adsorbed species, in a
controlled manner, to create a new surface site, possible
involving atoms from the original solid as well. This distinction
is, to some extent, arbitrary, as even during grafting some
decomposition, or at least ligand exchange, takes place.
Nevertheless, we will here attempt to emphasize the recent
work in this area under the banner of single-site cataly-
sig, 2277/98,686,693

Perhaps the first issue that needs to be considered when
talking about metal single-site catalysis is the nature of the
support upon which the organometallic molecules are
adsorbed and partially decomposed. The vast majority of
dispersed catalysts are prepared on high—surface—area porous
oxides, quite often on silica’>””**¥**** but in a few instances
also on other common oxides such as alumina,®°~%
titania,®”®™7% ceria,”*' and magnesia,ﬁgg’702 and also on
mixed oxides, silicoaluminas in particular.””® Coordination of
organometallics to these surfaces takes place predominantly at
terminal M—OH groups, silanols in the case of silica.”>”*77%%*
Still, several structural options are available, as silanols (for
instance) mainly exist as isolated groups (=Si—OH) but can
also be present on the surface in geminal (=Si(OH),) or
vicinal (=Si(OH)—O-Si(OH)=) forms, a fact that affords
multiple ligand substitution and coordination of discrete metal
complex to the surface.’*>**%?>704=797 Eyen if the primary
coordination is via ligand displacement by a single isolated
silanol group, additional coordination is also possible to
adjacent siloxane bridges (=Si—O—Si = ), as in the case of the
Ta-based catalysts for alkene metathesis shown in Figure
53a.”® With acidic supports such as alumina, mono-
coordinated complexes can also interact with adjacent
Bronsted- or Lewis-acid sites, and possibly react with those
to form bridged bicoordinated species:”*>”*””"" this is, for
instance, what was proposed for the W-based metathesis
catalysts shown in Figure 53b.”'" All these new multiply
coordinated metal species exhibit chemistry different to that
seen with their free counterparts in solution, or even with the
monocoordinated analogues, offering some flexibility in terms
of the design of single-site catalysis. Design of single sites with
multiply coordinated metal centers is aided by the fact that the
density of hydroxyl surface groups in oxides, which directly
affects the relative preference between single and double
bonding of organometallic species to the surface, can be tuned
to some extent via appropriate chemical or thermal treatments
(the latter activates partial dehydration).”">~7"*

A second consideration when discussing so-called single sites
made via grafting of organometallic compounds is the changes
that may be induced upon further treatment of the surface. As
mentioned above, the surface may actually be treated prior to
the grafting reaction, mainly to control the density of reacting
(hydroxyl) sites. Similarly, the solid can be processed after
grafting, via calcination or thermolysis. Extreme processes such
as high-temperature calcination are likely to burn all organic
ligands, and even promote the incorporation of the metal
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Figure 53. Examples of catalysts based on organometallics grafted to
silica exhibiting multiple coordination to the surface. (a) Ta
complexes bonded to a siloxy group but also showing a secondary
interaction with an adjacent siloxane bridge.””® (b) Reaction of a W
complex, initially coordinated to a alumina hydroxyl group, with
adjacent Al-O—Al bridges or Al-OH surface species to form
multiply coordinated sites.”"" Reproduced with permission from refs
708 and 711. Copyright 2004 American Chemical Society and 2005
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

atoms into the oxide lattice’"* or the sintering of the individual

metal atoms to form metal NPs.”’%”'® On the other hand,
more controlled treatments, perhaps heating to lower temper-
atures and in the presence of hydrogen or an inert gas, can lead
to well-defined transformations. In fact, many of the
bicoordinated species used as examples in the previous
paragraph were produced via thermal activation of initial
monocoordinated intermediates.””””""  Another common
consequence of thermally treating organometallic species
grafted on oxide surfaces is the inducement of the replacement
of the original ligands for hydroxo or other oxygen-based
coordinations (under oxidizing conditions, Figure 54),”"””"% or
for hydrides (under reducing conditions, Figure 53b).”%
Single-site catalysts prepared via partial decomposition of
grafted organometallic precursors have been used to promote
several types of reactions. Much work has been directed at the
design of catalysts for metathesis. The metals in catalysts made
by conventional methods tend to form dispersed NPs, and are
by and large not efficient at promoting the formation of the
alkylidene intermediate involved in the metathesis mechanism;
isolated metal atoms are required for such a step. Metal-grafted
single-site catalysts designed for metathesis may already
contain the alkylidene or alkgrlidyne ligand needed to initiate
metathesis (Figure 55a),°>”'"~7*" reach that intermediate via
tautomerism from other configurations (Figure 55b),”** or be
preconditioned to form alkylidene or alkylidyne species upon
exposure to the reaction mixture.””*”*>”** Examples also exist
on the detection of metallacyclobutadiene intermediates on the
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Figure 54. Example of the synthesis of single-site catalysts via the
grafting and ligand exchange of organometallic precursors. In this case
Cr(OSi(O'Bu),);(THF), is initially bonded to silica via the
displacement of one of the tris(tert-butoxy)siloxy ligands by a silanol
surface group (and the elimination of tris(tert-butoxy)silanol), and
further converted into a (=SiO),Cr(III) site upon heating in
vacuum.”'® Reproduced with permission from ref 718. Copyright
2014 National Academy of Sciences.
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Figure 5S. Examples of single-site metathesis catalysts prepared via
the grafting of organometallic precursors. (a) Immobilization of Ru-
carbene metathesis catalysts on silica.”'? (b) Active [(=Si—NH,—)-
(=Si—0—)W(=CHtBu),(CH,tBu)] catalyst formed via tautomeriza-
tion of an initial [=Si—NH,][(=Si—0)W(=CtBu)(CH,tBu),]
intermediate.””* (c) Immobilization of a Mo-carbyne species on a
silica surface, and formation of a metallacyclobutadiene intermediate
via reaction with an alkyne.”** Reproduced with permission from refs
719, 722, and 725. Copyright 2011 Wiley-VCH Verlag GmbH& Co.
KGaA, Weinheim, 2016 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim, and 2017 American Chemical Society.
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tethered metal-grafted catalysts (Figure 55¢).””° In many

instances, the solid catalysts end up performing better than the
homogeneous homologues, an observation that has been
explained in terms of two effects: the blocking of bimolecular
decomposition pathways upon grafting of the organometallic
compounds on the surface,*® and the fact that the surface
siloxy groups are small and weak o-donors with electronic
properties similar to those of O'Bug; groups.””’

This type of grafted single-site catalysts have also been used
for related reactions requiring olefin or alkyne coordination
such as alkene dimerizations, oligomerizations, and polymer-
izations.””*”7** The development of single-site models for
Ziegler—Natta and Phillips type catalysts using the organo-
metallic grafting approach has been a particular focus, for
which an activator or co-catalyst is often needed, at least on
silica.”"®7#3773% There have also been significant advances on
the use of grafted single-site catalysts to promote the
hydrogenation of organic reactants.*>**”*”7** For instance, a
catalyst prepared by grafting organozirconium complexes on
sulfated oxides was shown to be quite selective toward the
hydrogenation of benzene in the presence of other unsaturated
molecules, presumable because of the control that can be
exerted on the Zr—support bond distance, which provides the
appropriate steric hindrance to block access to bulkier arene
reactants (Figure 56).7%" Activation of alkanes is also desirable,
and sometimes possible, with this type of grafted-metal
catalysts.”*

In summary, the development of single-site catalysts via the
grafting of organometallic complexes is promising, especially as
a way to design selective processes for the conversion of
organic feedstocks. The level of molecular detail on the
catalytic site obtained this way is hard to match with the all-
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Figure 56. Comparative Gibbs free energy profiles for the
hydrogenation of benzene (red traces) versus toluene (green) over
a Cp*Zr(H)Bz'/sulfated-alumina catalyst, highlighting the energy
differences that drive selectivity toward the former reaction.””
Reproduced with permission from ref 739. Copyright 2005 American
Chemical Society.
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Figure 57. Top: Impregnation-based synthesis of catalysts with site-isolated Pt on TiO,.

747 Center: IR spectra of carbon monoxide adsorbed on Pt/

TiO, produced by using three different loadings, employed to probe and follow the evolution of the nature of the metal on the surface from isolated
Pt atoms (Pt;,) to Pt NPs. Bottom: Corresponding STEM images indicating the nature, isolated versus clustered, of the Pt sites. Adapted with
permission from ref 747. Copyright 2017 American Chemical Society.

solid synthetic methods discussed in the next sections of this
review. On the other hand, these catalysts are somewhat fragile,
especially if they need to retain some of the original ligands of
the organometallic precursor, and are therefore prone to
decomposition. This limits the conditions under which they
can be used, in particular to low temperatures, and with that
the range of reactions that can be promoted with them.
Another point to be considered is the fact that the
heterogeneity of the surfaces of the original oxides almost
always leads to the formation of several types of catalytic sites,
as seen in some of the examples provided above, an occurrence
that affects selectivity. In addition, control over the nature of
the coordination of the metal to the surface is limited, relying
mostly on the type and distribution of surface hydroxyl groups
in the case of oxide supports. Nevertheless, these catalysts are
some of the most promising for uses in metathesis and
polymerizations.”*'

4.2. Monoatomically Dispersed Metal Atoms

In many applications, the interest is to create catalysts with
individual, naked, metal atoms dispersed on a support.”**
Because these catalysts do not require ligands coordinated to
the metal, they can be prepared by other synthetic routes, not
starting from organometallic precursors as discussed in the
previous section. Moreover, they can potentially be more
stable, as they do not contain organic ligands prone to
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oxidation or decomposition, although sintering may still be a
problem. The challenge remains to develop methods to obtain
the proper metal dispersion, assuring that the metal phase is
indeed present on the surface in uniform and presumably
atomic form.

Several synthetic strategies have been developed to obtain
atomic dispersion and produce single-atom metal-based
heterogeneous catalysts.743 The most common by far, perhaps
due to their simplicity, are impregnation and coprecipita-
tion.”**~7*® These are in fact also typical procedures for the
synthesis of traditional metal-based heterogeneous catalysts. In
general, however, they yield metal NPs with a distribution of
sizes dispersed on the solid support; the normal impregnation
and coprecipitation techniques need to be properly adapted to
be useful in the synthesis of single-atom catalysts. The simplest
way to accomplish this is by selecting high-surface-area
supports and lowering the metal loading until reaching
metal-to-oxide-NP ratios below one; the viability of such an
approach has been nicely tested by Christopher and co-
workers.”*”~7%% In their initial report, which they have since
generalized to other systems, stable isolated Pt sites (Pt;,)
were created on titania supports by using small (~S nm)
titania NPs; monoatomic Pt dispersion was corroborated by a
combination of carbon monoxide-IR titration experiments and
scanning transmission electron microscopy (STEM) imaging

https://doi.org/10.1021/acs.chemrev.1c00905
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(Figure 57).7%” Others have reported the successful use of this
method to produce single-atom catalysts as well.”>'~">* There
is still the possibility that nucleation followed by preferential
deposition may lead to metal NP formation even with these
low-concentration solutions, though, so the atomic dispersion
in the final catalysts needs to be carefully verified by imaging or
by spectroscopic means.

Sintering during synthesis can be minimized by performing
the appropriate deposition chemistry at low temperatures, with
the aim of lowering the probability of atomic diffusion on the
surface. For instance, atomic Pt has been dispersed on various
substrates, including mesoporous carbon, graphene, carbon
nanotubes, titanium dioxide NPs, and zinc oxide nanowires, via
photochemical reduction of a frozen (=25 °C) chloroplatinic
acid solution using ultraviolet light (Figure 58).”>> In another

H.PtCl; solution

Freeze

Pt single atoms

Figure 58. Schematic illustration of a single-atom catalyst preparation
method based on a combination of solvent freezing and photocatalytic
activation.”>> As indicated by the electron microscopy images on the
right, the conventional photochemical reduction of H,PtCls aqueous
solutions leads to the formation of Pt NPs (top row), but
agglomeration can be prevented via the prior freezing of the solution
(bottom) (scale bar, 2 nm). Reproduced with permission from ref
755. Copyright 2017, Springer Nature.

case, atomically-dispersed Pt supported on nitrogen-doped
mesoporous carbon substrates could be attained by carrying
out the deposition from solution at low (—40 °C) temper-
ature.”*® Zhou and co-workers reported the successful
synthesis of atomically dispersed Pd single-atom catalysts on
nitrogen-doped graphene by using a similar freeze-drying-
assisted method.””” Monodispersed Ni/Y,0;-based catalysts
were analogously prepared by freeze-drying a solution
containing the two precursors, Ni(NO;),-6H,0 and Y-
(NO;);-6H,0, together with the GO support.””® Highly
diluted solutions are still needed for this method to succeed,
since the freezing component is meant to prevent sintering but
does not modify the initial metal ion dispersion on the support.

Unfortunately, the low metal content of catalysts synthesized
by this approach limits their activity, and therefore their
practical applicability. To address such limitation, solid
supports may be designed with specific defect sites onto
which adsorption of the metal precursor may be favored. In
one case, it was reported that MoS, monolayer sheets could be
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decorated with isolated Co atoms bonded covalently to S basal
vacancies to improve the activity, selectivity, and stability of the
catalyst for the hydrodeoxygenation of 4-methylphenol to
toluene; the success of the decoration and single-atom site
formation was ascribed to the presence of a large density of
sulfur vacancies at S—Mo interfaces.””” In another recent
example, a single-atom Ru catalyst was prepared via the filling
of metal vacancies in a nickel hydroxide support with Ru**
ions.”*" Following a slightly different approach, a Pt/titania
water splitting photocatalyst was recently reported where the
oxide support was made in tubular form to create well-
distributed defects where monoatomic Pt deposition could be
attained (Figure 59).7" What all these examples have in
common is the high density of single-atom sites that was
reached.

Metal single sites can also be produced by using chemical
vapor deposition (CVD), mainly in its most modern version,
atomic layer deposition (ALD).”®*77* ALD is a versatile
technique for the deposition of thin films with monolayer
control, as we discuss in more detail later in this review
(Section 8.2). An interesting example that illustrates the
flexibility of this approach was provided by Zhang et. al, who
used sequential ALD steps with MeCpPtMe, and Ru(EtCp),
precursors to create Pt—Ru diatomic bimetallic sites on
nitrogen-doped CNTs: the Pt complex reacts and deposits
Pt atoms selectively at the surface nitrogen atoms of the
carbon-based support, and the Ru organometallic then adds
preferentially at the newly created Pt sites (Figure 60).”%° Key
to the success of this methodology is the ability to create
surface sites on the original supporting material with the
appropriate chemistry for binding the ALD precursor. Also, the
higher the surface density of such sites than can be created, the
better; this is why many examples of the use of ALD for the
preparation of single-atom catalysis involve carbon-based
supports.”*’®” Other less common methods to synthesize
single-atom site catalysts include ion exchange,’*® chemical
etching,”*”””° electrochemical’”’" or photochemical’* reac-
tions, and microwave,’”* shockwave,””* ball-milling,WAr or
metal-ligand””® or ionic-liquid’’® self-assembly assisted meth-
ods.

Success in obtaining and maintaining atomic dispersion
depends to a great extent on the nature of the support and its
interaction with the individual metal atoms. Stronger metal-
support interactions can lead to less sintering and better
catalyst stability, but may also affect the electronic properties of
the catalytic site, and with that catalytic performance. This may
be the most evident when single-metal atoms are dispersed in
ionic or polar supports, as many oxides are. Ion exchange and
filling of ion vacancies are possible mechanisms for single-atom
site formation on oxides, as already illustrated above, but that
requires the initial deposition of metal ions, which may then be
partially (but typically not fully) reduced. Charge transfer
between the isolated metal atoms and the support can be
viewed as an extreme case of the so-called strong-metal-
support-interaction (SMSI) that has been extensively studied
and discussed in the literature, especially when reducible
oxides such as titania or ceria are involved.””” "% However,
the case of single metal atoms on oxide supports is likely to be
more complex. In a recent study, it was reported that a SMSI
can indeed occur on TiO,-supported Pt single atoms, but at a
much higher reduction temperatures than those required with
Pt NPs.”*' Moreover, it was established that the Pt single
atoms involved in this SMSI are not covered by the TiO,
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Figure 59. Top: Synthetic scheme for the preparation of high-density single-atom Pt catalysts dispersed on a titania support.”®" Bottom: High-angle
annular dark-field (HAADF) STEM images of the resulting catalyst, highlighting the position of the individual Pt atoms. (Scale bars: (e) 10 nm and
(f) 2 nm). Adapted with permission from ref 761. Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

support or embedded in the subsurface of the solid, as with
metal NPs. The suppression of the capacity of the metal single
atoms to adsorb even simple molecules such as carbon
monoxide was instead ascribed to a saturation in coordination
accordin% to the 18-electron rule that applies to transition
metals.”®” In a separate theoretical study of a Pt/CeQ, catalyst
that combined DFT and first-principles Born—Oppenheimer
molecular dynamics (BOMD)), it was concluded that imagining
the charge around the metal in these single-atom catalysts as
static is an oversimplification, and that the dynamics of the
interaction among several well-defined charge states needs to
be taken into consideration (Figure 61).”%” Ultimately, though,
it is clear that the electronic properties of single metal atoms
are modified by the support, and that such charge transfers can
modify catalytic behavior. Much discussion has been had in
particular on the oxidation state of supported Au catalysts.”**

Additional consideration needs to be given to the phisical
properties of the support used to make these single-site
catalysts. For instance, even within one given support,
structural effects are possible, as the nature of the facet of
the solid exposed can alter the metal deposition. In one
example, it was shown that single Pt atoms can be readily ALD
on the (110) and (100) facets of CeO, but not on the (111)
plane.”** Also, the material of the support can help with
catalyst preparation: atomic dispersion of metals on carbon-
containing supports, for example, is often easier to achieve than
on oxides, as individual defect sites can be readily created on
the surface of those materials to preferentially bind single metal
atoms. Graphene has become a particularly popular support for
the making of single-site catalysts, as already illustrated in
Figure 60 (and discussed in more detail in Section 6.4).767785
In fact, covalent bonding of metal atoms to carbon surface
defects may also take place with minimal charge transfer, a fact
that may provide more control on the catalytic performance of
the metal. Still, the surface will always influence the chemical
properties of the single metal atoms, and therefore those are
never expected to behave as if they were fully metallic.”*® This
has become particularly evident with catalysts exposed or
treated with water or steam, as water-containing environments
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often affect the performance of the catalyst is significant ways.
An example is shown in Figure 62, in which catalysts made out
of individual Pt** ions dispersed on CeO, were activated for
CO oxidation at 150 °C via a steam treatment at 750 °C.”**
The authors explain this activation on the basis of DFT results
showing that the steam helps with the diffusion of bulk oxygen
vacancies within the oxide support to the surface, and by
relying on data from their titration with adsorbed water, which
dissociates to create two adjacent surface hydroxyl groups
(Figure 62); these new OH moieties, produced in sites
adjacent to the Pt ion, assist in the activation of carbon
monoxide during its oxidation. These examples point to the
fact that, because the support often plays some role in the
overall catalysis, flexibility in the selection of supports to
improve on atom dispersion is limited; instead, once the
support is selected, metal dispersion must be controlled by
other means.

In general, it is clear that the isolation of metals as single
atoms within the surface of catalysts adds to the degree of
control of the catalytic site when compared with dispersed
metal NPs, which often display a range of sizes and shapes. On
the other hand, the fact that the catalytic site is comprised of a
single metal atom limits the degrees of freedom available to the
design of atomic ensembles to be used to control reaction
selectivity, and also the ability to tune the electronic properties
or oxidation state. Moreover, atomically dispersed catalysts
may not be stable, and are therefore likely not to survive the
extreme temperature and pressure conditions of many catalytic
processes. It is perhaps for this reason that most single-atom
metal catalysts in this category have been used for mild
processes,52 either electrochemical®®®760765769=77L774787
photochemical”*”737°17%8 catalysis, or for the promotion of
low-temperature reactions such as hydrocarbon hydrogena-
tions, 0527377 739751,766,789=791 although a few other conversions
have been tested with these catalysts as well.”””*”7%® The lack
of site complexity and the low stability may be reasons why the
use of these catalysts have to date not often been extended to
more complex processes where selectivity imposes more
stringent requirements on the catalytic site. 70759792 1t s
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Figure 60. Single-site Pt—Ru dimeric catalytic sites prepared using ALD.” Top: Schematics of the ALD sequence. Bottom: Aberration-corrected

HAADEF-STEM images of Pt—Ru dimers dispersed on N-doped CNTs (scale bar: 1 nm) and example of the intensity profile of the Pt—Ru dimers.
Reproduced with permission from ref 765. Copyright 2019 Springer Nature.

also important to realize that although the metal itself may
exist in atomic form and therefore in a well-defined state on
the surface, the surrounding surface atomic ensembles may
display multiple structures and electronic properties; atomic
dispersion of metals is not, in itself, a warranty of uniform
catalytic sites.”*”””* Nevertheless, the single-atom approach is
still in its infancy, and has shown much promise in certain
catalytic applications.

4.3. Single-Site Alloys

An alternative way to isolate atoms of a specific metal within a
catalyst is by diluting that metal in bimetallic solid-supported
and dispersed NPs, to create so-called single-atom alloy (SAA)
catalysts.””*’”> Bimetallic catalysts have in fact been used
extensively in catalysis for decades (Section 5.3):"°°77%%
arguments have been made to justify the effectiveness of this
approach either in terms of the creation of two types of
surfaces, each with its own catalytic functionality, or as a way to
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create NPs that in essence display unique electronic properties,
often (but not always) a weighted average of the electronic
properties of the individual components.”””~** In some
instances, alloying has also been used to create new sites
with unique ensembles of atoms, an old idea that has recently
been extended to SAA catalysts.’*>*** The difference here,
when compared to other more traditional bimetallic catalysts,
is that in SAA the component of interest must be present on
the surface of the NPs in isolated form, far from other atoms of
the same metal. There have also been multiple instances of
supported metallic catalysts that have been modified via the
addition of small amounts of a second element, atoms such as

N, S or Cl, or sometimes another metal (alkaline metals such

as K or Na, for instance).*”*%7 Those elements are likely to
be well dispersed and present on the surface in isolated form,
but in such cases the addition of the minority element aims to
modify the properties of the main catalytic component. Here,
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Figure 61. Charge distribution statistics in a Pt;/CeO, single-atom
catalyst, as estimated from BOMD calculations.”*” Shown is the
lifetime distribution of the various Pt oxidation states for a double-
coordinated —O—Pt—O structure, together with the total average
time fractions that the metal exist in each of the three possible
oxidation states.
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Redistribution of oxygen vacancies to the surface

STEAM TREATMENT

Figure 62. Surface modification of a Pt;/CeO, single-atom catalyst
induced by a high-temperature steam treatment, as estimated from
DFT calculations.”** The steam helps with the segregation of bulk
CeO, oxygen vacancies to the surface and with their filling; this
produces hydroxyl surface groups adjacent to the Pt** site that assist
with CO oxidation catalysis. Reproduced with permission from ref
744. Copyright 2017, The Authors, some rights reserved; exclusive
licensee American Association for the Advancement of Science.

the isolated metal atoms are expected to be main catalytic sites
by themselves.

Several synthetic methods have been developed to prepare
SAA catalysts. The most straightforward are those derived from
the traditional protocols followed to prepare bimetallic

AO

materials, adapted by controlling the relative amounts of the
elements added and the pretreatment conditions. Specifically,
SAA catalysts have been synthesized by co-precipitation,””
incipient wetness co-impregnation,” and sequential
reduction.*’> Other methods more specifically design for the
preparation of SAAs have also been reported, including
galvanic replacement (Figure 63)*"*™*"> and sequential acid
etching and electrochemical leaching.*'® It should be indicated
that, upon surveying of the literature, it would appear that
examples of SAA catalysts are still limited, mostly consisting of
late transition metals (Pd, Pt, Rh, Ni, Ru) alloyed into coinage
metal (Cu, Ag, Au) NPs. Their uses have typically been limited
to mild and simple reactions such as CO oxidation,”"”
alkene, "1 alkynes,F1OFI3E2082L 41 g carhyony]POBE09822823
hydrogenations, alcohol®'**** and organic acid®*” deh
ations, reduction of nitrogen-containing reactants,®’ "** and
electrocatalysis.”"**”” In one case, Cu NPs were used as
“antenna” to collect light and transfer the ensuing electronic
excitation to a single Ru atom to photocatalytically promote a
low-temperature methane dry reforming.

One crucial difference between SAA catalysts and the single
metal atom catalysts discussed in the preceding section is that
instead of bonding to carbon-based materials, oxides, or other
insulator or semiconductor surfaces, the isolated metal atoms
in SAAs are embedded in metallic NPs. The electronic
interactions between metals in alloys are complex and
potentially more intimate than in bonds with non-metallic
surfaces, as already mentioned.””” "' At an extreme, it may be
possible to isolate the electronic structure of the minority
metal atom within the metallic matrix of the majority
component by judiciously selecting the latter to exhibit
minimum orbital overlap, in which case the atomic electronic
bands of the isolated metal may become narrow and look more
like those of a single atom, akin to what is seen in molecular
metal complexes (Figure 64—).802 Yet, even in that case it is
difficult to control the final oxidation state or tune the ensuing
catalytic chemistry; these systems are in any case the
exceptions, perhaps the reason for the limited selection of
metal pairs used for SAA. Moreover, the main element in SAA
catalysts is typically another transition metals, and most
transition metals are active in some if not most catalytic
environments. In fact, the majority SAA catalysts conceived to
date have attempted to take advantage of this property:
processes promoted by SAA have typically been designed to
involve multiple elementary steps, with the isolated and main
metal elements playing central roles in promoting different
reactions within the overall mechanism.

Perhaps the best-studied SAA system in recent years is that
of Pt (or Pd) atoms diluted in Cu NPs. The premise for the
use of this combination is that Cu can be selective in the
promotion of some hydrocarbon conversions under reducing
conditions, but its effectiveness as a catalyst is hampered by its
inability to activate molecular hydrogen, the crucial initial step
in most hydrogenation processes. In the SAA scheme, that step
may be promoted by a few isolated Pt atoms on the surface.
Large surface coverages of Pt are to be avoided, however, as
those would overtake the activity of the Cu surface and
promote hydrocarbon conversions in a non-selective way.
Support for this mechanistic scheme has been provided by data
from a series of elegant experiments from the Sykes group
using model surfaces and a controlled UHV environment. By
using TPD in combination with high-resolution STM (HR-
STM), they have shown that the addition (via evaporation) of

drogen-
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Figure 63. Schematic representation of the galvanic replacement method for the synthesis of NP (left) and nanoporous (right) SAA catalysts.””* In
this case the host metal is Cu, which can be present in either metallic (red) or oxidized (green) state. Subsequent exposure to a PtCls>~ solution
induces the replacement of individual atoms and the deposition of isolated Pt. Reproduced with permission from ref 795. Copyright 2020 American

Chemical Society.

B —— AgCu (Difference}
-2+ CUY

A

- AgCu

Normalized Intensity (arb.u.)
Normalized Intensity (arb.u.)

Rl I 2
Binding Energy (eV)

R i B
Binding Energy (eV)

Figure 64. Example of a SAA where the electronic band structure of
the minority element (Cu in this case, 0.3% diluted in Ag) resembles
that of an isolated atom, as in metal complexes.*** The thing to notice
here is that the peak at a binding energy of ~2.5 eV in the red trace
shown in Panel (a), which corresponds to the Cu 3d state, is quite
narrow: this is better observed in the difference spectrum, AgCu
minus pure Ag, plotted together with a Cu reference spectrum in
Panel (b). Adapted with permission from ref 802 provided by Dr.
Greiner.

isolated Pd or Pt atoms substantially lowers the energy barrier
for the uptake of hydrogen on Cu(111) single-crystal surfaces
(Figure 65).5227%81 STM studies were also used to assess the
atomic dispersion and surface positioning of the added atoms
(Pd, Pt),****** and DFT calculations were performed to
complement the experimental work and fully evaluate the
changes in the energetics of the H, activation, adsorgtion and
desorption on the modified Cu(111) surfaces,$30831833834 T
conclusion from that work was that, indeed, the isolated Pt/Pd
sites are the ones responsible for the H—H bond activation
step, at least under UHV.**

In additional TPD experiments with adsorbed acetylene or
styrene, the Sykes group has also shown that the addition of
the second metal (Pd) renders the Cu(111) surface, which is
by itself inactive toward hydrogenation reactions with H,,
capable of producing ethylene or ethylbenzene, respectively,
while avoiding the extensive dehydrogenation steps seen on
pure Pd.** Similar experiments with butadiene on Pt—
Cu(111) pointed to the ability of these systems to selectively
stop at the production of butene (Figure 66a).”"® Studies with
formic acid on the same SAA surface pointed to a selectivity
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for dehydrogenation over dehydration (Figure 66b),”* and
tests with ethanol identified an increased dehydrogenation
activity upon Pt addition.*** Again, these experiments were all
carried out under UHV and using model surfaces, but some of
the proposed reactions and selectivities were successfully tested
by the Flytzani-Stephanopoulos group in kinetic experiments
with dispersed SAA catalysts.””>*'¥*** Two things have
become clear from the work cited above: (1) SAA catalysts
do clearly exhibit unique catalytic behavior, different to that of
the individual metallic components, in hydrogenations as well
as in other reactions;*¥80809818836857 4 q (2) under UHV, it
is clear that the main role of the added second metal (Pd, Pt) is
to activate molecular hydrogen and promote hydrogen-
incorporation reactions,*?830/833,834838

Unfortunately, the conclusions from studies under UHV
with model surfaces do not always extrapolate directly to
realistic catalytic conditions, where catalysts usually consist of
metal NPs dispersed on a high-surface-area support and are
exposed to atmospheric pressures (or liquid solutions) of the
reactants. This disconnect between the two regimes has been
long acknowledged and discussed in the surface-science
literature, and referred to as the “materials” (or “structur-
al”)*#978% and “pressure”® % gaps, respectively. What
is missing is an understanding of what may happen to the
surface of real SAA catalysts during catalysis. In the particular
case of the Cu-based SAA catalysts, two effects have been
identified relevant to our discussion. The first is the fact that
the surface of the Cu metal NPs can be easily oxidized, as
indicated by recently X-ray photoelectron spectroscopy (XPS)
data reported by our group: the CuPt, NPs appear to be
covered by a thin CuO, film during catalysis (Figure 67a).*® A
second effect relates to the knowledge that the single-atom
phase may diffuse into the bulk of the NPs and may therefore
not be directly available during catalysis. Carbon monoxide IR
titration experiments carried out in our laboratory suggested
that this may be the case (Figure 67b).**® A similar failure to
detect CO adsorption on the minority metal in CuPd,/SiO,
catalysts has been reported by others as well,*'® but this still
needs to be corroborated by carrying out the experiments in
situ under reaction conditions (preliminary data from our
group do support this conclusion).””® CO-induced segregation
has also been identified recently for a couple of SAA systems
using ambient-pressure XPS,*****” although no similar
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Figure 65. Evidence for the role of the isolated Pt atoms in Cu—Pt SAA surfaces as the phase that activates molecular hydrogen. (a) H, TPD traces
from Pt/Cu(111) SAAs.**® (b) Estimated energetics of H, activation on pure Cu (left), pure Pt (right), and a single Pt atom on a Cu surface
(center).**' The SAA configuration lowers the activation barrier for H—H bond scission compared to that in pure Cu but retains a weak metal-H
binding, a property beneficial for hydrogenation catalysis. (c) STM image of 0.01 ML Pt dispersed on a Cu(111) surface, indicating the atomic

dispersion of the Pt atoms.*** (d) STM image of atomic H adsorbed on Cu, made possible by the initial activation of H, on the Pt SAA sites.
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Adapted with permission from refs 830 and 831. Copyright 2015 and 2018 American Chemical Society.
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Figure 66. TPD results on Pt/Cu(111) indicating the increased
selectivity induced by the addition of Pt to the surface toward the (a)
hydrogenation of butadiene to butene®'® and the (b) dehydrogen-
ation (versus dehydration) of formic acid.**® Reproduced with
permission from refs 818 and 825. Copyright 2015 The Authors and
2017 American Chemical Society, respectively.

behavior appears to be operational with H, in the case of Cu—
Pt SAA.®® It is also interesting to note that no isotope

AQ

scrambling within H,-D, mixtures was seen in experiments
with CuPd, alloy films until a ~15 mol % Pd content was
reached, a result that implies than no Pd atoms are accessible
on the surface of diluted alloys for this catalysis.**” Even under
UHV, CO oxidation on Pt-doped O-dosed Cu surfaces has
been shown to lead to the diffusion of the Pt atoms underneath
the Cu—O layer.*"’

Finally, a more recent report from our group on the use of
CuPt,/SBA-15 catalysts for the selective hydrogenation of
unsaturated aldehydes provides kinetic data indicating the
direct participation of the added Pt in defining catalytic
selectivity.”*” Specifically, a rapid decrease in catalytic activity
was observed with all catalysts as the reaction proceeded (in a
batch reactor), an observation that was ascribed to the
blocking of catalytic sites by the products because of their
stronger adsorption compared to that of the reactant. It was
determined that selectivity is controlled by the relative values
of the initial rate constants for hydrogenation to the
unsaturated alcohol versus to the saturated aldehyde, which
were found to vary by up to an order of magnitude as a
function of Pt content in the catalyst in spite of the fact that
the hydrogenation steps are presumed to occur on Cu, not Pt,
sites (Figure 68). In general, significant changes in equilibrium
and kinetic parameters were seen across the series of CuPt,/
SBA-1S catalysts tested versus the value of x (the molar

https://doi.org/10.1021/acs.chemrev.1c00905
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Figure 68. Kinetic trends for the hydrogenation of unsaturated
aldehydes promoted by CuPt,/SBA-15 SAA catalysts as a function of
composition.822 After a rapid increase in the ratio of reaction
constants for the formation of the unsaturated alcohol (kcyo) versus
the hydrogenated aldehyde (kycy) with the addition of a small
fraction of Pt (0.5 mol %) to supported Cu catalysts, that ratio, which
correlates with the selectivity toward the production of the desired
product (Xcpo), decreases monotonically with increasing Pt content.
Clearly, Pt not only helps with H, activation but also affects
selectivity. Reproduced with permission from ref 822. Copyright 2020
American Chemical Society.

fraction of Pt in the bimetallic NPs), indicating that the
addition of even small amounts of Pt to these Cu SAA catalysts
affects the intrinsic performance of the hydrogenation catalytic
sites. A possible explanation for these observations can be
suggested on the basis of a recent alternative theory for the
behavior of SAA catalysts put forward by the Sykes group
where the electronic properties of the active metal atom (Rh in
the case of that report) is modified, by virtue of its isolation in
a matrix of the second element (Cu), to such an extent that
they can promote organic conversions selectively in a way that
they cannot when in bulk solid form.**® In this scenario, it may
be that it is the active metal (Pt, Pd, Rh) in its isolated form
that carries out all catalytic steps. For all these reasons, the
model for functioning SAA catalysts obtained from studies
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under UHV still await validation or reconsideration based on
testing in situ under catalytic conditions.

On the whole, the potential of SAA catalysts in applications
where catalytic selectivity needs to be improved is still been
tested. The range of reactions for which they may be useful is
somewhat narrow, at least at the present time, and issues of
stability still need to be worked out. As mentioned above, even
the simple bifunctional model used to describe their mode of
operation is in question. It is convenient to envision the
minority element in these SAAs as an isolated atom in a sea of
the main metal, but it is clear that the components of metal
alloys interact strongly with each other: the prevalent picture of
bimetallic catalysts typically involves extensive electron mixing
and charge transfer across the constituent metals leading to an
average metallic behavior which can be described, to a first
approximation, by the position of the center of the d
band.®*' %3 There is also the issue of the diffusion of metal
atoms in and out of the bulk and onto the surface, a behavior
that is quite dynamic and affected by the chemical environ-
ment above the surface.** It is not clear what the actual
composition of the surface of the catalyst may be during
reaction, or how far the influence of the minority element
extends in terms of depth (distance from the surface). There is
no doubt that these SAAs exhibit unique behavior that in
several instances lead to improvements in catalytic selectivity,
but generalization of this approach requires a better under-
standing of how they work.

4.4. Non-Metallic Sites

The design of single-site catalysts has mainly focused on
isolated metal atoms, but other non-metallic centers can be
conceived as well. In previous sections we have addressed the
idea of adding molecular single sites to surfaces by, for
instance, tethering, grafting, or immobilizing discrete molecules
or moieties (Section 2). Here the focus is on single sites
intrinsic to the surface of the solid used as catalyst.

The most obvious example of this is the Bronsted-acid sites
associated with the terminal hydroxyl groups present on the

https://doi.org/10.1021/acs.chemrev.1c00905
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surface of many oxides; this is a well established type of
catalytic site that has been studied in great detail for a number
of decades.”®>*° Because many oxides in high-surface-area
form (as often required in catalysis) are amorphous and display
widely heterogeneous structures, surface hydroxyl groups can
be found in a variety of local environments. One piece of
evidence for this comes from IR absorption spectroscopy data:
the signal for the O—H stretching mode of surface hydroxyl
groups in oxides such as silica extends from approximately
2800 to 3800 cm™L.3%877559 However, better defined sites
can be isolated in crystalline oxides, in particular in zeolites.**°
Bronsted-acid sites in such crystalline aluminosilicates have
been thoroughly characterized by multinuclear solid-state
NMR spectroscopy,”®’ and also titrated usin§ appropriate
molecules such as pyridines,**>*** acetonitrile,”** or carbon
monoxide.**>*® The role of those sites has been investigated
in detail by Zecchina and coworkers in connection with the
adsorption of small molecules such as H,, CO and NO, and
also in reference to the polymerization of ethylene.*”” Many
correlations between the nature of the Bronsted-acid sites and
catalytic activity have been reported.”*******® In one report,
different zeolites were shown to exhibit different distributions
of Bronsted-acid sites on the basis of the different features
detected in IR spectra in the O—H stretching region (Figure
69). Several surface species were evident: (1) a main band with

Zeolites, IR Spectra
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Figure 69. IR absorption spectra in the O—H stretching mode region
for a family of zeolites.*®” These data illustrate the presence of several
well-defined and distinct Bronsted-acid sites on the surfaces of these
solids. Reproduced with permission from ref 869. Copyright 2012
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

a maximum at 3745 cm™! with a tail extending to 3700 cm™!

associated with the ©(OH) stretching mode of free or very
weakly perturbed silanol groups; (2) a feature in the 3616—
3605 cm™! range attributed to the v(OH) mode of Si(OH)Al
Bronsted sites; (3) a weak band at 3665 cm™ due to extra-
framework Al species (seen only in a few of the zeolites); and
(4) a broad tail extending below 3500 cm™" associated with
interacting silanol groups from internal defects.”” Each of
these sites may play different and unique roles in catalysis.
The surfaces of many oxides expose Lewis-acid sites as well.
Typical examples here are aluminas and aluminosili-
cates.”’*"*"% Tt is also common to create additional Lewis-
acid sites on crystalline zeolites via substitutional exchange of
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some of the original cations with elements such as Mg, Ti, Zr,
V, Nb, Ta, Mo, Ga, Sn, and other metal ions.*”>~*"° The
acidity of those sites is centered at the metal ion, which can be
found in a variety of environments on the surface, surrounded
by structurally different ensembles of oxygen atoms.””>*’° For
this reason, Lewis-acid sites in oxides may be less well-defined
than their Brensted counterparts. Nevertheless, they are
capable of promoting a number of complex reactions
selectively, especially in applications where hydrocarbon
conversions are central such as in oil refining and the
processing of biofuels and chemicals.***~% For instance, in
aluminosilicates, the Busca research group established that
Lewis-acid sites with alumina-like acid—base neighbors are
more selective for the promotion of the dehydrogenation of
ethanol to ethylene, whereas Lewis-acid sites with silica-like
covalent nei§hbors catalyze the production of diethyl ether
instead.”®”"** In another example, operando time-resolved IR
spectroscopy was used to determine that in the selective
catalytic reduction (SCR) of nitric oxide, the key step is a
reaction with ammonia coordinated to the vanadia Lewis-acid
sites 8Preﬂent on vanadia-tungsta-titania mixed oxides (Figure
70).5%?

Bronsted- and Lewis-acid sites, intrinsic to many oxide
supports, are often combined with other added atoms or
moieties to create a more complex and selective catalytic site.
This approach is common in the design of catalysts, but both
making well-defined dual sites on support surfaces and
obtaining direct proof that these sites act synergistically and
are responsible for the catalysis is difficult. The key is to
produce a final site where two or more components work
cooperatively to facilitate the adsorption and/or surface
conversion of the reactants; we make a distinction here
between this type of cooperative effect to stabilize a single
transition state during reaction and other types of bifunction-
alities, some of which are mentioned in other places within this
review (see, for instance, Section 2.5).250 One example of the
synergy addressed in this paragraph is that seen in the interface
sites between metal NPs and their oxide supports. Much has
been made, for instance, of the role of those in oxidation and
photocatalytic reactions promoted by Au NPs dispersed on
certain oxides such as titania or ceria;*’**’! in addition to
quantum mechanics and molecular dynamics calcula-
tions,*”>*? the role of the interface sites has been nicely
demonstrated experimentally by a series of experiments with
model so-called inverse catalysts, in which submonolayer
coverages of the oxide are deposited on a Au surface to
maximize the number of mixed metal-oxide sites.*?*%*
However, although the metal/oxide interface sites may be
unique and contribute to catalysis, only limited progress has
been made to create those in a controlled manner, as single
sites. Similar arguments have been made in studies on the
selective hydrog%enation of unsaturated aldehydes with Pt-
based catalysts.””® A better example for our discussion is that
of the conversion of organic compounds on surface-derivatized
catalysts aided by adjacent acid sites. Take, for instance, the
case reported by the Iwasawa group where C—C bond-forming
conversions such as cyano-ethoxycarbonylation, the Michael
reaction, and nitro-aldol condensation were promoted using a
catalyst with silica-alumina-supported amine groups (Figure
71, top);*””**® the presence of adjacent Bronsted-acid sites on
the support was invoked to explain the stabilization of the
reaction intermediate (Figure 71, bottom). It should be said,
though, that the evidence for this is quite indirect. Similar
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Figure 70. Example of the critical role of Lewis-acid sites in catalysis, in this case for the SCR of NO on V,05—WO;~TiO, mixed oxides.**" Top:
Operando transient diffuse-reflectance IR Fourier transform spectroscopy (DRIFTS) data versus time, highlighting the features of key
intermediates. Bottom: Reaction mechanism proposed on the basis of the DRIFTS data. Notice in particular the central role played by the Lewis-
acid site (Lyys, 1603 cm™), which helps with ammonia adsorption; by contrast, the Bronsted-acid site (Byy,, 1490 cm™) is believed to be an
spectator. Reproduced with permission from Ref 889. Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

examples of cooperative acid—base dual sites for catalysis have
been reported by others.'*>7%%%7%

Oxide single sites can also be prepared via the controlled
deposition of the oxide of a metal on a support made out of a
different oxide, to create an active phase not present in the
original support.””" One good example of this approach is the
case of catalysts made for the oxidative dehydrogenation of
small alkanes (ethane, propane), for which oxides of early
transition metals that can exist in several oxidation states such
as Cr or V are dispersed on a solid such as silica or alumina
(the example in Figure 70 falls within this category).””> These
systems have been studied extensively by several research
groups, yet some of the mechanistic details are still in
dispute.”” In particular, it is not clear if isolated MO, units are
more or less effective than small oxide cluster in promoting
these reactions. Iglesia, Bell, and coworkers early on reported
that vanadia dispersed as isolated monovanadate species are
prevalent at low surface densities and are slightly more
selective for alkane dehydrogenation reactions that more
extended vanadium oxide structures,”* but a more compre-
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hensive study by Schlogel and Wachs highlighted constant
catalytic specific activity (TOFs) as a function of surface
vanadia coverage, from which it was concluded that surface
VO, monomers and V,0, oligomers exhibit the same activity
(Figure 72, main plot).9 > That group also found a strong
effect exerted by the support, which they ascribed to the critical
importance of bridging mixed-oxide sites such as Zr—O-V
(Figure 72, inset).””” In a related matter, the oxidation state of
the metal in the supported oxide has been determined to affect
catalytic behavior: low oxidation states such as V**, which can
act as Lewis acids, have been found to be more active than
higher (V*') oxidation states.”*’"” However, contradictory
assignments of those sites to monomers versus oligomers have
been given by different research groups. Ultimately, it is clear
that specific mixed-oxide sites are required to promote alkane
dehydrogenations efficiently and selectively, but that the exact
nature of those sites or a way to produce them systematically
awaits further research.

In general, oxide sites made out of single units or of small
oxide clusters have proven quite useful in catalysis, yet their

https://doi.org/10.1021/acs.chemrev.1c00905
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Figure 71. Example of a catalyst with acid and base cooperative sites.*”” This catalyst, which consists of silicoalumina-supported amine groups, was
shown to be capable of promoting a number of organic C—C bond-forming reactions (top). The proposed mechanism involves the stabilization of
the intermediate in the transition state by adjacent surface hydroxyl groups (bottom). Reproduced with permission from ref 897. Copyright 2007
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Figure 72. Trends in the behavior of supported vanadium oxide catalysts for the selective dehydrogenation of alkanes.””> Main plot: Propane TOF
versus VO, surface coverage, showing a gradual transition from VO, monomers (with terminal V=0 bonds) to V.0, small oligomers. Inset: TOFs
versus the nature of the support. Reproduced with permission from ref 90S. Copyright 2014 American Chemical Society.

synthesis in a controlled fashion is in general quite difficult. In
most examples available to date the preparation of such
catalysts has been done using conventional synthesis methods
and has led to a distribution of sites; better control of what is
made could potentially afford better selectivities, but that is still
to be proven. Films made out of two-dimensional (2D)
materials are also primed for the preparation of single sites on
solid catalysts, and those can be made with better-designed
surface sites.””""'" A detailed discussion of these materials
will be provided latter in this review (Section 6.4).

5. NOVEL NANOSTRUCTURES: METALS

Up to now, we have discussed different ways by which
appropriate solids can be modified to alter or create specific
surface sites to add selectivity in catalysis. Alternatively, such
solids may be synthesized using sophisticated nanotechnolo-
gies to intrinsically display novel structures, exposing surfaces
with atomic ensembles that may define useful catalytic sites. In
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the next sections, we review different ways by which this
approach can be implemented. In this section, we focus on
metal nanostructures, and in the next on nanostructures made
out of other types of materials.

5.1. Colloidal Nanoparticles (NPs)

One established procedure for producing well-defined metal
NPs is by using either colloidal or reverse micelle chemistry, a
methodology by which organic surfactants are used to direct
the growth of NPs via the slow and controlled incorporation of
atoms from dissolved metal salts into initiating nuclei.”' >~
In its simplest version, colloidal chemistry can be used to
synthesize monometallic NPs with narrow size distributions,
but new methodology has also been advanced to control their
shape.”’”~"? The use of colloidal metal NPs in catalysis has in
fact a long history”*” but has gained renewed interest thanks to
new advances in synthetic methodology as well as in catalyst
designs.

https://doi.org/10.1021/acs.chemrev.1c00905
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In the early reports of the use of metal colloidal NPs in
catalysis, the reactions were often carried out in solution. This
places those systems in a category in between homogeneous
and heterogeneous catalysis.” ”*"**> Many examples have
been provided by the El-Sayed group. In their study on the use
of Pd NPs for the promotion of C—C bond-forming reactions
(the Suzuki reaction in particular),923 for instance, they
identified and characterized a side process that leads to NP
size growth as the catalytic reaction proceeds.”** Such dynamic
behavior in colloidal NPs, where changes not only in size but
also in shape are intertwined with the catalytic chemistry, make
it difficult to pinpoint the nature of the catalytic sites
responsible for the promotion of reactions.””> A more general
argument is still ongoing on the homogeneous versus
heterogeneous nature of the Pd catalyst in these coupling
reactions,””*~"*" with some reports claiming that the metal is
in colloidal form,”**~** and even citing NP size effects on
catalytic performance.”'*”*® Colloidal NPs suspended in
solution have also been used to catalyze hydrogenation (and
related) reactions,””’”"** and for the promotion of electron
transfer processes.”**™*® A recent example of the latter is that
of Quinson and coworkers, who tested the effect of particle size
on the activity for the ORR by preparing four catalysts with
average diameters varying from 1 to 5 nm using a surfactant-
free synthesis in alkaline ethylene glycol and controlling and
keeping constant all other parameters (Figure 73).”*’ They
showed that the intrinsic activity of the Pt sites is only weakly
dependent on NP size.

25
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Figure 73. Size distribution of colloidal Pt NPs made using a
surfactant-free polyol process in alkaline ethylene glycol.”*” The
average size was controlled by varying the molar ratio of NaOH to the
Pt precursor (H,PtCly). Reproduced with permission from ref 947.
Copyright 2018 American Chemical Society.

More common, and more relevant to this review, is the use
of colloidal chemistry to synthesize metal NPs for dispersion
on solid surfaces to produce high-surface-area heterogeneous
catalysts.”"**7%" In terms of tests of catalysts made by
dispersing colloidal NPs on solid supports as a function of
metal NP size, the Somorjai group has published a number of
examples,”’ on the hydrogenation of cyclohexene and 1,4-
cyclohexadiene,gsz’953 of benzene and toluene,”>* and of
crotonaldehyde,”> on the hydrogenation and hydrogenolysis
of pyrrole,” on the ring opening of methylcyclopentane,””
and on the decarbonylation of furfural,”*® all on mesoporous-
silica-supported Pt catalysts, as well as on the hydrogenation of
CO, over Co/mesoporous silica”™’ and on the oxidation of
carbon monoxide over a Ru/Si(100)-wafer.”*® Various degrees
of changes in activity and selectivity were identified for the
different reactions as a function of metal NP size, which was
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varied between about 1 and 10 nm, and the observed trends
were used to argue for the relative relevance of terrace versus
edge (low-coordination) sites in catalysis. For instance, in the
case of the conversion of 1,3-butadiene on Pt catalysts,
selectivity was found to switch from a preference for full
hydrogenation to butane with small NPs to a dominance for
the production of half-hydrogenated 1-butene with NPs larger
than ~2 nm (Figure 74).”*%°°" On the basis of vibrational
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Figure 74. Results from the study of the effect of the size of the Pt
NPs in Pt/Si(100) catalysts made by using colloidal chemistry on the
selectivity of the hydrogenation of 1,3-butadiene.”**”®" Top: TEM
images (left) and estimated NP size distributions (right) for four
different catalysts. Middle: Reaction sequence. Bottom: Product
selectivities as a function of Pt NP average size. Reproduced with
permission from ref 948. Copyright 2015 Elsevier Inc.

spectra, this behavior was explained by a change in the
regiochemistry of the pi adsorption mode of the first reaction
intermediate, from a terminal to a central position of the
remaining C=C double bond; presumably, the former favors
full hydrogenation to the alkane whereas the latter stops at the
formation of the alkene. The authors suggested that the
prevalence of low-coordination sites in small Pt NPs promotes
the insertion of hydrogen atoms at the internal carbon atoms,
but provided no specific reasoning for why that should be so
(other than possible steric and/or electronic effects). A few
additional examples are available from other groups on this
type of size-reactivity correlations with colloidal-made
catalysts, including work on the hydrogenation (Fischer-
Tropsh)’*>™7%® and oxidation”**”®” of carbon monoxide, but

https://doi.org/10.1021/acs.chemrev.1c00905
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well-controlled work in this area is still sparse.’"**%

Regardless, what is clear is that by varying the fraction of
low-coordination sites in metal NPs via the systematic
variations of their size it is possible to control selectivity in
some catalytic reactions. The colloidal synthesis of NPs affords
this control.

A vparticularly interesting case of catalytic performance
dependence on metal NP size is with Au, because bulk Au is
typically inert but in NP form (and dispersed on certain
reducible supports) it has been shown to be quite good at
promoting a variety of reactions.”®”™"”* There seems to be a
“sweet spot” in terms of NP diameter for these catalysts to
work,””*”7* and colloidal chemistry is ideal for the production
of NPs with the desired sizes and with narrow distributions
and a good degree of homogeneity.”'® A nice example of how
catalytic performance can be optimized in complex reactions
involving organic reactants by tuning the Au NP size using
colloidal chemistry was provided recently by Fenger et al., who
showed that the activity for the catalytic reduction of p-
nitrophenol to p-aminophenol with sodium borohydride is
maximized at Au NP average diameters around 13 nm; drops
of about an order of magnitude in reaction rate were seen with
either smaller or larger NPs (Figure 75).””® Similar trends have
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Figure 75. Dependence of catalytic activity for the hydrogenation of
p-nitrophenol to p-aminophenol on Au NP size.””®

been reported by others.”””””® The reason for this “magic” size
in the )performance of Au NP catalysts is still being
debated,”’®?*® and several factors have been considered,
including quantum effects due to the thickness of the
NPs, 8752 the density of low-coordination sites,”®> and
interactions with the support leading to the formation of
special metal/oxide interface sites,ggo’ 4 but none have been
definitively proven to be dominant. This question needs to be
answered if the ability afforded by colloidal chemistry to
produce metal NPs with specific sizes (and shapes) is to be
fully exploited.

Recent developments in colloidal chemistry have added a
new dimension to its use in catalysis, in that it is now possible
to control not only the size but also the shape of the metal
NPs. By using NPs with specific shapes, it is possible to design
catalysts with only specific surface crystallographic planes
exposed. The most common forms of colloidal NPs, beside
spherical, are cubic and octahedral, which in fcc metals expose
the most thermodynamically stable surfaces, mainly (111),
(100), and (110) facets (Figure 76).”"*7*>="*7 As discussed
next, this can be used to control activity and selectivity in
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catalysis: much has been made over the years of the role of
low-coordination metal sites in supported catalysts as
particularly active sites (hence the differences in performance
with varying NP size discussed above),”**7?> but modern
surface-science experiments using model systems, mainly metal
single crystals, have also indicated that many catalytic reactions
are affected by the nature of the basal planes.”**%*>9%379%5
There have been interesting advances reported on the
synthesis of colloidal NPs with less conventional shapes as
918,922,987,996—1000 . . .
well, some exposing high-Miller-index surfa-
ces, but the incorporation of those in catalytic studies has to
date been limited.

In solution, the use of colloidal metal NPs of specific shapes
to demonstrate catalytic selectivity has been pioneered by the
El Sayed (group,%l'mm_1004 and advanced further by
others.”” 1?71 Figure 77 provides an example of this
shape selectivity in electrocatalysis, a dependence of formic
acid oxidation on Pd NP shape. °'’ By smoothly transitioning
from cubic to octahedral structures, the authors were able to
tune the ratio of (100) (green in Figure 77) to (111) (yellow)
surfaces exposed, and that way show that the former are several
times more electrocatalytically active than the former. Most of
this solution shape-sensitivity work has focused on electro-
catalytic processes, but thermally activated reactions have been
probed as well.”'#'>191 11912 A example was provided by the
Li group:'*"® they synthesized Ag NPs with three different
shapes, namely, nanocubes, near-spherical NPs, and truncated
triangular nanoplates (which again provide a way to transition
from all (100) to all (111) exposed facets), and determined
that the catalysts display decreasing activity during the
oxidation of styrene with fert-butylhydroperoxide following
that progression. In both cases, it appears that the less
thermodynamic (100) surfaces are more active, although it is
not clear yet how general this conclusion may be. No
molecular-level explanation for the differences observed was
provided in either report.

As in the case of NP with different sizes, the ability to
synthesize colloidal metal NPs with specific shapes has been
exploited in heterogeneous catalysis mainly as a way to pre-
make those NPs before dispersing them onto high-surface-area
supports. Several examples have been reported on the
shape selectivity of catalytic reactions using this ap-
proach.>»* V10141015 Metal-NP-promoted catalytic reactions
that have shown shape selectivity include the hydrogenation
of olefins, alkynes, and aromatics,'*°~'%%% which is surprising
given that traditionally these reactions have been considered to
be structure insensitive.*'?>® Nevertheless, variations in
performance have been seen as the metal NP shapes are
varied. The effect is not large, however, and although it appears
that (100) planes are in general more active than (111)
surfaces (with late transition metals such as Pt, Pd and Rh, at
least), that conclusion is not universal.’’ A few examples are
also available for the hydrogenation of unsaturated alde-
hydes'***7'%*® and of nitro compounds,'’” and also for
isomerization'**”'®*" and hydrogenolysis processes.”””'*** In
an example from our laboratory, catalysts prepared with
tetrahedral'”*® and cubic'”*® Pt colloidal NPs were used to
control selectivity during the isomerization of 2-butenes.**'***
Extensive surface-science experiments using model single-
crystal surfaces,' > ** 7194 together with quantum mechanics
calculations,"**'**' 7% had indicated that (111) planes have
a particular preference for stabilizing the cis isomer (because
the adsorption of the trans isomer induces an energy-costly
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Figure 76. Correlation between NP shape and the type of facets exposed for fcc metals.”®” (A) Shapes (outer ring) and corresponding seeds used
during growth (middle ring). (B—E) Main planes exposed in (B) octahedral, (C) cubic, (D) rhombic dodecahedral, and (E) star-like NPs.
Reproduced with permission from ref 987. Copyright 2021 American Chemical Society.
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Figure 77. Dependence of catalytic activity for the electrooxidation of
formic acid in solution on Pd NP shape.'”'® The green surfaces in the
NP shape schematics represent (100) facets, the yellow color (111)
ones. Adapted with permission from ref S1. Copyright 2013 Wiley-
VCH Verlag GmbH& Co. KGaA, Weinheim.

reconstruction of the surface), and this was corroborated with
the shape-selective dispersed Pt NPs: spherical Pt NPs
promote the expected transformation of cis- to trans-2-butene,
but tetrahedral NPs, which expose (111) facets, favor the
conversion of trans-2-butene to its less thermodgfnamically
stable but more desirable cis isomer (Figure 78).'%"*

Shape selectivity has also been tested for demanding
reactions, oxidations in particular. On the basis of catalytic
studies using supported colloidal Rh NPs with nanocube and
different nanopolyhedra shapes, CO oxidation was initially
reported to be surface insensitive,'*** but later reports claim to
have seen differences in catalytic activity with metal NPs of
different shapes,'***~'%*” presumably because of higher activity
on low-coordination sites and of self-poisoning on (111) facets
(due to a higher CO adsorption energy). Pt(100) surfaces have
also been shown recently to be more active than Pt(111) facets
during the oxidation of glycerol,'®*® but Pd(111), not
Pd(100), facets were reported to promote the oxidative
coupling of CO to dimethyl oxalate'”” as well as the
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production of hydrogen peroxide from H, + O, mixtures.'**

Also, Pd and Pt edges were found to promote the oxidation of
2-propanol'®" and 1-phenylethanol,'**® but, curiously, not the
oxidation of 2-butanol.'*** For epoxidation reactions catalyzed
by Ag, nanowires were shown to be highly selective, an
observation that was ascribed to a lower activation barrier for
the formation of surface oxametallacycle intermediates on the
(100) facets.'®*7'%%¢ Qverall, no clear trends have been
identified yet for the dependence of these oxidation reactions
on surface structure. A word of cautions is also warranted in
cases where the reactions are highly exothermic or require
harsh temperature and pressure conditions, since the excess
energy in those cases may induce a change the shape of the
original NPs under reaction conditions.

5.2. Dendrimer Encapsulated Metal Nanoparticles

Another way to produce metal NPs with precise sizes is by
using dendrimers as scaffolds. The use of these so-called
dendrimer-encapsulated NPs (DENs) was pioneered by
Crooks and coworkers.'””7'%° In this methodology,
dendrimers, which are repetitively-branched polymers, are
used as templates and stabilizers, taking advantage of their
monodispersity and spherical shape. It has been shown that
metal ions can be complexed by interior functional groups such
as amines in polyamidoamine (PAMAM) starburst den-
drimers; by carefully titrating those groups, the number of
complexed metal ions per dendrimer can be controlled with
nearly atomic precision.'*°"'°* Further chemical reduction of
theoe composites in situ leads to the formation of metal
clusters encapsulated inside the dendritic structure (Figure 79,
top).'°”® The size of the DENs can be predetermined by
selecting the number of complexing groups in the organic
structure, which can be tuned by choosing specific monomers
and fixing the number of generations (layers) in the dendrimer,
and/or by carefully selecting the ratio of metal ions added to
each dendrimer structure. Excellent control in metal NP size,
with very narrow distributions, can be obtained this way, in
particular in the low (< 2 nm) size range (Figure 79,
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Figure 78. Example of shape selectivity.'”**'*** Top: TEM images of
catalysts made by dispersing colloidal tetrahedral Pt NPs on a silica
support after cleaning and annealing to 475 (left) and 575 (right) K.
The tetrahedral shape is preserved after the low temperature
treatment, but lost to the formation of spherical NPs at higher
temperatures. Middle: statistical analysis of the distribution of
tetrahedral versus spherical NPs for both cases. Bottom: Catalytic
activity, in the form of product accumulation versus time in a batch
reactor, for the cis-to-trans (red) and trans-to-cis (blue) isomerization
of 2-butene. Unique preferential cis-to-trans selectivity is only seen
with the tetrahedral NPs, which expose (111) facets. Adapted with
permission from ref 1038. Copyright 2011 the Owner Societies.

bottom).'°** Following Crooks’ early reports of DENS, others
appeared in the literature shortly thereafter, and those helped
further develop this methodology for controlling NP
size, 1065—1067

Crooks also pioneered the use of these DENGs as catalysts. In
solution-based catalytic applications, the dendrimer serves not
only as a template for the preparation of the DENs but also as
a nanoreactor and as an agent to stabilize the metal NP; it
helps tune solubility, and enhances catalytic selectivity.'***
Because of the high molecular weight of dendrimers, catalyst
separation is also facilitated this way, and if magnetic NPs are
added, even more separation options become available.'***'*%
Already in their early reports of DENs, the Crooks group
tested their newly developed nanostructures, (G4—OH(Pty,)/
(Au electrode) in particular (where G4-OH stands for a 4th-
generation hydroxyl-terminated PAMAM dendrimer), for the
electrochemical reduction of O,.'"” Subsequent examples
from the same group include the promotion of the hydro-
genation of C=C double bonds,'””*'"”" and of various C—C
coupling reactions.'””* Other groups have provided additional
cases of DEN-promoted reactions, hydrogenations and

AY

Pt,s (<d>= 1.0 nm)

Figure 79. Top: Schematic representation of the synthesis of
DENs.' 719 Bottom: TEM images and size distributions for three
Pt DENs obtained by controlling the ratio of Pt atoms to dendrimer
structures; a phenylazomethine dendrimer with tetraphenylmethane
was used as the core in this case.'”** Reproduced with permission
from ref 1064. Copyright 2014 American Chemical Society.
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couplings as well as other processes.
The power of using DENs as catalysts is that, thanks to the
precise synthetic control afforded by the dendrimer-based
route, it is possible to test subtle trends in catalytic activity as a
function of metal NP size with them. Several examples have
been reported for this,'?7"!07>10821086710% 15 ope case, the
activity of Cu-PAMAM-DEN catalysts for the selective
hydrogenation of carbonyl versus olefin groups in unsaturated
aldehydes was found to drastically decrease with NPs
containing 40 or more Cu atoms (Figure 80)."%! The reasons
for this were not explored by the authors.
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Figure 80. Total conversion and TOF for the hydrogenation of
cinnamaldehyde promoted by Cu-PAMAM DEN catalysts as a
function of the Cu** ion:PAMAM ratio used in the synthesis, which
defines the final Cu NP size."”" A clear size effect is evident from the
data. Adapted with permission from ref 1091. Copyright 2013
American Chemical Society.

The structure of the dendrimer may also be used to add
selectivity to catalytic processes. In fact, dendrimers by
themselves have been shown to act as catalysts for some
conversions. Such dendrimers are often modified to retain
metal ions in complexed form, thus displaying chemical
properties akin to those of organometallic homogeneous
catalysts.'*>7'%* Modification of the endings of dendrimers
in DENs can also be used to add further flexibility to their
synthesis. The pioneering work in this direction, in particular
to add stereo- and enantio-selectivity to dendrimer-based
catalysts, was published in the 90’s by the Brunner group, who
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Figure 81. IR data obtained after each step during the synthesis of cinchonidine (Cd)-terminated G4-OH-based Pt DENs."'” (a) Evolution of the
sample during the synthesis of the derivatized dendrimers, which was carried out by creating a carbamate link between the Cd and the terminal
hydroxyl groups of the PAMAM using a sebatic acid (SA) linker, as shown by the scheme in the central part of the figure. (b) IR spectra for regular
G4-OH and for the chirally-modified Cd-SA-PAMAM.-0.25 (with only 25% of the PAMAM OH groups derivatized) sample before and after the
addition of Pt NPs (to make the corresponding chiral DENs, which was evidenced by the change in relative intensities of the amide-II versus
amide-I peaks at 1560 and 1637 cm™", respectively). In additional experiments, Cd was added to the PENP-PAMAM sample afterward. Reproduced
with permission from ref 1105. Copyright 2018 Springer Science+Business Media, LLC, part of Springer Nature.

attempted to add enantioselectivity to the cyclopropanation of
styrene'”” and to the hydrogenation of acetamidocinnamic
acid.'””° The enantioselectivity enhancement obtained then
was minimal, but later trials by others have been more
successful.'*” Alternatively, a chiral center may be inserted at
the core of the dendritic structure, an approach that has also
been shown to add enantioselectivity.'*>'*%~11% Tt js
important to point out, though, that in that case the catalyst
is a metal complex, a structure more akin to homogeneous
than heterogeneous catalysts; the main difference is that,
because of the large size of the dendrimers, separation after
catalysis is easier. It is also potentially possible, although
trickier, to use the dendrimer terminations as a way to control
selectivity at the surface of the metal NP in DENs. Adding
alkyl chains to the ends of dendrimers, for instance, has been
recently shown to help grow larger metal NPs,"'** but the
usefulness of this type of modification to tune catalytic
selectivity is still not fully realized. We have recently attempted
to add enantioselectivity to hydrogenation reactions promoted
with Pt/DENs by covalently attaching cinchonidine to the
ends of the dendritic structure (Figure 81), but the final result
was a suppression of catalytic activity, as the new ending
groups appear to increase steric hindrance for the reactants to
enter the inside of the DEN structure and access the surface of
the metal; this proved to be the case even with only partial
dendrimer derivatization.''”> A different approach is to use
chiral dendrimers to grow chiral metal NPs: the feasibility of
this route was demonstrated by Pittelkow et al,"''°® but no
catalytic tests were carried out to assess the value of using such
unique chiral DENs. More studies are needed to determine the
viability of this idea of using chiral dendrimers or modifying
the outside of the dendrimer structure to improve on catalytic
performance.

One important aspect of DENs as catalysts is the degree of
access that the reactants may have to reach the metal NPs, as
they travel in solution through the dendritic structure.''”” Dry
DENSs are likely to have the organic fragments collapsed,
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wrapping the metal NPs and blocking access to the metal
surface. However, in solution, the organic structure can open
up and create channels through which reactants and products
can travel. Early on, Crooks showed that the catalytic
performance of DENS is affected by the density of functional
groups on the dendrimer periphery, specifically by demonstrat-
ing that the rate of hydrogenation of alcohols with Pd DENs
decreases with increasing dendrimer size (Figure 82).'%7%''%®

Alcohol Hydrogenation Promoted by Pd DENs
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Figure 82. Catalytic activity of Pd DENs for the hydrogenation of
several allyl alcohols as a function of the generation of dendrimer used
(4th, 6th, and 8th generation hydroxyl-terminated PAMAM
dendrimers).'”” The data indicate that higher generations, which
have larger organic structures, slow down the reaction. Adapted with
permission from ref 1070. Copyright 2001 American Chemical
Society.
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They concluded that the dendrimer periphery acts as a size-
and shape-selective “nanofilter”. In a more complete study,
Ooe et al. reported similar trends with dendrimer size for the
case of the hydrogenation of dienes with Pd/ (poly propylene-
imine) DENSs, and identified additional effects due to the
polarity of the reactant.''”” More recently, we offered more
direct evidence of the accessibility of metal NPs in DENs by
using in situ IR spectroscopy: the adsorption of carbon
monoxide on Pt DENs was shown to be limited, weak, and
reversible in the gas phase but extensive and stronger in the
liquid phase.""'" In situ electrochemical IR detection of CO
adsorption on Pt-DENSs tethered to carbon electrodes by the
Crooks’ group has also corroborated the accessibility of
molecules to the surface of the metal NPs in solution.''""
DENSs have also been dispersed onto high-surface-area solids
to prepare metal-NP-based heterogeneous catalysts. As
mentioned above, dendrimers collapse around the encapsu-
lated NP upon drying, blocking the metal surface' ''"? and
poisoning gas-phase catalytic reactions,'"* and therefore need
to be pretreated to expose the metal surfaces. This is discussed
in more detail below, in Section 5.4. Once activated, however,
the metal NPs may exhibit particular catalytic selectivity if the
narrow size distribution of the original DEN is preserved. This
has been proven in a number of cases. For instance, the
Somorjai group has made DEN-based monodispersed Pt and
Rh catalysts supported on silica solids for the promotion of the
hydrogenation of olefins,"''" aromatics,”>* and hetero-
cycles ' as well as for facilitating C—C'''® and C—
N7 bond activations. We have also reported the use of
Pt-DEN/SiO, catalysts for the promotion of C=C cis—trans
isomerization in olefins."''® Other reported examples include
the catalytic hydrogenation of unreactive olefins,"""" tol-
uene, 13202 and citral,''*? the reduction of NO, b
methane,''** the reductive amination of aldehydes,''** the
oxidation of alcohols,"'** inorganic (ferricyanide to ferrocya-
nide by thiosulfate) and organic (p-nitrophenol to p-amino-
phenol by sodium borohydride) electron transfer (redox)
reactions,''*° aldol condensations,"**” and electrocataly-
sis.' 711297131 I some cases metal NPs have been grown
on tethered dendrimers rather than separately (in solution)
before dispersion on the solid support,’'**™""** and a third
synthetic approach has been to polymerize DEN monomers
(or their metal-complexed dendrimers before reduction) to
create a solid catalyst.''*® In most cases, the main impetus
behind the choice of DENs has been the need to control metal
NP size in the low-size range. A nice example of how DEN-
based supported catalysts can be used to test structure
sensitivity in catalysis was provided recently by Huda et al.
for the case of the selective oxidation of toluene on carbon-
supported metal catalysts; as shown in Figure 83, the activity of
this catalysis is dramatically affected by the size of the metal
NPs within a very narrow range (in the sub-1 nm regime).""*’
Additional catalytic selectivity was achieved by selecting the
appropriate metal (Cu being the best for the mild oxidation to
benzyl alcohol, Pt for deep oxidation to benzoic acid).'"*”
The collaborative work of the Toste and Somorjai groups
have advanced an interesting twist to the use of supported
DENS, in that they exploited the reversibility of the reduction/
oxidation of the metal to switch between encapsulated metal
NPs and their precursors, the metal ions complexed on the
functional groups of the dendrimers.'*®'"** This offers the
option of transitioning from heterogeneous to pseudo-
homogeneous catalysis depending on the requirements of the
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Figure 83. Catalytic activity of supported DEN-made catalysts for the
oxidation of toluene as a function of both the nature of the metal and
the NP size (number of metal atoms per NP).'"*” Reproduced with
permission from ref 1137. Copyright 2019 Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim.

reaction to be catalyzed. In addition of being excellent catalysts
for typical heterogeneous reactions, including hydrogenations,
alkane isomerizations and ring openings, the resulting
supported DENs can also promote selective transformations
that had been challenging in heterogeneous settin%s such as 7-
bond activation and aldol reactions (Figure 84).""* Selective
catalysis has been shown, for instance, in the case of the
reversible dehydrogenation/hydrogenation of indole (N-
heterocycle) in solution, where Pt DENs proved to be
excellent at promoting the direct arylation at the C-2 position
(via C—H activation) of indole in water in the presence of a
hypervalent iodine oxidant, and was used for the one-pot
cascade dehydrogenation/arylation between indoline and an
arylated agent."'"> In another case, by combining size-selected
DENs with well-defined mesoporous supports (and hydro-
phobic solvents), it was possible to direct diastereoselectivity in
the Hayashi-Ito aldol reaction of methyl isoc?ranoacetate with
benzaldehyde toward the trans diastereomer.' ">’

5.3. Bimetallics

We now revisit the idea of using bimetallics in catalysis. In
Section 4.3 we discussed the use of bimetallic NPs in catalysis
in the context of isolating single atoms of one metal to create
unique sites in a matrix composed of a second metallic
element, to produce so-called single-atom alloy (SAA)
catalysts. Here we address the use of metal alloys in catalysis
in a more conventional way, emphasizing the synthetic
flexibility afforded by the colloidal and dendrimer-based
approaches referred to above (Sections 5.1 and $.2,
respectively). We start by pointing out that the synthesis of
bimetallic NPs using this type of self-assembly offers many of
the same advantages in catalytic applications mentioned above
in connection with monometallic NPs.”'®'%¢”!* For instance,
colloidal and dendrimer-based synthesis affords narrow size
distributions and the potential of developing unique NP shapes
with specific surfaces exposed. Also, the use of organic
stabilizers sometimes helps with solubility issues in particular

https://doi.org/10.1021/acs.chemrev.1c00905
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Figure 84. Examples of organic reactions that can be promoted by supported DENs in either reduced or oxidized states."'*” Reproduced with

permission from ref 1139. Copyright 2017 American Chemical Society.

solvents. The large size of the metal-organic combined
structure makes separation of the catalyst easier than in
homogeneous catalysis even if the process is carried out in
solution, with the colloidal/DEN catalysts suspended in the
liquid phase. Bimetallic colloidal NPs and DENs can also be
used as precursors for the making of heterogeneous catalysts
with metal NPs dispersed on solid supports.

One powerful aspect of bimetallic NP synthesis using
colloidal- and dendrimer-based chemistry is that, because both
the addition of the metal salt precursors and the reduction
steps can be controlled in time (sequentially one at a time
versus at the same time in a mixture), it is often possible to
tune the spatial distribution of each metal component within
the individual NPs.'”” Other synthetic approaches such as
underpotential deposition and galvanic replacement are
available for the fine-tuning of bimetallic NP composition as
well.""*"''** This affords the synthesis of bimetallic NPs in
either of two extreme forms: fully mixed alloys, in which the
elements are distributed evenly everywhere within the NPs
according to the overall composition, and core—shell
structures, where one component occupies the center of the
NP as it is coated by an outside layer of the second.''** More
complex structures are also possible, like, for instance, NPs
with multiple alternating layers,""**"'"** NPs with non-
spherical shapes,"'*>~"'*” heterostructures with NPs of differ-
ent metals coupled into one single unit (such as in a dumbbell
configuration)," **~"">* and even hollow structures if further
processing such as etching is performed after the synthesis of
the self-assembled layers.'">*''>> Some three-component
metallic NPs have been produced as well,''*! 145113671159
An example of the latter, a catalysts made out of three-layer
Pd—Ni—Pt cubic NPs for electro-oxidations, is shown in
Figure 85: it was claimed in that work that the higher specific
initial activity seen with this material is explained by the
structural strain imposed on the Pt outer layer by the
introduction of the Ni intermediate layer.''** Complex
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Figure 85. Cubic Pd—Ni—Pt layered NPs used for electro-oxidation
catalysis."'** Left: HAADF (top) and regular TEM (bottom) images;
Center: Cyclic voltammetry data for the electro-oxidation of formic
acid (top) and of ethanol (bottom) (the different colors correspond
to different NP sizes). Right: Recolored TEM image to highlight the
distribution of the metals within each cubic NPs (bottom), illustrated
schematically at the top. Reproduced with permission from ref 1144.
Copyright 2014 American Chemical Society.

nanostructures such as these will be discussed in more detail
later in this review (Section 7).

Well-mixed alloys are the default when the metals are
miscible in bulk solids, and the preparation of alloyed colloidal
NPs and their use in catalysis was already regorted in the
90s' '’ but continues to advance to this day.”””!!#%11#>1161
Nevertheless, colloidal- and dendrimer-based synthesis also
offers, in some instances, access to alloy compositions that are
not thermodynamically stable in bulk solids. For example, well-
mixed Au—Pt alloyed colloidal and dendrimer-based NPs
covering a wide range (10 to 90 atAu%) of compositions,
including the bulk miscibility gap for this binary system, have
been made and used for catalytic applications such as CO
oxidation''®” and the electrocatalytic oxidation of metha-
nol."'®® The presence of both Au and Pt atoms were deemed

https://doi.org/10.1021/acs.chemrev.1c00905
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critical in the latter process, Pt to initially adsorb the methanol
reactant and initiate its decomposition and Au to stabilize the
intermediate CO-like species and/or to provide oxygenated
species in the methanol oxidation process. In another case, Au
was used to stabilize colloidal Rh NPs and thus enhance the
catalytic selective hydrogenation of cinnamaldehyde; Rh-rich
bimetallic catalysts (up to ~40 atAu%) exhibited enhanced
activity and selectivity toward the desired hydrocinnamalde-
hyde product compared to pure Rh (increasing the Au
concentration above 50 atAu% led to a loss of this beneficial
effect).'' "% The requirements in term of composition for
optimum catalytic performance may depend on the particular
reaction being considered. For instance, with Pd—Au bimetallic
NPs, Pd-rich surfaces offer superior activity and selectivity for
the hydrogenation of 2-chloronitrobenze to 2-chloroaniline,
but an intermediate surface coverage of gold is required to
optimize the production of hydrogen peroxide (Figure 86).''*
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Figure 86. Reactivity of Pd—Au bimetallic NPs in electrocatalysis as a
function of alloy composition, in the form of turnover frequencies for
2-chloronitrobenzene hydrogenation to 2-chloroaniline (blue) and for
hydrogen peroxide synthesis (red) for four Pd:Au ratios.''**

It is wort mentioning that, in this latter example, the final NPs
did not show the idealized homogeneous mixing expected in
alloys but rather exhibited regions enriched in one or the other
metal."'*® Controlling the surface composition of bimetallic
NPs is also critical to the optimization of electrocatalytic
processes such as the ORR''®” and other fuel-cell reac-
tions."'*® In general, the use of colloidal and dendrimer-based
synthetic methods to grow bimetallic NPs and tune their
electronic properties has in many instances mimicked similar
approaches used in the past with more traditional alloy
catalysts, but it has offered more control on size and
composition.' 1691178

As already alluded to in the previous paragraph, homoge-
neous alloying of the metallic components within individual
colloidal NPs may depend on the conditions to which they are
exposed; the metals may segregate into two or more distinct
phases after certain treatments. For instance, in studies on the
selective hydrogenation of cinnamaldehyde with Rh—Au
bimetallic catalysts, reduction of the NPs supported on a
TiO, surface was shown to result in segregation into Janus NPs
with decreased catalytic activity.''**''®> Segregation and phase
separation in these bimetallic NPs is often driven by the
formation of oxides."'”” An example here is that of the two
metals in Pd + 2nd-(promoter)-metal bimetallic NPs made by
colloidal chemistry, which were shown to mix well initially but
to separate upon heating in air into collocated metal oxide
NPs; the new phases appear to add stability to the final
catalysts (Figure 87).''*" Similar phase segregation was
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Figure 87. Stabilizing effect of the addition of a second metal to Pd
NPs.''* Shown are data for the methane combustion activity of
PdM, /AL Oy catalysts versus temperature (in Arrhenius form) after
pre-oxidation in air at 850 °C, a process that leads to the formation of
metal oxide NPs. Reproduced with permission from ref 1180.
Copyright 2017 American Chemical Society.

reported with Ni—Fe NPs dispersed on Mg(Al)O supports,
prepared to promote the dry reforming of methane: operando
spectroscopic studies led to the observation of the formation of
separate but adjacent metallic Ni and FeO NPs on the surface
under reaction conditions, creating new coking-resistant
catalytic sites.'"®" Other types of chemically induced
segregations will be discussed in more detail in Section 5.4.
At the other end of the spectrum, in opposition to well-
mixed alloys, the metals in colloidal or dendrimer-based
bimetallic NPs may phase separate from the start, in which
case the NPs may develop core—shell structures.''*»"'>!1%3
As mentioned above, these can sometimes also be accessed via
the sequential deposition of the metals. For instance, in a study
of Au@Pd catalyst (where a Au NP core is covered by a Pd
shell) for the promotion of trichloroethene hydro-
dechlorination, made by adding Pd to colloidal Au NPs of
different sizes, the Pd dispersion and oxidation state were
shown to transition from isolated atoms to metallic 2D Pd
ensembles of varying sizes and then to partially oxidized 3D Pd
ensembles as the Pd surface coverage was increased; those
changes were seen to occur at different surface coverages with
Au NP of different sizes."'** Catalytic performance was
determined to correlate with all these changes, with metallic
2D Pd ensembles displaying optimum activity (Figure 8g).!184
These Au@Pd core—shell colloidal catalysts have also been
shown to improve nitrite reduction performance, offering
higher selectivity to N, in comparison to that of submonolayer
Pd surface coverages or pure Pd NPs."'® Quantum mechanics
calculations suggested that the optimum performance of
catalysts with thin shells of the active metal (Pd) covering a
core of a second (Au) may be due to an electron modification
of the former by the latter, by Au increasing the occupation
state of the Pd d orbitals in the particular cases cited above.""*®
Conversely, in the case of Au@Pt DEN catalysts, the increase
in activity seen for the hydrogenation of nitrotoluenes to
anilines and of 3-phenoxybenzaldehyde to 3-phenoxyphenyl
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Figure 88. Activity of colloidal core—shell Au@Pd NPs for the
catalytic hydrodechlorination of trichloroethene as a function of Au
core size and of the amount of Pd added.''®* Reproduced with
permission from ref 1184. Copyright 2012 Elsevier Inc.

methanol was ascribed to electron transfer from the Pt shell to
the Au core, which may lead to an enhancement in the
adsorption of polar carboxyl groups.''®” The surface
modification of the active metal (Pd) with an electronic
modifier (i.e., In) has been tested as well, taking advantage
again of the possibility of performing colloidal chemistry in a
sequential manner.""*® In that case, optimum nitrate
conversion was seen with submonolayer (40%) In surface
coverages; metallic In was estimated to provide strong binding
sites for nitrate adsorption and to lower the activation barrier
for the nitrate-to-nitrite reduction step.

It is also interesting to note that in bimetallic systems with a
tendency to phase segregate, the making of colloidal NPs
consisting of diluted alloys can still lead to surfaces with good
dispersion of the minority metal, which can thus be used for
single-atom alloy catalysis (Section 4.3). An example of this
has been recently provided by Duchesne et al., who made Au-
based colloidal NPs with diluted amounts of Pt for the
electrocatalytic oxidation of formic acid.*”* Both STEM/
energy-dispersive X-ray spectroscopy (EDX) mapping and
DEFT calculations indicated that the Pt atoms sit on the surface
of the NPs but are isolated from other Pt atoms if their overall
concentration is kept low enough. An optimum performance
was seen with Pt,Augs clusters, presumably because of the
unique O-bonded adsorption configuration of the reactant on
isolated Pt atoms. With analogous Pd—Au alloys, the same
group determined that the ethanol electrooxidation reaction
(EOR) in alkaline solution reaches peak specific activity and
selectivity toward CO, production with Au-rich bimetallic NPs
of Pd3,Augs composition (Figure 89).""%? Similar observations
were reported from a study on the use of colloid-made Au—Pd

NPs to promote the aqueous-phase hydrodechlorination of
trichloroethene.''”® The researchers of the latter work found
that the Pd atoms, which were added in submonolayer
quantities, initially decorate the surface of the Au NPs in a
random fashion, but intermix with the first couple of layers
upon reduction in a H, atmosphere.

As discussed above, two main motivations for the use of
core—shell NPs are to minimize the loading of expensive
materials and to help tune the structural (strain) and/or
electronic properties of the active phase. These nanostructures
may display unique properties not seen in bulk bimetallics,
offering new opportunities in catalysis.”‘w’1142 For instance,
colloidal NPs made out of Au cores covered with thin shells of
a second transition metal (Pt, Pd, Rh, Ru) were shown to
display optical plasmon resonances not seen in alloys of the
same metals.'"”" This is particularly relevant to photocatalysis:
the newly conceived NPs were shown to be active in a scheme
for visible-light-induced hydrogen generation from water
involving EDTA, tris(bpy)Ru(Il), methyl viologen (MV),
and the colloidal metal NPs, because the latter can act as
electron mediator to accept electrons from the methyl viologen
cation radical and donate those to protons, producing
hydrogen molecules; this system performed much better
than monometallic colloidal NPs made out of either of the
constituent elements.'"”" Similar charge transfer between the
elements of core—shell bimetallic NPs can assist thermal
catalytic processes as well: witness, for instance, the use of
Ag@Au NPs for the aerobic oxidation of glucose, a case where
the increased activity (compared to that of regular Au NPs)
was ascribed to the creation of negatively-charged Au atoms on
the surface thanks to electron donation from the Ag core
(Figure 90).1192

5.4. Removal of Organic Matter: Nanoparticle Stability

Supported catalysts made with colloids and dendrimers initially
contain the surfactants or dendrimers used for their synthesis.
Sometimes that organic matter can be exploited to gain
selectivity in catalysis, as we discuss in the next paragraph, but
more often they block access to the surface of the catalytic
material and require their removal for more effective catalysis.
This is particularly true with catalysts made by dispersing metal
NPs on solid supports, in which case pretreatments are also
common as a way to precondition the surface and assure that it
has the appropriate oxidation state. Much has been written
about this issue of the removal of the organic matter from
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144
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Figure 89. Example of the performance of colloid-made Pd—Au/C catalysts for the electrooxidation of ethanol.''® (a) HAADF-STEM image and
elemental mapping of a Pd;,Augs NP, the composition that exhibit optimum electrocatalytic performance. The bottom-right image shows the well-
dispersed nature of the Pd atoms. (b) EOR activity at 0.8 V, normalized to the mass of Pd (purple solid bars), the mass of all metals (gold solid
bars), and the electrochemical surface area (dash bars). Reproduced with permission from ref 1189. Copyright 2019 American Chemical Society.
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colloidal and dendrimer-based NPs,®°1/0636641193=1198 14 1yq
definitive conclusions have been reached yet.

First, we turn our attention to the possible influence that the
added organics may have in catalysis. Beneficial effects are
possible, mainly in catalysis carried out in liquid
phase 5111991200 Ag already discussed in Section 5.2, the
surfactants in colloidal NPs or the dendrimers in DENs can in
principle restrain access to the metal surfaces. However, two
issues also mentioned before contribute to the mitigation of
this problem, or even to improvements in catalytic perform-
ance. First, it has been shown that in solution the organic
matter around the NPs is flexible and adopts an open
configuration with channels through which the reactants and
products can travel, to diffuse in and out of the colloidal metal
NPs or DENs.!''° Second, the surfactants used in colloidal
NPs and DENs can moderate the catalytic behavior of metal
surfaces, and on occasion direct selectivity, in a way similar to
that described in Section 3.3 when we discussed the use of
SAMs to modify solid metal surfaces."””'~"**” In many cases,
selectivity is achieved by reducing the adsorption energy of
some specific reactants/products or by blocking selected
reaction pathways.””*¢7#1205= 1211 15 Eigure 91, for instance,
a case is shown where phosphine ligands were used to block
catalytic sites in PVP-stabilized Rh NPs in order to improve
selectivity during the hydrogenation of phenylacetone to 1-
cyclohexaneacetone. Unfortunately, as we already mentioned
in Section 5.2, attempts to add selectivity to colloidal NPs or
DENs via modifications of the organic surfactants or
dendrimers have not always been successful because of the
additional steric effects.''*¥'?1271216 I fact most of the
successful cases referenced here used small chiral molecules as
colloidal stabilizers, not more traditional surfactants modified
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Figure 91. Control of chemoselectivity in the hydrogenation of
phenylacetone promoted with PVP-stabilized Rh NPs via the addition
of phosphine ligands.'”'” Small phosphines were shown to improve
selectivity toward the hydrogenation of the aromatic ring via the
blocking of the C=O hydrogenation pathway. Adapted with
permission from ref 1217. Copyright 2012 American Chemical
Society.
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to add the desired selectivity. This limits the applicability of
this approach.
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In heterogeneous catalysis, the benefits of organic matter
around the metal NPs are much more limited. For one, given
that many catalytic reactions promoted with heterogeneous
catalysts are carried out in gas phase, they do not benefit from
the presence of a solvent to help open up the organic
structures. Instead, those tend to collapse and bock the metal
surface, and need to be removed to activate the catalyst.
Unfortunately, it has proven difficult to do this without
affecting the final nature (size and shape) of the metal NPs.
Typically, mild decomposition of the organic matter, by, for
instance, using low-temperature thermal or calcination
processes, occurs in a stepwise manner or is incomplete and
leaves some organic residues on the surface, but if harsher
treatments are used, the NPs are likely to loose their original
shape, and/or may sinter.'”'® Several studies have aimed to
identify the optimum conditions for supported metal NP
activation, sometimes yielding contradictory reports. The
groups of Amiridis and Chandler have shown that the
decomposition of dendrimers in DENs starts are relatively
low temperatures, as low as 50 °C, most likely at the mono-
substituted amide groups.'”'"~'**> However, they have also
indicated that much harsher pretreatments such as oxidations
at 300 °C or higher temperatures are required to fully clean the
metal, and that sintering may take place in those instances. The
removal of the organic matter is also affected by the nature of
the support because of the contribution from specific
interactions between the surfactants or dendrimers and the
oxide."””® Other research groups have reported rosier out-
comes, sometimes claiming complete metal cleaning while
preserving NP size, shape, and catalytic activity, although in
most cases there are nuances associated with those
conclusions.'?**!?**125 This is illustrated by the mixed results
reported by the group of Somorjai and coworkers.”® In their
system, based on PVP-stabilized Pt NPs, they showed that after
the PVP is removed (via UV radiation or thermal oxidation),
carbonaceous fragments remain on the surface that dynam-
ically switch between being porous in H, and collapsing and
closing in O,. Consequently, the pre-treated NPs were shown
to be effective catalysts for ethylene hydrogenation but not for
methanol oxidation (Figure 92).5%

Treatments based on a combination of ultraviolet radiation
and ozonolysis (UV/O;) have also been used for ligand
removal (as in the example provided above, Figure
92).1226_1228 This is a milder alternative to calcinations, but,
again, the results are not always optimal, often leading to an
incomplete removal of the organic matter,%®>!?>%1226,1229-1232
On the other hand, controlled removal of the surfactants may
sometimes be used to tune selectivity. In one example, in a
study of the partial removal of the PVP stabilizers from silica-
supported Au NPs by UV radiation/ozonolysis, it was shown
that while retention of the surfactants on the surface benefits
the selectivity of the hydrogenation of p-nitrochlorobenzene
toward p-chloroaniline, possibly by forcing the reactant to
adsorb in an on-end geometry, removal of the organic residues
from the surface of the metal NPs is required to hydrogenate
cinnamaldehyde (the extent of the C=C hydrogenation
proved to be proportional to the area of the open surface;
Figure 93)."*%

Less disturbance of the properties of the metal NPs during
organic-matter removal may be accomplished by using mild
chemical treatments such as ligand exchange or solvent
extraction,''?%!23*712% gyccessful treatments with NaBH, in
particular, to remove thiol adsorbates, have been re-
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Figure 92. Effect of colloidal NP cleaning on catalytic performance.
Reported are the rates of methanol oxidation relative to those of
ethylene hydrogenation measured with three Pt colloidal catalysts
following either radiation or thermal pre-treatments.**> Some organic
residues were detected on the surface using vibrational spectroscopy;
they seem to aid hydrogenation processes but hinder oxidation
reactions. Reproduced with permission from ref 56. Copyright 2021
The Author(s). Published by Elsevier B.V.

ported,'**>'**® but, because of the reducing properties of
that reactant, NP sintering may also occur in those cases.'”*” In
more general terms, many of these chemical treatments can
alter the surface of the NPs and with that their catalytic
properties (Figure 94).'”** Another alternative is to grow
metal NPs without capping agents by using templatin% agents
during metal deposition on solid surfaces instead.”*'**
Additional complications may appear, however. For instance,
in one case, Br~ ions were used as surfactants to grow Pd NPs
to take advantage of their easy subsequent removal via heating
in water, but it was then found that such removal leads to the
oxidation of the metal surface.'**"'**> A definitive way to
properly activate colloidal- or dendrimer-made metal NPs in
supported catalysts is still not available.

As already alluded to, removal of the organic matter used in
the synthesis of colloidal NPs or DENSs risks modifying the
structural and/or chemical properties of those metal NPs;
again, witness the example provided in Figure 94. This is
particularly critical because one of the main driving forces for
choosing to prepare catalysts using these self-assembly
procedures is the exquisite control they offer in terms of NP
size and shape; if those are lost at the catalyst pre-treatment
stage, the justification for using such complex and expensive
synthetic routes is gone. One concern is the potential leaching
of the metal during catalysis, a worry that applies mainly to
reactions carried out in liquid phase.'”>> A particular set of
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Figure 93. Effect of the presence of organic ligands on the
performance of PVP-stabilized Au colloidal NPs dispersed on a silica
support.'>** (a) TOFs for the hydrogenation of p-nitrochlorobenzene
(black squares) and cinnamaldehyde (red circles) as a function of the
time the Au NPs were exposed to a combination of UV radiation and
ozonolysis prior to reaction, to remove the organic matter. (b)
Proposed model for the improved performance of the catalyst for the
first reaction with increased organic ligand coverage, based on a
change in adsorption mode for the reactant. Reproduced with
permission from ref 1233. Copyright 2014 American Chemical
Society.

reactions where this has become a hotly debated issue is C—C
couplings such as the Suzuki and Heck reactions: some of the
metal (typically Pd) atoms in the colloidal NPs or DENs may
dissolved as ions, which may perhaps carry out the catalysis
themselves.”'>7*”?*1125% In an early study, the Crooks’ group
looked into the degree of metal leaching from G6—OH(Pd,,;)
DENSs in aqueous solutions, and determined that the Pd NPs
are fully stable for at least 36 h under reducing conditions but
oxidize under N,, a chemical change that is accompanied by
partial leaching.'**> Using a special membrane reactor,
Thathagar et al. proved that, indeed, Pd atoms and ions do
leach from Pd NPs in Heck and Suzuki coupling reactions
(Figure 95),72%125¢ and experiments based on cross mixing of
bimetallic NPs'*®” and direct X-ray absorption spectros-
copies'**® later confirmed this conclusion. Metal leaching has
also been seen with other metals,'**° and remains a concern to
this date.

Metal NPs can also sinter. For instance, Au DENs were
recently shown to grow in size duriné% their use promoting the
electrocatalytic reduction of CO,."”*" In these situations, the
organic matter (surfactants or dendrimers) may actually help
with stability: it was shown in that same study that higher
generation (G8-OH PAMAM) dendrimers prevent metal NP
sintering, presumably because of the compactness of the
periphery of the organic framework (Figure 96)."*°° This is an

BG

interesting case of NPs growing in size in solution; much more
common is metal NPs sintering in heterogeneous catalysts,
because, once cleaned up, those catalysts are prone to the same
effects well documented for catalysts made by other
means.'>%7'?* Again, in the case of colloidal or dendrimer-
based NPs, the organic matter may act as a retardant of metal
mobility, improving on the stability and performance of the
catalysts, but that is beneficial only if the metal surfaces remain
accessible for reaction: there is a fine line between the positive
role of these carbonaceous deposits as providers of additional
structural stability versus the detrimental contribution as
agents that block active sites. Less common but also possible
in heterogeneous catalysts is the reverse dissolution of metal
NPs into isolated atoms: this is what was recently reported in
the case of Pd/ALO; catalysts used for methane combus-
tion."*** It is worth mentioning that, because in that case rapid
annealing at high temperatures was used to clean the colloidal
metal NPs prior to their use, as in many of the other examples
available on this subject, it is quite likely that the NP size
redistribution observed during catalysis had nothing to do with
the particular manner in which the catalysts were synthesized;
these results do not provide meaningful insights into possible
sintering or redispersion of colloidal NPs or DENs supported
on solid surfaces. NPs size redistribution is nevertheless a
concern here, as with all other catalysts.

The retention of the shape on metal NPs is a much subtler
problem, because the NP shapes can easily vary and change
under different conditions, even during their synthesis, given
the dynamic nature of the capping process.”””"'”® Additional
opportunities to affect NP shape in supported catalysts occur
during catalyst pretreatments, as the organic matter is
removed, and also during reaction."'”® The structure of
colloidal NPs is also likely to change with time due to possible
reaction with chemical compounds from the surrounding
environment such as solvents or gases.'”*> An obvious concern
is oxidation. With Pd colloidal NPs, for instance, the higher
rate seen for C—C coupling reactions on (100) (and other
high Miller index planes) versus (111) facets has been ascribed
to a higher oxygen-assisted leaching susceptibility.'>*>'>*”
These NP shape changes can even happen before catalysis;
Figure 97 shows an example of such behavior for the case of
PVP-capped Pd NPs dispersed on a carbon support.'**®
Nevertheless, the deterioration of NP shapes is often more
pronounced under reaction conditions: examples of sructural
changes have been reported for Pt colloidal NPs when used for
the electron-transfer reaction between hexacyanoferrate (III)
and thiosulfate ions in solution at room temperature”*"'*%* as
well as for Pt colloidal NPs dispersed on a carbon sug)port
employed for the promotion of the ORR in fuel cells."**

Much has been made of the possibility of using the shape of
metal NPs as a way to control catalytic selectivity, as discussed
above (Section 5.1). Key to the success of that approach is the
ability to preserve the NP shape during reaction. This is
certainly possible for mild reactions carried out at relatively low
temperatures and pressures. For instance, we have shown that
the Pt NPs made using colloidal chemistry can retain their
tetrahedral shape on silica supports during preconditioning as
long as relatively mild oxidation-reduction conditions are used,
but convert into their more thermodynamically stable spherical
shape if calcination is carried out at higher temperatures
(Figure 78)."%**'%* In that work, we also showed that the NP
shape is preserved during olefin isomerization reactions, which
are carried out at temperature of about 375 K and under
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colloidal Mn;0, NPs made using oleic acid as the surfactant. Four treatments were tested: thermal/combustion (data in magenta), and chemical
treatments with a base (KOH, pink), an alkylating agent (triethyloxonium tetrafluoroborate, blue), and a Lewis acid (boron trifluoride-diethyl ether
complex, red). (a) TEM images and NP size distributions. (b) Selected area electron diffraction (SAED) patterns. (c) Thermogravimetric analysis
in air. (d) IR spectra. (e) Cyclic voltamograms. The structure of the final NPs appear to be the same after all treatments (a,b), but their physical
and chemical properties are different, namely, they show different (c) final weights, (d) adsorbed species, and (e) redox behavior. Reproduced with
permission from ref 1248. Copyright 2019 American Chemical Society.
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Figure 95. Experimental setup used to demonstrate the leaching of Pd
atoms from Pd colloidal NPs during C—C coupling reactions.”*®
Reproduced with permission from ref 928. Copyright 2006 Wiley-
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Figure 96. Evidence of the stabilizing effect exerted by large
dendrimers on DENS, in this case the inhibition of the sintering of
Au NPs in DENs by 8th-generation OH-terminated PAMAM
dendrimers (G8-OH) during the electrocatalytic reduction of
CO,."** Reproduced with permission from ref 1260. Copyright
2017 American Chemical Society.

CO"™”* or electrocatalytic oxidations,'””* but even though
differences in reactivity were observed when using NPs of
different shapes, caution needs to be exerted before concluding
that they are due to structural effects, since those reaction
requires high temperatures and are often highly exothermic;
the shape of the metal NPs is likely to change under those
conditions (as we mentioned before, In Section 5.1),"*7°~"*77
and the differences observed there may be ascribed to other
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Figure 97. Example of the shape instability of colloidal metal NPs.
Shown are STEM images of 10 nm PVP-capped cubic Pd NPs (a) as
synthesized, (b) after deposition on activated carbon, (c) 6 months
after deposition, and (d) aged for 12 months."**® The loss of the
cubic structure, the sharp edges in particular, is evident. Reproduced
with permission from ref 1268. Copyright 2014 American Chemical
Society.

factors. Encapsulation of NPs with a thin protective layer has
been attempted to help preserve NP shape, but althou%h some
success has been reported with this approach,'”” some
skepticism is again in order, as (1) roughening of NP surfaces
requires minimum reconstruction difficult to stop by such

protecting approach, and (2) covering of the surface leads to
changes in its surface chemistry and likely blocks catalytic sites.

With bi- and multi-metallic NPs, an additional concern
relates to the stability of the chemical composition of their
surfaces. It has been long known that exposure of multi-
component solids to thermal treatments or specific chemical
environments often leads to the selective segre ation of some
of the components to the surface.””®?>'*”?71%! Bimetallic
NPs are particularly susceptible to this effect, as their small
sizes means that bulk atoms are only a few layers away from
the surface, and also because NPs, with their highly-curved
surfaces, obey somewhat different thermodynamic rules than
those that apply to bulk solids. Of particular relevance to
catalysis is the fact that the gases or liquids in the reaction
mixture during catalysis can affect surface composition by
driving particular metals in or out of the surface, often
reversibly. We have in fact discussed some cases of bimetallic
segregation due to the oxidation of one of the components
already in Section 5.3. In reference to colloidal NPs, in a
pioneering paper in 1995, Bradley et al., using IR spectroscopy
to characterize the adsorption of CO on Pd—Cu catalysts,
established a preference for room-temperature Pd segregation
to the surface, a result that is in contrast with the more
commonly observed surface enrichment in Cu seen with bulk
alloys; further surface enrichment in Pd was shown to occur
with long exposures (days) to CO atmospheres.'”** More
recently, Somorjai and coworkers used atmospheric-pressure
XPS to follow the reversible segregation of Rh in Rh,Pd,_, and
Rh,Pt,_, colloidal NPs (x = 0.2, 0.5, 0.8) with core—shell
structures.”>*'*® They showed that the NPs undergo
reversible changes in surface composition and chemical state
as they are alternatively exposed to oxidizing and reducing
conditions (Figure 99). These changes are particularly relevant
in electrocatalysis, where the liquid phase interacting with the
bimetallic NPs on the surface of the electrodes offers a strong
driving force for surface composition changes, and where the

Benzene Hydrogenation with TTAB-Stabilized Pt NPs
P(CgHg) = 10 Torr, P(H,) = 100 Torr, P(Ar) = 650 Torr, T = 400 K
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Figure 98. Electron microscopy proof of the stability of the shape of metal NPs during mild catalytic reactions. Shown are images for cubic (top
row) and cubooctahedral (bottom) tetradecyltrimethylammonium bromide (TTAB)-stabilized Pt NPs before (left) and after (right) benzene
hydrogenation catalysis.'”'” Reproduced with permission from ref 1017. Copyright 2007 American Chemical Society.
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Figure 99. Evolution of the surface Rh and Pd atomic fractions (top)
and of the fraction of both metals present in oxidized form (bottom)
in colloidal RhysPdys NPs at 300 °C under oxidizing conditions (100
mTorr NO or O,) and catalytic conditions (100 mTorr NO and 100
mTorr CO).*** The data highlight the dynamic nature of the
distribution of the components in bimetallic colloidal NPs depending
on the surrounding environment. Reproduced with permission from
ref 854. Copyright 2008, American Association for the Advancement
of Science.

presence of the second metal is imperative to temper the high
reactivity of Pt, for instance.'”** The relevance of the unique
compositional structures afforded by using colloidal chemistry
in the preparation of bimetallic NPs to catalysis may in many
instances be brought into question because of the structural
and compositional changes induced by the catalytic environ-
ment.

Mismatches in lattice constants between the core and shell
metals in core—shell bimetallic NPs and other nanostructures
can also cause changes in bond distances between atoms on
the surface leading to changes in the chemical properties of the
outer layer.'”® Alternatively, they can create grain-boundary
defects with particular chemical activity. Either way, these
effects are likely to show up in the catalytic behavior of such
NPs. To the best of our knowledge, there has not been a
proper evaluation of this effect to date. Overall, it can be said
that the ability to synthesize metal NPs with colloidal,
dendrimer-based, and other self-assembly methodologies
offer great control over their size, shape, and composition,
parameters that can be then tuned to optimize catalytic
behavior. Examples of the success of this approach are certainly
available, as discussed above, but its use is somewhat limited to
reactions that take place under mild conditions. In addition,
special consideration needs to be given to the need to evaluate
the role of the organic matter in the particular catalytic process
of interest, to assess its beneficial or detrimental effects and to
establish a reliable way to activate the metal NPs via their
removal if necessary. Moreover, because the synthesis of
colloidal NPs and DENs is expensive, their use in catalysis may
have to be targeted to certain organic conversions difficult to
promote by other means.

BJ

6. NOVEL NANOSTRUCTURES: OXIDES, OTHERS

Because of their ubiquity in catalysis, our focus in the previous
section was on the synthesis of catalysts where the active phase
is metallic. In heterogeneous catalysis, metals are commonly
deposited in NP form on solid supports, preferably high-
surface-area solids, to optimize dispersion and therefore
minimize metal loading. In this traditional picture of catalysis,
the support is inert; all the important catalytic chemistry takes
place on the surface of the metal. However, it was learned very
early on that this simplistic model is incomplete, and that the
support itself can play additional roles in catalysis. For instance,
it can modify the electronic or structural properties of the
metal NPs. It can also interact strongly with the metal and
create unique interface sites with new chemistry; the SMSI
effect discussed in Section 4.2 is one example in this category.
Finally, the so-called support can be a catalytic phase in its own
right, acting by itself or in conjunction with metal NPs (in
concerted or tandem fashion). In fact, much catalysis is carried
out with non-metallic solids. Because of all of this, it is also
important to develop an ability to control the structure and
properties of non-metallic catalysts and supports. Some of the
main ways by which nanotechnologies have been incorporated
into the synthesis of novel non-metal structures, exposing
surfaces with atomic ensembles that may define useful catalytic
sites, will be discussed next. Because metal oxides are perhaps
the most common supports and non-metallic promoters used
in catalysis, most of our review will focus on those, but
reference to other solids such as carbon-based materials,
including polymers, will be made as well.

6.1. Zeolites

Zeolites, with their well-defined crystalline structures, are
perhaps the oldest group of metal oxide materials used in
catalysis where great control can be exerted on the structure of
catalytic sites.'”*°~'?*’ There are many types of zeolites found
in nature, to which many more have been added by synthetic
laboratories.'***~"*** Most zeolites are aluminosilicates with
basics unit consisting of 3D frameworks built by corner-sharing
SiO, and AlO, units, which are organized to produced cavities
and channels of different sizes (usually below 1 nm in
diameter), shapes, and connectivities; these can involve rings
with from 8 to 30 atoms.'*”*'**> The versatility in the way the
basic units can be assembled to create well-defined diverse
pore structures is one of the key Gproperties that make zeolites
such useful solids for catalysis.'*”° In addition, aluminosilicates
exhibit both Lewis- and Bronsted-acid sites,*” the strength
and surface concentration of which can be controlled and
tuned by adjusting the Si/Al ratio.'*”’~"**” The literature on
the use of zeolites as catalysts is quite extensive, and it is not
our intention to cover it here; there are other excellent
reviews!671286,1290,1299,1300 iy 1301-1304 g g e
justice to the importance of these materials. Instead, below we
highlight some of the key properties of zeolites that afford the
design of catalysts with well-defined sites to control selectivity.

One of the main catalytic uses of zeolites is in the petroleum
industry,'2?#130L1305139 i fluid catalytic cracking refineries
for gasoline production in particular."**’~"*%” Although this is
a well established process, research continues in the search for
ways to convert light and heavy crude oil fractions, and more
recently biomass-based oxygenates, into specific products such
as propylene and diesel-range fuels with high selectiv-
ity.20%1219131 One key aspect of this catalysis is the
dependence of activity and selectivity on the nature of the

https://doi.org/10.1021/acs.chemrev.1c00905
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acid sites, which not only relies on the Si/Al ratio, as
mentioned above, but also on the distribution and specific
placement of the Al ions within the zeolite frame-
work,300130913121313 5 detail that has turned out to be
difficult to characterize and control.">*®"*'*"*!5 In one
example, related to the cracking of propane with Y zeolite,
the intrinsic activity of the Bronsted-acid sites was deemed to
be identical in all samples regardless of Si/Al ratios, and the
enhanced activity seen with higher Si/Al values was attributed
to the presence of more isolated Bronsted-acid sites.">'®
However, in another study, with HBEA zeolites, an increase in
the Si/Al ratio was determined to lead to a reduction in the
proportion of Lewis-acid sites relative to Bronsted-acid sites,
undermining the protolysis of methylcyclohexane (which
requires interaction of bridging OH groups with neighboring
Lewis-acid sites)."*'” Moreover, Janda and Bell reported that,
in H-MFI zeolites, the fraction of Bronsted protons located at
channel intersections relative to those located in straight and
sinusoidal channels increases with increasing Al content, and
that this generally leads to increases in selectivity toward
dehydrogenation versus cracking and toward terminal cracking
versus central cracking (Figure 100).*'® The authors
explained these trends in terms of a confinement of the
transition states of the reactions: the geometry of the transition

BK

state for dehydrogenation is bulkier than that for cracking, and
therefore likely to be accessible only at the more spacious
channel intersections (in comparison to the channels
themselves).

Many zeolites are composed of aluminum and silicon oxide
units exclusively, but some incorporate additional elements
such as phosphorous or titanium.'®” Well-known examples are
SAPOs (silicoaluminophosphates), specifically HSAPO-34, a
zeolite used to promote methanol-to-olefin conver-
sions."*'?7'*** A simpler HZSM-$ aluminosilicate zeolite had
previously been used for such application, but secondary
reactions with that material affect selectivity and lead to
oligomerization and catalyst coking; the SAPO family, with
smaller cages, minimizes chain growth and therefore shows
better performance toward the production of lighter olefins
(especially when synthesized as small crystallites or with a
hierarchical pore structure).'***~'**° The new elements added
to zeolites may modify their overall properties, their acidity in
particular, but may also create unique sites. A good example of
the latter is TS-1, a titanium silicalite with a MFI structure
often used for selective partial oxidation reactions.'*”’~"**
The active site in that case is generally believed to be the
isolated Ti ions that exist in the framework positions of
hydrophobic zeolites, substituting Si atoms and forming

https://doi.org/10.1021/acs.chemrev.1c00905
Chem. Rev. XXXX, XXX, XXX—XXX
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Figure 102. Schematic representation, based on DFT calculations, of the proposed restructuring of the Cu-ion-based site active in SCR reactions
with ion-exchanged zeolites.'*** Two isolated Cu(I) ions are believed to participate in the catalytic cycle via the formation of a transient
[Cu'(NH;),]*—0,—[Cu'(NHj;),]* intermediate. Color code: Cu (green), O (red), N (blue), H (light grey). Reproduced with permission from ref
1360. Copyright 2017 American Chemical Society.

H-ZSM-5 (MIFI)

Figure 103. Example of the effect of confinement inside the pores of zeolites on the evolution of catalytic reactions throughout the reaction
coordinate. This case relates to the promotion of the methylation of benzene by methanol in H-ZSM-S (top row) versus H-Beta (bottom)
zeolites."** Shown are the DFT-calculated structures for (a) adsorbed methanol, (b) a coadsorbed benzene-methanol complex, (c) the transition
state for methylation of benzene by methanol, and (d) an intermediate stage of conversion. Reproduced with permission from ref 1380. Copyright
2018 American Chemical Societyr.

tetrahedral TiO, units exposed at the inner surfaces of the in emission control."***7'** Much research has gone into
pores of the zeolite.'**>'**" Recently, a dinuclear alternative determining the nature of the active catalytic sites in these
site has been proposed for the epoxidation of propylene, in a cases, in particular the oxidation state of the exchanged ions
model that mimics to some extent the finesse that can be but also the number of ions involved, but full consensus has
achieved for similar reactions with homogeneous catalysts not yet been reached on the subject. For instance, bis(u-
(Figure 101)."%** A third metal often used for ion substitutions oxo)dicopper,'*** mono(u-oxo)dicopper,'**” p-(i7*:1?) peroxo
in aluminosilicate zeolites is tin, employed for the conversion dicopper,'*** and tri-, tetra- and penta-nuclear copper-

1355—-1357
0X0 55—13§

of biomass feedstocks.'’*> Other elements used to create surface ensembles have all been proposed as the

Lewis-acid sites in zeolites include Zr, V, and Ta'"**' key sites for the promotion of the direct oxidation of methane
In the examples cited in the previous paragraph the extra to methanol in Cu-based zeolite catalysts. Bimetallic sites have
elements were incorporated into the zeolites during their been advanced as a way to improve on catalytic performance
synthesis, but metal ions can also be added afterward, via ion for this reaction as well: with Fe—Cu-ZSM-3, for instance, Fe is
exchange with the protons of Brensted-acid sites, for instance, believed to activate the C—H bonds whereas Cu is proposed to
to create new well-defined single sites.'***~"**® Ton-exchanged control selectivity toward methanol production.'**® The ease
zeolites have been used for the promotion of a number of with which the metal ion undergoes redox interconversion has
processes, including the partial oxidation of methane to been determined to be crucial for catalytic activity, a property
nnethanol,lsw_1342 the homologation of biomass-derived that has been correlated with the Si/Al ratio.>**'*>° Similar
oxygenates to fuels,"**>'*** and the SCR of nitrogen oxides arguments have been playing out in the literature concerning
BL https://doi.org/10.1021/acs.chemrev.1c00905
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Figure 104. Use of diphenyldimethylphosphonium as an organic structure-directing agent that mimics the size, shape, and charge localization of the
diaryl cation intermediate involved in the transalkylation between benzene and diethylbenzene.'*** Shown are (a) the proposed mechanisms for the
reaction; and (b) diaryl-mediated pathways and the proposed mimicking organic structure-directing agent. Reproduced with permission from ref

1384. Copyright 2021 American Chemical Society.

the details of the operative Cu-exchanged zeolites used for
SCR. In that case, not only multinuclear sites have been
invoked to describe the catalytic site, but a dynamic
restructuring of such sites has been proposed during the
Cu(I1)—Cu(I)—Cu(Il) reduction-oxidation cycle associated
with the redox catalysis (Figure 102).'3%%3!

In addition to the well-defined and tunable acidic properties
of zeolites, their crystal structures with small pores of well-
defined size and shape can be used to provide confined spaces
for the conversion of reactants to products, thus directing
selectivity via steric effects.'**> The potential applicability of
zeolites for so-called shape selectivity in catalysis was
evidenced several decades ago in connection with the
alkylation of toluene, which in zeolite Y was shown to
significantly depart from the expected thermodynamic
distribution of products and to strongly favor the formation
of para- over meta- or ortho-xylene,136 ~136 and was extended
to other hydrocarbon conversions soon thereafter,'>%>'37~137
Another well-known case of shape-selective catalysis involves
the use of the 10-member-ring SAPO-11 zeolite to remove
normal paraffins selectively from lubricating oils, leaving the
branched paraffins behind."*”"'*”* A more recent system in

BM

this category is that of the selective acylation of toluene to
para-methylacetophenone using the small-crystal-size zeolite
beta.'”® Examples in the fine-chemical industry include the
production of diaminodiphenylmethane, a key intermediate in
the production of polyurethanes,"*”* the ammoximation of
cyclohexanone to produce e-caprolactam, an intermediate for
the production of Nylon-6,">"* and the carbonylation of
methanol for the production of acetic acid."*”* Regarding the
processing of biomass, it has been reported that the conversion
of glucose to aromatic hydrocarbons can be enhanced by using
zeolites such as ZSM-5 and ZSM-11, which have pore sizes in
the intermediate range between 5.2 and 5.9 A; smaller pores
lead to much CO and CO, production, whereas larger cavities
aid in the buildup of coke.*”® Small-pore zeolites can also help
with NO, exhaust removal and with methanol conversion to
light olefins by selectively providing access to small molecules
(NO,, methanol) while restricting entrance and departure of
larger reactants and products.*’”"*”® Similarly, specific shapes
can favor selected transition states, as in the case of
hexamethylbenzene (HMB) methylation, where computational
calculations showed that the linear O—C—C angle between the
methyl group, a water molecule, and HMB required for the

https://doi.org/10.1021/acs.chemrev.1c00905
Chem. Rev. XXXX, XXX, XXX—XXX



Chemical Reviews

pubs.acs.org/CR

Review

Extra-particle
mass transfers

Formation rate
of volatiles
from char
surface

Reaction
outer surface

Slow intra- \
crystal diffusion =, ]

Catalytic products

External

Microporous
HZSM-5 crystal

Intra-crystal
mesopores

e T ey
Toxic catalytic coke
in micropores

\ Hierarchical
HZSM-5 crystal

Not toxic coke precursors
in mesopores

Figure 10S. Schematic diagram of the mechanism of coke formation during the catalytic pyrolysis of biomass, highlighting the positive effect of

. . . 1421
hierarchical zeolite structures.

Reproduced with permission from ref 1421 (open access article).

formation of the appropriate transition state is accessible in the
AFX, CHA, ERI, LTA, RHO zeolites but not in the AEI, LEV
and RTH counterparts, suggesting that the latter are not good
catalysts for this reaction.””” In Figure 103, the DFT-
calculated structures shown for the progression of the
methylation of benzene with methanol in H-ZSM-5 and H-
Beta zeolites indicate that the stability of the transition state is
due to a stabilizing effect of the surrounding zeolite framework
on the methyl cation via H,O--CH;"--Cy concerted bonds,
which is higher in H-ZSM-5 than in H-Beta."**” In a recent
example, cage effects in Fe-zeolites were exploited to control
the mechanism of methane hydroxylation: by reducing the size
of the pore apertures, the premature diffusion out of an
individual zeolite cage is delayed, affording further reactivity of
the methyl radical intermediate formed via H abstraction with
the surface Fe(IV)—OH surface species formed in the same
cavity to yield the desired methanol product.'*®!

Most zeolites exhibit pores with fairly symmetric geometries,
a fact that limits their use in shape selectivity to discrimination
based on molecular size only. However, more complex pore
structures can in principle be conceived with well-defined
single active sites and cavities or pockets where the reaction
transition states may be stabilized by longer-range interactions.
This is possible by, for instance, using mimics of the key
molecular species involved in the reaction of interest in their
synthesis; a discussion of this approach for the promotion of
the conversion of methanol to olefins is provided in a recent
article by Corma and coworkerss, ***'*** and another
example, for the synthesis of the transalkylation between
benzene and diethylbenzene, is illustrated in Figure 104."*** In
fact, it is even possible, at least in principle, to promote stereo
or enantioselective reactions by using chiral zeolites. There are
some natural zeolites that can recognize enantiomers,"*** but
the custom-making of synthetic zeolites with desirable chiral
sites remains quite challenging,"***™"**" and in the few cases
where this has been possible the enantioselective excesses (ee)
measured in catalytic processes has been disappointingly
low."*?9713%3 A couple of examples illustrate these limitations:
the promotion of the acid conversion of t-stilbene oxide with
polymorph-A slightly-enriched zeolite beta was found to yield
(RR)-diol with a ee of only 5%,'”" and polymorph-A
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enriched Ti-beta was determined to bias the chirality of the
product in the asymmetric epoxidation of f-methylstyrene by a
similar value.'*** Viable enantioselective catalytic processes
using chiral zeolites are still to be developed.

Another recent approach to the enhancement of the use of
the porous structure of zeolites to augment catalytic perform-
ance is by creating hierarchical pore networks displaying
channels of different dimensions,"*”>~"**" or by developing 2D
layered solids.'**>'**® These zeolites may not only improve
catalytic kinetics by reducing mass transport limita-
tions, ***~"**7 but also favor the preferential diffusion of
reactants and products through different channel systems,
allowing unique catalytic activities for specific chemical
processes, from oil processing and fuel production to fine
chemical synthesis and biomass conversion.'**V'#87142% A
schematic illustration of how hierarchical zeoites can be used
to minimize coke formation during the catalytic pyrolisis of
biomass is provided in Figure 105."**' In the case of layered
zeolites, adsorption and catalysis occur almost exclusively at
the external surfaces, again minimizing mass transport
bottlenecks and easing access of bulky molecules to the
catalytic sites, and also providing higher tolerance against
coking."**7'*3% The structural details of zeolites can clearly
affect their catalytic performance, their stability in particular
(as reflected by catalytic lifetimes).'*'®  Hierarchical pore
structures can also afford the design of multifunctional catalysts
where tandem reactions can be promoted in the appropriate
sequence.' ' 7'*%5 A recent report of this approach is that of
the design of a porous zeolite framework with macropores
functionalized with a sulfated zirconia solid-acid coatinég and
mesopores functionalized with MgO solid-base NPs.'*** This
scheme was shown to be able to promote the two-step cascade
deacetalization-Knoevenagel condensation of dimethyl acetals
to cyanoates while preventing the poisoning of a base-catalyzed
triacylglyceride transesterification process by free fatty acid
impurities.

Opverall, a multitude of zeolites have been successfully used
in catalysis for many decades already, to take advantage of their
acidic properties and well-defined pore shapes, yet newer ones
continue to be developed. Zeolites are among the most
versatile and most used oxides in catalysis, both by themselves

https://doi.org/10.1021/acs.chemrev.1c00905
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and as support for other active catalytic phases such as metal
NPs. On the negative side, because of the small size and
symmetric shape of the pores in zeolites, their usefulness in
shape selectivity is limited, although new synthetic methods
using directing templating agents promise to expand the range
of reactions where such selectivity may be incorporated.

6.2. Mesoporous Materials

The controlled and homogeneous structure of the pores in
zeolites affords their use as shape-controlling agents. However,
their dimensions, under 1 nm in diameter, limit their
applicability to reactions involving relatively small reactants
and products; bulky molecules cannot access the inside volume
of their pores, and are able to react only on the external
surfaces of most zeolites. Fortunately, a large variety of
mesoporous materials has been developed over the past few
decades to address this issue, with pore sizes between 2 and 50
nm in diameter, about one order of magnitude larger than
those seen in zeolites.">'”'*”71**3 Indeed, the use of organic
structure-directing agents as templates for the growth of solids
with large porous structures has come a 10n§ way, and has
helped in the design of new selective catalysts.'*”'***~'** The
first reported material within this category was MCM-41, a
high-surface-area aluminosilicate molecular sieve that exhibits
uniform one-dimension mesopores with tunable diameters
between approximately 1.5 and 10 nm."***'*° A second, very
popular mesoporous material is SBA-1S, a silicate with well-
defined one-dimensional mesopores packed in the same
hexagonal honeycomb arrangement as MCM-41 but with
larger (5—15 nm) pore diameters.'*" These solids are not
crystalline, but do exhibit narrow pore size distributions and
well-defined pore networks going from simple straight 1D
cylindrical arrays, as in MCM-41 and SBA-1S, to 3D networks
and large spherical volumes connected by small windows.'**>
The wide pores of these solids afford their use with large
reactants by reducing diffusional limitations. On the negative
side, they tend to provide no particular advantage in terms of
shape selectivity, and can be less stable than zeolites (although
many have proven to be quite resistant to exposures to
water'**? or acids,"*** and also to sintering upon heating to
high temperatures).

BO

Having chemical compositions similar to those of zeolites,
typically aluminosilicates with or without other (P, Ti, etc.)
added elements, the acidity of mesoporous materials can be
tuned the same way,'*>> by adjusting the atomic ratio of the
dopant (Al Ti) to the silicon atoms, for instance,””"'*® and
used for the same acid—base reactions.'***"**7~1*%* Because of
the larger size of the pores, however, acid—base catalysis with
mesoporous materials can be expanded to complex feedstocks
containing large molecules, as in the cases of, for instance, the
hydrotreating of petroleum fractions'**”'**"'*> and bio-
fuels,"***~**> the cracking of 9polyoleﬁns and plastics,"**° the
alkylation of organics,"*”~"**” and the processing of natural
oils and fats.'*’” Another way to use mesoporous materials is
for the control of the size of the products, ostensibly in
polymerizations'*”"'*”> and Fischer Tropsch synthe-
sis.*7371%7¢ Mesoporous materials can be made with other
metal ions as well, incorporated during synthesis or via ion-
exchange afterward, to use as redox catalysts.'*’~'*%
Stabilization of catalytic sites within mesoporous materials is
also possible, as in the case of the mononuclear gold catalyst
that was stabilized by alkali ions in Au—O(OH),-(Na or K)
ensembles on MCM-41 to optimize the promotion of the
water—§as shift (WGS) reaction at low temperatures (Figure
106)."*** It was determined that, in that case, the Au atoms
create O linkages with more than eight alkali ions to establish
an active monoatomic Au site on the silica-based irreducible
support with intrinsic activity similar to that of reducible ceria,
iron oxide, and titania supports.

Also similarly to the examples with zeolites, the shape and
size of the inner volumes in mesoporous materials may be
exploited to direct selectivity in catalytic conversions. Because
of the large dimensions involved, on the order of several
nanometers, this idea has in general not proven viable, but
there are nevertheless some notable exceptions. For instance, a
switch in selectivity has been reported, from the production of
pyrimidine to enol lactones and d-keto acids, when MCM-41 is
used instead of other more conventional silica catalysts to
promote the coupling of chromene with HCOOH.'*** One
particularly curious type of shape selectivity uses chiral
mesoporous materials to introduce enantioselectivity in
catalytic reactions. The synthesis of chiral mesoporous

https://doi.org/10.1021/acs.chemrev.1c00905
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materials has constituted a challenge in itself, and is a field still
in its infancy.l485_1489 Moreover, most of the few chiral
mesoporous materials available to date are unstable, a fact that
limits their application. Nevertheless, these materials have been
successfully tested for the enantioselective resolution and
adsorption of chiral compounds, for the delivery of chiral
drugs, and for chromatographic separations.'**” More relevant
to this review, a helical mesoporous silica has been shown to,
by virtue of the homohelicity of its structure, enantioselectively
promote the asymmetric production of pyrimidyl alkanol from
diisopropylzinc (i-Pr2Zn) and pyrimidine-$-carbaldehyde.'*”
In another case, similar materials were shown to add
diaestereoselectivity to the Mannich reaction (Figure 107)."*!

Although the large dimensions of the pores in mesoporous
materials limits their ability to control shape selectivity, they do
provide ample scope for the placement of active-phase catalytic
sites within their inner volumes. Mesoporous materials are thus
commonly used as supports for metal NPs, for instance.'®” The
confined environment provided to active metal NPs by the
cavities of mesoporous materials can be advantageous to help
prevent, or at least minimize, coke formation during hydro-
carbon conversions, in reactions such as methane dry
reforming."*”*~'*** It may also affect selectivity in reactions
promoted by active phases dispersed or tethered/anchored
inside their pores: in spite of the relatively large radius of these
pores, they still appear to exert an influence on the transition
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state of some promoted reactions. For instance, significant
variations in enantioselectivity, both positive and negative,
have been reported with chiral molecular catalysts immobilized
inside the pores of mesoporous solid supports.”>' #7715 Ap
example is provided in Figure 108, for a case where a chiral Mn
salem complex grafted to the pores of MCM-41 was shown to
improve enantioselectivity in olefin asymmetric epoxidation
reactions.'””> Heterogeneous catalysts made via the encapsu-
lation of a Co-salen together with Ru-[N-2-(amino-kN)-1,2-
diphenylethyl]-4-methylbenzenesulfonamidato-kN] inside the
mesopores of SBA-16 were shown to perform as well as the
free catalysts while affording their recycling without significant
losses of catalytic performance.'*”® Other examples of
reactions promoted by homogeneous catalysts encapsulated
or tethered inside mesoporous materials include enantiose-
lective hydrogenations,'**®"*”~"5'% yarious C—C bond
couplingslsn_1516 metathesis reactions,"”'” and alkane'>'®
and sulfide oxidations."”"” This confinement effect has been
found to be the most pronounced within a specific range of
pore sizes, depending on the reaction being promoted, and
when the bonding between the tethered catalyst and the
surface is more rigid.1497 In some instances, the catalytic
performance improvement, in terms of larger enantioselectiv-
ities in particular, has been ascribed to a kinetic resolution
occurring inside the pores.'>*’
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Figure 108. Example of space confinement by mesoporous materials
aiding enantioselectivity in catally_sis, in this case for the asymmetric
epoxidation of a-methylstyrene.'*** Top: Chiral Mn salem complex
grafted onto the inner surfaces of MCM-41. Bottom: Results from
catalytic tests. First, it is clear that immobilization of the catalyst on
the mesoporous support improves the ee of the reaction. Second, it
can also be seen that the better ee is accompanied by a decrease in
activity, which can be regained by selecting a better solvent;
fortunately, the use of solid catalysts expands the range of solvents
that can be used.

Trapping, encapsulation, or immobilization of large catalysts
in mesoporous materials has become quite common,'®”'***
and has been even extended to enzymes.**>?*%'92!7152¢ 1
some instances, the surface of the mesoporous materials may
assist in catalysis, via synergetic effects or after adding new
functionalities on top of those of the primary
phase,”*”">*"7153% and may also help with particular transition
states or with multistep, tandem, or cascade reac-
tions, 2091436 19281531 Complex structures can be assembled
inside the pores of mesoporous materials too. A nice example
of this is provided by the work of Somorjai and coworkers, who
prepared a catalyst based on Au clusters encapsulated in chiral
SAMs inside the pores of MCF-17 to promote the asymmetric
epoxidation of olefins (Figure 109)."***

Mesoporous materials can also be designed with hierarchical
porous structures, although, because of their larger pore
diameters, the advantages of doing so are not as obvious as
with zeolites. On the other hand, mixed zeolites-mesoporous
structures can be particularly useful to control the traflic of
reactants and products through the porous structure, as
discussed in Section 6.1."*°° Overall, though, the most
widespread application of mesoporous materials in catalysis
may be as well-defined supports via the trapping or
immobilization of NPs or homogeneous catalysts inside their
cavities.

6.3. Metal-Organic Frameworks (MOFs)
Another type of porous crystalline materials that has gained

prominence in catalysis in recent years is metal-organic
1533—1546 .
frameworks (MOFs)."***7'%* MOFs consist of ordered
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Figure 109. Top: Synthesis of catalysts based on Au NPs
encapsulated inside a chiral-SAM/MCF-17 support.'**> Bottom:
Use for the enantioselective catalytic cyclopropanation of propargyl
pivalate with styrene to preferentially produce the cis- (over trans-)
substituted cyclopropane.'**> Reproduced with permission from ref
1532. Copyright 2013 American Chemical Society.
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structures made out of metal ions or clusters coordinated to
organic ligands (which are sometimes referred to as “linkers”
or “struts”). Given that metal ions are an integral part of the
structure of MOFs, they may become interesting intrinsic
catalytic sites analog to the ones seen in homogeneous
catalysis. Moreover, because a diversity of metals (as well as
organic functional groups) that can be incorporated in MOFs,
much flexibility is available in catalysis design with these
compounds. The organic struts can also exhibit catalytic
activity, or, alternatively, can be used to tether other catalytic
functionalities. Other advantages that MOFs have in common
with zeolites and other mesoporous materials include high
surface areas and tunable porosity, and also the fact that they
can be used to direct shape selectivity. The structure of the
framework imposes some limits on the nature of the ligands
and on their number and geometry around the metal center,
but many structures have been developed worth exploring for
catalytic applications.'>*’~'*>" On the negative side, given that
the scaffold of MOFs is based on organic molecules, those
materials are in general less thermally stable than inorganic
solids such as zeolites or mesoporous structures'***'**® This
problem has nevertheless been successfully addressed in some
cases in recent years."”>>~'*** Another limitation that many
MOFs share with homogeneous catalysts include their poor
chemical stability upon exposure to air, moisture, or other
solvents,'>*®139%1355,155¢ Degpite these limitations, the use of
MOFs in catalysis has been expanding rapidly in recent years.

Much has been made of the ability of the metal ions in
MOFs to coordinate to reactants and to promote conversion in
a way similar to that seen with discrete metal molecular
complexes. Perhaps the earliest report of this type of MOEF-
based catalysis was that of the promotion of the cyanosilylation
of aldehydes by [Cd(4,4'-bpy),(NOs),],, a MOF with a 2D
layered square-grid structure. ™’ Cyanosilylation, a reaction
where nitrile and silyl groups are both added across double or
triple bonds, is promoted by Lewis acids, and has been a
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common application for MOFs. In the example above, the Cd-
based MOF loses two water molecules upon activation to leave
the metal centers unsaturated and with Lewis-acid charac-
ter.'*37'%%% Other MOFs that can promote the cyanosilylation
reaction include HKUST-1 ([Cu;(benzene-1,3,5-tricarboxyla-
te),(H,0);],; HKUST = Hong Kong University of Science
and Technology),”**” Cr-MIL-101 ([Cr;(O)F(benzene-1,4-
dicarboxylate);(H,0),],; MIL = matériaux de I'Institut
Lavoisier),"*® and Mn;[(Mn,Cl),(1,3,5-benzene-tristetrazol-
5—}71)8(CH3OH)10]H,1561 all materials that can easily release
their coordinated water molecules to expose open Cu(Il),
Cr(IlI) or Mn(II) Lewis-acid sites, respectively. Given the
greater Lewis acidity of Cr(III) versus Cu(II), Cr-MIL-101 has
proven much more active in the promotion of cyanosilylation
reactions than HKUST-1."°>"%%* Studies with HKUST-1 have
also highlighted some of the limitations common to MOFs
cited in the previous paragraph, namely, the facts that the
frameworks decompose with increasing reaction temperature
due to the reduction of Cu(II) to Cu(I) by the reactant (the
aldehyde), that they also decomposes in some organic solvents,
and that electron donating solvents such as THF compete with
aldehydes for coordination to the Cu(Il) sites. One more
recent and interesting example of MOFs catalysts is that of the
homochiral Li(I) MOFs used to promote the asymmetric
synthesis of cyanohydrin (Figure 110)."%*

Figure 110. Homochiral MOF based on [Zn,(u4-O)(L)/,] clusters
used for the asymmetric synthesis of cyanohydrin (highlighted in
green; the resulting cavity is indicated by the colored spheres).'>**
The catalyst was activated via ion exchange of protons with Li(I) ions
prior to its use for the enantioselective promotion of the reaction of
aldehydes (R—CHO) with trimethylsilyl cyanide (Me;SiCN,
TMSCN). Reproduced with permission from ref 1564. Copyright
2014 American Chemical Society.

The Lewis-acid sites in MOFs are also useful for the
promotion of other reactions.'**> An example is the Prins
reaction, the electrophilic addition of aldehydes to alkenes or
ketones followed by the capture of a nucleophile. In one study,
it was reported that the activity for the addition of -pinene to
formaldehyde to produce nopol is proportional to the number
of Lewis sites in the MOF use as catalyst, following the order
ZIF-8 (M(methylimidazolate),, ZIF = zeolitic imidazolate
framework) < Al-MIL-53 ([Al(OH)(benzene-1,4-dicarboxy-
late)],) < FeBTC ([Fe(1,3,5-benzenetricarboxylic acid)],
BTC = Basolite F300 or trimesic acid) < Cr-MIL-100 < Fe-
MIL-100."*°° Another example is that of the use of InPF-110
([In;0(btb),(HCOO)(L)],, (H;btb = 1,3,5-tris(4-
carboxyphenyl)benzene acid, L = methanol, water, or ethanol)
to promote the Strecker reaction, that is, the condensation of
aldehydes or ketones with amines in the presence of cyanides
to form a-aminonitriles, which can be subsequently hydrolyzed
to produce amino acids.'*®” Perhaps more common is the use
of MOFs to promote Friedel-Crafts (alkylation or acylation)
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reactions, which proceed by electrophilic aromatic substitution
assisted by a Lewis acid catalyst. It has been shown, for
instance, that MOF-$ and other Zn-derived MOFs are efficient
at promoting the tert-butylation of both toluene and
biphenyl.'"**~"*”" Interestingly, para-alkylation has been
shown to be strongly favored over ortho-alkylation, forced by
the shape of the cavity of the MOF."**® The Zn-based NU-601
MOF (NU = Northwestern University), with Zn paddlewheel
dimers connected to a urea ligand and pillared with 4,4'-
bipyridine (4,4’-bpy), has been reported as an active size-
selective hydrogen-bond donor for Friedel-Crafts reactions
between pyrroles and nitroalkenes (Figure 111).'*’* Other
metal jons used in Lewis-acid MOFs for the promotion of
Friedel Crafts coupling steps include Cu,"””® Zr,"’* and
Fe."”” One final family of reactions that can be catalyzed by
the Lewis-acid sites of MOFs is isomerizations, as in the case of
the Fe MIL-based MOFs used to <promote the a-pinene oxide
rearrangement into camphonelal.l‘% Undercoordinated metals
(i.e., defects) can serve as active Lewis-acid sites as well:'*®'
Cu(I) defect sites in HKUST-1, for instance, can affect product
selectivity and yield in cyclopropanation reactions.'>””

MOFs that include transition metals able to sustain multiple
oxidation states can also catalyze redox reactions,'*%>!'3757158
One common use of MOFs in this category is for the
promotion of the aerobic oxidation of alcohols."** For
instance, a [Pd(2-hydroxypyrimidinolate),], MOF has been
shown to catalyze the selective oxidation of cinnamylalcohol to
cinnamylaldehyde.'*** It is curious that this is possible despite
the initial coordinative saturation of the Pd ions. Also, at a
minimum, these reactions require the redox interconversion of
the metal nodes between Pd(II) and Pd(0) states, which is
expected to be accompanied by changes in coordination
number that should lead to the destabilization and potential
destruction of the original framework. In another example, the
Cu(I) ion in [Cu,(trans-1,4-cyclohexanedicarboxylate)], has
been proven to promote the selective oxidation of 2-propanol,
cyclohexanol, benzyl alcohol, 2-octanol, and 1-octanol with
hydrogen peroxide.””® The oxidation of aromatic carbons to
ketones using Fe-MIL-100 proved possible as well."*** In the
example in Figure 112, isolated coordinatively-unsaturated
metal sites were created in a HKUST-1 MOF via the
incorporation of Pd ions into its framework to create an
effective catalyst for the oxidation of benzyl alcohol to
benzaldehyde.*®” Other more-difficult-to-activate organic
reactants can be oxidized using MOFs too. For example, the
oxidation of cyclohexane to cyclohexanol and cyclohexanone
have been reported to be promoted by Fe-based MOFs, in a
case where the hydrophobicity of the pore environment was
used to tune product selectivity."**® Even the more difficult
oxidation of ethane to ethanol can be promoted using a
coordinatively unsaturated Fe(II) MOF, [Fe,(2,5-dioxido-1,4-
benzenedicarboxylate)],."** MOFs based on V4O,; vana-
dium-oxo clusters as building blocks have proven active for the
oxidation of thioether with O,."*%°

Redox reactions are an integral part of many photo- and
electrochemical catalytic processes, and MOFs have been
tested for those reactions as well.">*"'**? Indeed, MOFs based
on reducible ions such as Zr, Ti, and Ru have proven to be
photoactive and viable for the promotion of photochemical
reactions such as pollutant degradation1 % and CO,
reduction,"*”* even if this often requires a photosensitizer
(which may or may not be incorporated in the MOF
structure)'*”>"%% or a sacrificial agent."*”” In the example in
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Figure 111. Structure of NU-601, a MOF made out of symmetrical urea tetracarboxylate struts, 4,4’-bpy, and Zn(NO3),-6H,0 clusters.'*”> This
material has been successfully used to promote Friedel—Crafts couplings between pyrroles and nitroalkenes (reactants shown on the outside,
product in the inside of the MOF cavity). Reproduced with permission from ref 1572. Copyright 2012 American Chemical Society.
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Figure 112. Pd-HKUST-1 MOF developed for the selective oxidation
of benzyl alcohol to benzaldehyde.'**” Reproduced with permission
from ref 1587. Copyright 2018 American Chemical Society.

Figure 113, a Zn-based MOF, [Zng5¢(meso-tetra(4-carboxyl-
phenyl)porphyrin) (AIOH),],, was reported to aid in the
visible-light photocatalytic evolution of hydrogen from water,
in combination with colloidal platinum NPs and EDTA as a
sacrificial agent.'*”® However, most MOFs can only reduce
CO, to CO or formates.'>* For instance, Ir, Re, and Ru
H,L,—H,L, complexes incorporated in [ZrsO,(OH),(para-
biphenyldicarboxylic acid)s], (UiO-67; UiO = Universitetet i
Oslo) selectively promote the production of CO,"*"” whereas
[Ti;O3(OH),(benzene-1,4-dicarboxylate)s], (Ti-MIL-125)
photocatalytically reduces CO, to formic acid."*” On the
other hand, MOF/TiO, nanocomposites can be active for the
reduction of CO, reduction to methane.'®”" Unfortunately,
little discussion has been provided in the corresponding
reports on what controls selectivity in these processes. The
promotion of the electrochemical reduction of water'*” or
C0,"** with MOFs is possible as well. In those cases, the
initial electrochemistry relies on the electronic conductivity
and activity of the reducible transition metal (Fe, Co, Mn)
immobilized in the MOF framework. Many MOFs used for
these applications are based on porphyrin frameworks, but,
again, in the case of CO, reduction, MOFs tend to show high

BS

visible light

Figure 113. [Zngss(meso-tetra(4-carboxyl-phenyl)porphyrin)-
(AIOH),], MOF as the photoactive component of a catalytic system
to produce H, from water that also includes colloidal platinum NPs
and sacrificial EDTA."*”® Reproduced with permission from ref 1598.
Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

efficiency only toward the production of CO or meth-
ane,"*7'% ike in the case of photocatalysis. To further
produce alcohols, MOFs containing other metal centers, Cu in
particular,lé()é’1607 are required.

Other reactions promoted by the metal centers of MOFs
include olefin hydrogenations, C—C couplings, and related
reactions,'** although in the case of Pd-based MOFs it is
difficult to rule out the possibility that catalysis takes place at
the surface of MOF-encapsulated metal clusters or of NPs that
may form from MOF decomposition.'>**'*** A Zr-UiO MOFs
functionalized with either Fe or Co complexes has been shown
to be highly active for alkene hydrogenations.'**® Salen-'*"’
and porphyrin-'*'" based MOFs containing certain transition
metals (Zn, Co, Ni), and MOFs with strong Lewis-acid
sites,"*"'7'°"% have all been tested for CO, cyclizations to
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produce cyclic carbonates. The structure used in the latter
study, where sulfonate rather than carboxylate struts were used
to increase polarity and bonding to CO, and to hence improve

catalytic performance, is shown in Figure 114.'%"
o O RO %
; ? 1. i f
9 Bk, =08 "ol ) —aum ©
- e ' il g ¥ >R
ag‘;‘;‘ = \T/ 7‘|’ Capiured f:] ﬁi{
L. [ 0 P o 1 | el
R R " % b i / # o
Sulfonate-Based MOF: fa w8 W w
¥ Gram-Scale Synthesis -7114.!_ : "Fi:“_", o-;‘-".l. o
¥ High Polar Porosity i AN [{J it
¥ High Water Stability *i_’:'. i ’tJEﬂ- "-‘l;,. 0\)\';!
' 4

¢ Enhanced €O, Affinity it

¥ Efficient CO, | I\;Itilil; '%i.f( );é_g.g( )"_FJb
Figure 114. Cubic sulfonate-based MOF constructed with Jahn—
Teller distorted Cu(II) centers and mixed organosulfonate/N-donor
struts for the promotion of the CO, fixation with epoxides to produce
cyclic carbonates.'®'® Reproduced with permission from ref 1613.
Copyright 2016 American Chemical Society.

Much focus on the use of MOFs in catalysis has been placed
on taking advantage of the chemistry of the metal centers, but
in some cases catalytic promotion has been achieved by using
functionality associated with the organic linkers, either in the
coordinative groups that bind to the metal sites to hold the
crystalline framework, or, more commonly, as reactive
functional groups that remain uncoordinated and exposed
inside the porous structure for reaction.'®"* An example of the
latter is the amide functionalities of [Cd(4-1,3,5-benzene
tricarboxylic acid tris[N-(4-pyridyl)amide),(NO;),]-6H,0-
2DMF],, which has been shown to catalyze the Knoevenagel
condensation of benzaldehyde with malononitrile; limited
activity with larger nitriles indicated that the catalysis takes
place inside the pores of the MOF, and the fact that no
catalysis was seen with the free struts in homogeneous solution
pointed to the importance of intermolecular H-bonding
between organic ligands in the final catalytic performance
(Figure 115).1615 In some cases, catalytic functionality can be
added after the MOF synthesis. For instance, the post-
synthetic addition of Co(CO),” to Cr-MIL-101 has been
shown to result in a solid with catalytic performance
comparable to homogenous catalysts for the ring-expansion
carbonylation of epoxides; the observed behavior was
explained on the basis of a synergy between the Cr(III)
Lewis acid centers of the MOF and the added Co
carbonyls."*'® In another example, iodo-functionalized Al-
based MOFs (MIL-53 and DUT-S; [M,(biphenyl-4,4’-
dicarboxylate)],, DUT = Dresden University of Technology)
and Zr-based MOFs (UiO-66 and UiO-67) were successfully
tested for the catalytic oxidation of hydroquinones and
diols 16171618

The ligands used in MOFs may be amenable to designs or
modifications aimed at introducing Brensted-acid sites. These
have been employed to promote many reactions, including
cyanosilylations of carbonyl compounds, Mukaiyama aldol
condensations, Friedel—Crafts benzylations, a-pinene oxide
isomerizations, and the conversion of citronellal to isopulegol,
as well as oxidations of alcohols, sulfides, olefins, paraffins, and
CO.'" For instance, modification of the interior of MIL-101
via Cr(II) coordination to only one of the two available
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Figure 115. Left: Structure of a [Cd(4-1,3,5-benzene tricarboxylic
acid tris[N-(4-pyridyl)amide),(NO;),]-6H,0-2DMF], MOF used
for the promotion of the Knoevenagel condensation of benzaldehyde
with nitriles.'*'® Right: Scheme highlighting the fact that the catalysis
is successful only with small (malononitrile) nitriles, and not feasible
with larger (ethyl cyanoacetate, cyano-acetic acid tert-butyl ester)
reactants because of the limitations imposed by the MOF pore size.
Reproduced with permission from ref 1615. Copyright 2007
American Chemical Society.

nitrogen atoms of the ethylenediamine ligands leaves free non-
coordinated ends in those that can be used as Bronsted-base
catalysts for the Knoevenagel condensation of benzaldehyde
with nitriles."®**'®*" Chirality can be added to the MOE-
promoted chemistry as well, as in the case of [Cu(L-
aspartate) (trans-1,2-bis(4-pyridyl)ethylene), s (HCl) (H,0)],,
which has been selectively protonated at the carboxylic end of
the amino acids (without protonating the amine groups) to
create novel Bronsted-acid sites capable of facilitating the ring-
opening methanolysis of small epoxides.'®** In a perhaps more
sophisticated application, a hybrid Cr-MIL-101-SO;H MOF
containing both Cr(III) strong Lewis-acid and —SO;H
Bronsted-acid sites has been used to promote the dehydration
of glucose to HMF: the first type of site helps with the
isomerization of glucose to fructose, whereas the second is
required for the dehydration of the new isomer (Figure
11 6) 1623

MOFs can be used to encapsulate metal NPs, in which case
the MOF can act simply as a support with a well-defined pore
structure, or can also provide catalytic sites that may interact in
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Figure 116. Lewis/Bronsted acid bifunctional catalysis based on Cr-
MIL-101-SO,H for the conversion of glucose to HMF.'®*® Adapted
with permission from ref 1623. Copyright 2016 John Wiley and Sons.
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Figure 117. Performance of a (Pt NP)/UiO-66 catalyst, depicted on the left, in the hydrogenation of olefins.'*>" Right: Summary of the activity of
this and of a more conventional Pt/CNT catalyst for the conversion of several reactants to highlight the size selectivity provided by the MOF
structure, as the (Pt NP)/UiO-66 matches the performance of Pt/CNT with hexene but is virtually inactive for the hydrogenation of bulkier
alkenes such as tri- and tetra-phenylethylenes. Reproduced with permission from ref 1631. Copyright 2014 WILEY-VCH Verlag GmbH & Co.
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Figure 118. Effect of the pore size of Cu MOF catalysts on the selectivity of the tacticity of divinylbenzene (DVB) polymerization.'**" Linearly
extended topotactic polymerization without cross-linking is obtained with the small pores of the MOF made with benzenedicarboxylate struts but
not with the larger pores of the biphenyldicarboxylate analog. Reproduced with permission from ref 1640. Copyright 2007 Wiley-VCH Verlag

GmbH & Co. KGaA, Weinheim.

synergy with those provided by the NPs.'®*'°** Because NPs
are relatively large, introducing them into the MOF porous
structure can be challenging. Nevertheless, this can be
accomplished by assembling active species within the pores
of the support (ship-in-bottle approach), by assembling the
support around the active species (bottle-around-ship, or
templated-synthesis, approach), or by growing the metal NPs
in situ on functional groups grafted to MOFs. For instance, a
catalyst consisting of Pd NP entrapped in Cr-MIL-101, made
following the third synthetic methodology, was shown to
exhibit similar catalytic activity as Pd NPs dispersed on a
carbon support for the Heck reaction.'®*' Many hydrogenation
reactions have been promoted with Lewis-acid sites of MOFs
acting synergistically with metal NPs, helping with the
coordination of the reactants; the metal NPs promote H,

BU

dissociation and H atom incorporation. In recent work from
our group, for instance, Pt and Co intermetallic NPs were
confined within the inside pores of Cr-MIL-101 to achieve
enhanced selectivity for the hydrogenation of the carbonyl
bond in a,f-unsaturated aldehydes; the catalytic performance
improvement was ascribed to synergistic effects between
electronically modified Pt sites (by the added Co) and Lewis
(Cr) acid sites.'® In another example, Somorjai and co-
workers have shown that the gas-phase hydrogenation of
methylcyclopentane with UiO-66-encapsulated Pt NPs results
in cyclohexane and benzene production at low temperatures,
with selectivities dependent on pore size.'**”'*** Modification
of the MOFs to vary their hydrophobicity has been shown to
stabilize Pd/MOF composite catalysts and hence improve their
hydrogenation performance.'®*” The hydrogenation of CO, to

https://doi.org/10.1021/acs.chemrev.1c00905
Chem. Rev. XXXX, XXX, XXX—XXX



Chemical Reviews

pubs.acs.org/CR

Review

methanol with MOF-embedded metal NPs has been possible
as well.'** MOFs can also be used to add shape selectivity to
transition-metal-NP hydrogenation catalysis (Figure 117).'%*!
In terms of oxidations, the case of Ru NPs entrapped in MOEF-
S frameworks to catalyze the oxidation of benzyl alcohol to
benzyaldehyde can be cited,"®*” and also that of Pd NPs
embedded within defective HKUST-1 to promote stepwise
benzyl alcohol oxidation.'*** One shortcoming here is that the
MOF can decompose under severe oxidation conditions.
Other reactions catalyzed by metal-NP/MOF combinations
include the acetalization or ketalization of carbonyl com-
pounds, the rearrangement and ring opening of epoxides, the
methylation of amines, aldol condensations, and cyanosilyla-
tions and heterocycle synthesis.'**'** Even non-metallic
clusters can be entrapped in MOFs and used as catalysts, as in
the case of Cu-based polyoxometalate anionic clusters fitted
inside the pores of HKUST-1 to catalyze the air-based
oxidation of H,S and other thiols and disulfides.'®*®

The crystalline nature of MOFs, with pores of well-defined
size and shape, can also be exploited to add shape selectivity to
catalytic reactions, as already alluded to in some of the
examples cited above. Commonly, the pores of MOFs can be
used to limit reactions to only small reactants, as in the
example in Figure 117. In another case, the 10 A pores in
[Mn,[(Mn,Cl1)(1,3,5-benzenetristetrazolate)s(CH;0H) 0], ],
were shown to limit cyanosilylation to small carbonyl
substrates such as benzaldehyde; poor performance was seen
with larger reactants such as biphenylmethyl ketone.'**" Also,
[(Zn,0);[(1,4-benzenedicarboxylate-2-C;HN,Pd(OAc), ;-
(4,4',4'-benzene-1,3,5-triyl-tribenzoic acid),], has shown
hydrogenation activities following a trans-chalcone < trans-
stilbene < cinnamyl acetate < styrene ordering.lé37 The range
of sizes of molecules that can access the inside volume of the
pores in MOFs is nevertheless significantly larger than that in
zeolites, affording the use of MOFs for reactions such as the
preferential photochemical decarbonylation of o-methyl
dibenzyl ketone (with [Co(biphenyldicarboxylate);(4,4'-
bpy)-4DMF-HZO],,,).1638 The pore size in [Cu,(L),-
(triethylenediamine)], MOFs can also be tuned via the
incorporating of L struts of different lengths to stabilize
propagating radicals and suppress termination reactions in
polymerization catalysis, to, for instance, convert divinylben-
zenes into linearly extended topotactic polymers without cross-
linking (Figure 118).'%1%

Catalytic selectivity with MOFs can extend to regio-, stereo,
and enantio-control when chiral MOFs are
used, *$H19IVI6HTI040 Qovera] strategies can be followed for
the making of homochiral MOFs, including the direct use of
chiral ligands,'*%%'*"1¢47=1%%% the chiral resolution of racemic
linkers (using auxiliary chiral agents'®**'**" or during
crystallization' °°*'°*%), and the addition of chiral functionality
to achiral MOFs in post-synthesis steps.'®**"%” Possibly, the
first example of the synthesis and use of chiral MOFs in
catalysis was that of a Zn based MOF made of tartaric-acid-
derived chiral strut, which was shown to promote the
transesterification of 2,4-dinitrophenyl acetate with racemic
1-phenyl-2-propanol with moderate enantioselectivity (ee
~8%).'°"” Many other examples have been reported
since.'®**7'%% For instance, the protons on the biphenol
strut in the [(Cu,(S)-2,2'-dihydroxy-6,6’-dimethyl(1,10-bi-
phenyl)-4,4'-dicarboxylate),(H,0),], chiral MOF (KUMOF-
1; KU = Korea University) were replaced with Zn(II) cations
to enantioselectively promote the cyclization of 3-methyl-
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geranial to the cyclic terpenoid analoégue following a Lewis-
acid-promoted carbonyl-ene reaction.'*” In the case reported
in Figure 119, a family of chiral MOFs with cubic network

SO,'Bu
NROORT CE
- 10

R' R?
up to 92% e.e.

Figure 119. Isoreticular chiral MOF constructed from [Zn,(u,-
0)(0,CR),] secondary building blocks linked by dicarboxylate struts
derived from chiral Mn-Salen catalytic subunits, used for the
asymmetric epoxidation unfunctionalized olefins.'®*® The pink sphere
indicates the void space available. Reproduced with permission from
ref 1658. Copyright 2010 American Chemical Society.

topologies was constructed using [Zn,(p4-O)(O,CR)]
secondary units linked by dicarboxylate struts derived from
chiral Mn-Salen subunits.'®*® The relative performance of the
resulting catalysts indicated that, although diffusion of the
alkene and the oxidant used in the asymmetric epoxidation of
unfunctionalized olefins can be a rate-limiting factor, the
catalytic activity of the MOFs with large open channels can
also be limited by the intrinsic reactivity of the catalytic
molecular building blocks.

If porous organic frameworks only involve organic
constituents, without metals, they are denominated covalent
organic frameworks (COFs), or, if they involve polymers,
porous organic polymers (POFs)."**' These highly crystalline
porous solids were initially introduced by Yaghi and cow-
orkers,'”’ and have been used in catalysis primarily as
supports for molecular active phases, which can be covalently
attached to specific sites within the organic frame-
work.'' 71973 Because of their well-defined porous structure,
COFs have also been tested for shape-selective catalysis.'®”*
Moreover, COFs are promising as promoters of chiral organic
conversions,'”>7'”7" and in photocatalysis.'®’*17%1¢77 A
recent example of COFs used in photocatalysis is the azine-
linked N,—COF photosensitizer, which, combined with
chloro(pyridine)cobaloxime as a co-catalyst and triethanol-
amine as a sacrificial electron donor, was shown to efficiently
promote the photocatalytic production of Hy; in this case, the
catalytic mechanism was proposed to involve the initial transfer
of an outer sphere electron from the COF to the co-
catalyst."**° COFs can also themselves provide well-defined
acid sites, as in the case of the sulfonated 2D 1,3,5-
triformylphloroglucinol-2,5-diaminobenzenesulfonic acid
COF tested for the selective dehydration of fructose to S-
HMF,'®®! or exhibit zwitterionic sites, useful for the reduction
of CO,."°” COFs containing 7-electronic moieties such as
anthracene have been shown to promote Diels-Alder reactions
under ambient conditions.'®®® The use of COFs in catalysis is
still in its early stages.

In conclusion, the incorporation of MOFs in catalysis is
growing, and the new developments in this area are quite
promising. Because of their intrinsic complex-like nature,
MOFs offer the potential of high selectivities in sophisticated
reactions, comparable to those seen with homogeneous

https://doi.org/10.1021/acs.chemrev.1c00905
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Figure 120. Characterization of a model MoS,-based HDS catalytic surface. (a) 3D STM image of a triangular single-layer MoS, nanocluster after
low-temperature exposure to thiophene. The molecularly adsorbed C,H,S was detected in two different configurations: decorating the perimeter of
the cluster (Type A), and on top of the bright brim sites associated with an edge state (Type B).'®”® (b) STM image of a cis-but-2-ene-thiolate
(C,H,S) molecule, a potential intermediate in HDS reactions, adsorbed on a metallic brim site.'”® (c) STM image, and (d) ball model of a Co-

treated MoS, nanocluster.'”"*

Reproduced with permission from refs 1698 and 1702. Copyright 2004 and 2007 Elsevier Inc.

catalysts, while at the same time incorporating additional
discriminating power driven by the size and shape of their
pores. They also provide many of the advantages associated
with other heterogeneous catalysts in terms of ease of
separation, purification, recyclability, and viability in a variety
of solvents in liquid phase. Nevertheless, the use of MOFs as
catalysts does have some limitations. First and foremost, MOFs
are less stable than other heterogeneous catalysts, as they
usually cannot withstand high temperatures or be regenerated
via calcination or other harsh treatments. They may also react
easily with solvents, moisture, and other chemicals. The
crystalline structures of the MOFs that have been used in
catalysis up to date have been limited to only a handful of
highly symmetric pore structures, a fact that limits their ability
to direct selectivity. The options in coordination of reactants
around the metal centers are also restricted, as that is mainly
controlled by the ligands used to build the MOF structure, and
catalytic reactions that require coordination changes (as is the
case with many redox processes, for instance) may affect MOF
stability and perhaps render the catalysts useless. Mass
transport limitations may reduce reaction rates in some cases
as well. Ultimately, though, even if MOFs may not be
universally applicable to all problems of catalysis, they may be
ideal for the promotion of certain families of reaction, in
particular difficult organic conversions.

6.4. Two-Dimensional and Layered Materials

Two-dimensional (2D) materials have regained some notoriety
recently in many applications because of their well-defined and
unique characteristics,'***'°*> and are increasingly being
incorporated into heterogeneous catalysts.””* """ Tt should

BW

be noted that some 2D materials have been used in catalytic
processes for a long time already. In particular, MoS, and other
transition metal dichalcogenides (TMDs) are well-known
promoters of HDS and hydrotreatment reactions in petroleum
processing,'**7'%’! and have also more recently been
incorporated into the hydrotreating of bio-fuels.'*>'*”?
Extensive fundamental studies on these systems have led to
the conclusion that the basal planes of MoS, are inert, and that
it is the special sites present at the edges of MoS, islands
dispersed on solid supports that promote catalysis.'*”*~'%7 A
major breakthrough in our molecular understanding of the
functioning of these catalysts came from the extensive surface-
science studies with model systems carried out by a Danish
group.'®®1%? By using STM in conjunction with DFT, they
showed that monolayers of MoS, deposited on flat surfaces
form triangular nanoclusters with fully sulfided edges and
metallic character.®”® Active sites in the form of S vacancies
may be formed in situ via the reshaping of those MoS, 2D
islands within the reaction environment, following the removal
of S atoms from the edges of the S-terminated islands.'*”
These so-called “brim” sites were showed to be capable of
adsorbing thiophene (a prototypical molecule used to
represent the S-containing impurities in crude oil; Figure
120a) and to promote its partial hydrogenation via C—S bond
breaking and ring opening steps (Figure 120b).'*”® Presum-
ably, a second C—S bond-scission step is to follow, to release a
sulfur-free hydrocarbon molecule while the S atom, retained at
the edge of the MoS, triangular structures, is then hydro-
genated and removed as H,S. With this knowledge in hand,
methods were developed to produce similar brim sites on
industrial-style nanocatalysts;'®*'”% the end result from this

https://doi.org/10.1021/acs.chemrev.1c00905
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Figure 121. CoSe, catalyst for the promotion of OER."”'” CoSe, nanosheets were prepared via exfoliation of the bulk material using
diethylenetriamine (DETA, top-left). The resulting material displays many surface Co vacancies, which can act as sites for water adsorption and
decomposition (bottom-left). The overpotential measured with these CoSe, nanosheets was approximately 0.32 V, lower than those seen with
other reported OER catalysts (right). Adapted with permission from ref 1717. Copyright 2014 American Chemical Society.

effort has been the development of a number of TK-XXX
BRIM commercial catalysts sold by the Haldor-Topsee
company. In many instances, metals such as Co or Ni are
added as dopants to improve catalytic performance,””"”" and
similar fundamental studies allowed the Danish researchers to
locate the position of those adatoms; a particular Co—Mo—S§
edge structure was proposed as the catalytic site in those cases
(Figure 120¢,d).'**17

More recently, the catalytic use of TMDs has been extended
to other reactions, in particular to the electrocatalytic HER and
OER in aqueous solutions.””®”'%'7%*~17% Because of their low
onset overpotentials, low Tafel slopes (which provide estimates
of how much the overpotential needs to be increased to
increase the reaction rate by a factor ten), and large cathodic
current densities, TMDs are good candidates for electro-
catalysis. However, the challenge is to produce materials
exhibiting abundant defect sites while still retaining good
stability under electrocatalytic redox environments.'”’” Again,
new synthetic protocols are being developed to accomplish this
goal,""*~"""* including the addition of dopants, as in the case
of HDS.'""® Critically, it has been shown that 2D (single-layer)
versions of TMDs perform significantly better than bulk TMD
materials."”'® In one example, a CoSe, 2D nanosheet was
made via exfoliation of bulk CoSe, to create surfaces with high
density of defects; the resulting material proved to be quite
effective for the promotion of OER, displaying a lower
overpotential than many other materials used for this reaction
(Figure 121)."”"7 Amorphous materials, which have large
number of defect sites, also display higher activities than their
crystalline counterparts,'”'® even if less control can be exerted
on their exact structure. TMDs can be used for photocatalysis
as well 17071708

Another 2D material that has received increased attention in
catalysis in recent years is graphene.”'""'”'"~'7** Carbon-based
solids such as graphite and amorphous carbon have been long
employed as catalyst supports; their electrical conductivity has
made them particularly §ood candidates for electrocatalytic
applications.**”'%"72*=17%% Graphene, a one-sheet-thick 2D
layered material that consists of an hexagonal network of sp’
carbon atoms and that when stacked makes graphite, has also
become prevalent in catalysis and other application. Graphene

BX

can be synthesized via exfoliation of graphite, but can also
be produced following alternative preparation proce-
dures,'”!!720173971733 "The basal planes of pure and defect-
free graphene are mostly chemically inert (although they can
act as pi ligands in metalorganic chemistry, for instance),'”**
and are therefore used primarily as supports.ln5 Nevertheless,
graphene displays unique electronic, thermal, and mechanical
properties that are sometimes useful in cataly-
sig 2101721172736 1 poienlar in electro-091LAT371739
and photo-0007 1 VI7OSITINITAOITAL atalysis. In electrocatalysis,
graphene has been tested for the promotion of ORR, OER, and
HER.”' In one recent example, Guo et. al. used highly-
oriented N-doped pyrolytic graphite as a model catalysts to pin
down the details of the ORR reaction, which they determined
takes place via the initial adsorption of O, on a C atom
adjacent to the pyridinic N followed by stepwise one-electron
H* reduction and H addition steps (Figure 122)."”** This
example highlights the complexity of the sites required on
graphene-type surfaces to effectively promote even simple
catalytic reactions, and little effort have been spent to date to
use graphene-based catalysts to control selectivity in more
complex reactions. The promise is there, but more work is
needed.

Graphene sheets can also display (or can be treated to
develop) chemical point defects, typically the result of the
removal of one or more C atoms from the hexagonal network
to create vacancies in the form of localized organic moieties
(alcohols, epoxides, or carboxylates in graphene oxide —GO—,
for instance)'’**'”** or substitutionally replaced atoms, and
those can be used for surface derivatization and for
functionality addition,”"""”*7"”*” In many cases, these defects
are used as nucleation sites for the creation of metal single-
atom catalysts (an example of this was already provided in
Figure 60)."*%"7#71759 Alternatively, defects can originate
from dislocations in the graphene hexa7g_onal carbon grid.
Graphene can also be doped;'”*>'7*'~'7> typical dopants
include N?'®17221742 and less commonly, B,!7°671758 gj 1759
p, 17411760 ¢ 17611762 g, 17611763 1 1 1764 4 4 <o otimes two or
more elements are incorporated at once,'73¥1761766 Finally,
graphene can be oxidized to produce GO, which tend to have
more chemically active moieties and to be more chemically

https://doi.org/10.1021/acs.chemrev.1c00905
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Figure 122. Proposed mechanism for the electrocatalytic ORR on a
N-doped graphite electrode.'”** Reproduced with permission from ref
1742. Copyright 2016 American Association for the Advancement of
Science.
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active. Figure 123 summarizes the most common
1723,1767

active sites available in catalysts made out of graphene.

As mentioned above, graphene and GO are often used as
catalyst supports,''¥**>”7* but they may also be employed as
the active catalytic phase.'”"”"7>"""#%17%% Eor instance, oxygen
functionalities in GO can behave as green oxidants (Figure
124)."7% In perhaps the first example of this type of
application, Dreyer et al. showed in 2010 that GO is capable
of promoting the mild oxidation of alcohols and the hydration
of alkynes,'’”’ work that they later extended to other
reactions.'”®® On the basis of DFT calculations, the Dreyer
group proposed that these reactions take place via an initial
extraction of a H atoms from the organic molecule by an
epoxide group within the GO surface followed by transfer of a
second H to an adjacent hydroxyl, a step that results in the
formation of water as a byproduct (Figure 125)."””" The
oxygenated elements of graphene can also act as solid acid/
base sites (Figure 124, top-right),'””*~"7"* as in the case of the
promotion of Friedel-Crafts reactions with alkenes, which
appears to follow a mechanism where the C=C double bond
of an aromatic alcohol reactant is initially attacked by the
oxygen atom in a hydroxyl surface group and then coupled
with an arene adsorbed on an adjacent site.'””* Interestingly, in
the two specific cases mentioned in this paragraph there is a
need for a cooperative behavior between two adjacent defect
sites within the GO surface for the reaction to be fully
promoted. This speaks to the level of complexity of the
catalytic site required for such organic conversions as well as to
the difficulty of producing those on GO surfaces in a

Structures

Figure 123. Types of catalytically active sites and catalysis-promotion mechanisms in graphene-based materials, which include defects and edges,
doped heteroatoms, functional groups and metal clusters, electron transferring from metals, spacin3g between a metal surface and the outer layer of
the 2D material, and the intersticial spacing in the sandwich structure of the 2D material."”>'” Adapted with permission from ref 1767.

Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 125. DFT calculations of the first steps in the mechanism of the dehydrogenation of benzyl alcohol on a GO surface.
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Red: O atoms; Blue: H atoms. Reproduced with permission from ref 1771. Copyright 2012 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim.

systematic way. Multiple other sites have been identified in GO
and related graphene-based catalysts active for the promotion
of specific catalytic conversions,'’*” but preparing catalysts
displaying only the needed sites is still a challenge.

Other types of sites can be found at the edges or defects in
GO, including carboxylic acids, diols, quinones, and aromatic
C—H sites, and those have been shown to be active for oxygen-
activation reactions.'”’® Moreover, the amphiphilic character
of GO makes it useful as a phase-transfer catalyst in oil-water
biphasic systems.'””” Derivative materials such as graphene
nitride have also been the focus of much research in catalysis,
as the addition of heteroatoms can be used to modify the
electronic properties of these carbon-based solids in a
controlled manner.'”**!77871782 Finally, other graphene-
related materials such as carbon nanotubes (CNTs, rolled-up
sheets of graphene) and fullerenes (closed or partially closed
meshes made out of fused carbon rings of five to seven atoms,
sometimes referred to “buckyballs” —the best known being
Cgo) have also proven useful in catalysis, exhibiting similar sites

as graphene but offering other advantages such as shape
selectivity,134785/1727,1738,1783-1750

Yet another family of compounds useful in catalysis relevant
to this section of our review is the layered double hydroxides
(LDHs) of general formula [M**,_M'* (OH),]**(A™),,, -
mH,0O, anionic clays made out of positively charged 2D sheets
(networks of brucite-like M(OH )¢ octahedra) held together by
water and/or exchangeable charge-compensating anions (A)
placed in between.'””'~'7** Examples of LDHs common in
catalytic applications include hydrotalcite (HT, Mg,AL CO;-
(OH),44H,0) and kaolinite (Al,Si,O;(OH),, or ALO;
28i0,-2H,0). Single-layer LDHs are often prepared via
exfoliation of the bulk clays, but several direct synthetic
approaches have been designed as well, with the aim of
manipulating the active centers (crystal facets, defects,
geometric and electronic states, macro-nano morphology)
within their structure.'””>'7*>~'7%” Several properties of LDHs
makes them attractive for catalysis, in particular their large
number of uniformly distributed base sites and the ease with

BZ https://doi.org/10.1021/acs.chemrev.1c00905
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which they can be modified to add acid sites,!79871800

Additional chemistry can also be incorporated to LDHs via
cation exchange at the Brucite-like layer or anion exchange at
the interlayer space (Figure 126)."77%'7?*'%°! LDHs have large

surface areas and therefore large adsorption capacity, are

thermally stable, and have the ability to regain their original
structure after catalysis via water treatments.'***

LDHs are excellent supports for many hydrocarbon-
1793,1800,1801

processing reactions catalyzed by metals. Specifi-
cally, they are increasingly being considered as supports for
metal (typically Ni) active phases of catalysts used for CO and

https://doi.org/10.1021/acs.chemrev.1c00905
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methane reforming reactions as well as for the conversion of
CO, to methane: in these, LDHs basicity helps minimize
poisoning via coke formation."**'~"*%° They are equally useful
supports for olefin polymerization catalysis."””" LDHs can
nevertheless be active participants in acid—base catalysis, to
promote, for instance, additions to C=0, C=C, C=C, C=N
and other unsaturated bonds, alkylations, acylations, epox-
idations, ring openings, and decarboxylations.'””"!7?%!%%7
Another popular application of LDHs is in the conversion of
biomass feedstocks. **”'**"'%% In Figure 127, an example is
shown where a combination of hydrotalcite, Amberlyst-15 (a
polystyrene-based ion-exchange resin with strongly acidic
sulfonic groups), and hydrotalcite-supported Ru catalysts
successfully afforded the direct synthesis of 2,5-diformylfuran
from glucose in one pot via successive isomerization,
dehydration, and selective oxidation steps.'*”” It should be
noted, however, that in most of these applications, LDHs
provide large surface areas and high coverages of well-defined
sites but rarely perform better than other more conventional
catalysts.'”*

Many reported applications of LDHs involve redox
reactions, in which the LDH typically acts as a helpful support
to enhance the activity of the added active functionality, often
metal jons (which can be ion-exchanged on the surface of
LDHs), complexes, or NPs.'571819 One often cited case is the
promotion of the Fenton reaction, a Fe**-catalyzed conversion
of hydrogen peroxide to hydroxyl free radicals (OH-): the high
density of surface ionic sites in LDHs can be used to disperse
the active phase in the form of ions such as sulfonated iron
phthalocyanine (FePcSO;7).'""" Because they are highly
reactive and oxidizing, the resulting OH- species can in turn
be used to catalyze many organic conversions, for the
degradation of pollutants in air and water and in organic
synthesis.'*'>~'*'* Ton-exchanged LDHs have also proven to
be good catalysts for the SCR of nitrogen oxides in
environmental applications.'®"> LDHs offer a number of
particular advantages for photocatalysis, including specific
directional paths for charge mobility (to help with the
separation of photogenerated electrons and holes), higher
surface exposures compared to equivalent bulk materials, and
tunability of electronic and optical properties such as band
gaps via compositional adjustments and heterojunction
formation.'”**'*'*!¥!7 1n one example, ZnAl-LDH 2D nano-
sheets were shown to exhibit high surface densities of
coordinatively unsaturated Zn® centers and, accordingly, to
be more efficient catalysts than bulk analogs for the
photoreduction of CO, to CO with water (Figure 128).1818
Similar tuning of electronic properties in LDHs, by, for
instance, substituting some cations, replacing interlayer anions,
creating vacancies, or preparing hybrid LDHs with conductive
materials, can be used to design efficient electrocata-
lysts.'$@1¥1971823 The ORR has been a particular target here.

Overall, it is clear that 2D materials exhibit some unique
properties that can be harvested to design unique well-
performing catalysts. In particular, they display high surface
areas with lots of interesting sites that can be tuned or
modified to target specific reactants and reactions. They also
exhibit specific electronic behavior sometimes desirable for
electro- or photo-catalysis applications. For these reasons, 2D
materials are increasingly been incorporated into the design of
catalysts for a vast range or chemical processes. On the other
hand, the basal planes of many 2D sheets are chemically inert,
at least in the cases of metal chalcogenides and carbon-based
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Figure 128. Photocatalytic conversion of CO, to CO promoted by
ZnAl-based LDHs.'®'® 3D-bulk and 2D-nanosheet versions of the
LDH were prepared via urea coprecipitation and either inverse
microemulsion or controlled hydrolysis, respectively. The 2D catalyst
was found to exhibit a high density of coordinatively unsaturated Zn*
sites and, correspondingly, a much higher activity for CO,
photoreduction. Adapted with permission from ref 1818. Copyright
2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

materials, and their modification to introduce active sites is not
always easy to control. There is also the issue of cost, as in
many instances other more conventional materials can offer
comparable catalytic performance at lower prices. In spite of
these limitations, 2D materials are likely to find commercial
use in specific catalytic applications.

6.5. Metal-Oxide Clusters and Nanoparticles

Although less extensively than with metals, synthetic method-
ology has been developed for the making of NPs of metal
oxides with controlled sizes and shapes as well, and those have
been incorporated into catalytic designs.”"***'*** Because of
their promise as promoters of important reactions, certain
oxides have received special attention in this area, in particular
oxides made out of metals such as Ce,'8°71829 j 1830,1831
Co,'83271838 and Cu,'®*7'%" but other materials such as
MgO, #4185 MnO,, #9715 Fe,0, 18571557 4pq NjO'™58
have been investigated as well.'™” Thanks to the great
advances in the synthesis of metal-oxide NPs with well-defined
characteristics seen in recent years,”* it has been possible to
study and exploit the dependence that catalytic performance
may exhibit on oxide surface structural details.'®>""'%%°
Particularly useful has been the ability to design oxide NPs
with different shapes, as those expose specific surface planes.
For instance, in a recent example, it was shown that the
hydrogenation of carbon monoxide with Co;0, catalysts is
optimized on so-called nanobelt-shaped NPs (CS-NB-20),
which predominantly expose [110] surface planes; activity is
somewhat lower with nanocubes (CS-NC-20), with their
[100] surfaces, and reduced further with nanospheres (CS-
NSP-20), which expose [112] facets (Figure 129)."*°" The
authors of that work explained the observed trend in terms of
the oxidation state of the metal ions on the surface, because
while the [110] plane exposes large amounts of easily reducible
Co’, the other planes mainly contain harder-to-reduce Co**
instead (and less oxygen vacancies). It is important to note that
in the most detailed studies of shape sensitivity in catalysis, like
this one, an attempt has been made to identify the fundamental
physical parameters that change with surface structure and
affect catalysis, but, unfortunately, most publish work to date
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Figure 130. Reaction rates for C,H, hydrogenation (left panel) and
Z CO oxidation (right) as a function of the oxygen storage capacity
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Figure 129. Steady-state activity and product distribution data for the
hydrogenation of CO promoted by Co;0, as a function of NP shape
(electron microscopy images provided in the insets). Reproduced
with permission from ref 1861. Copyright 2020 Elsevier B.V.

has focused on the synthetic aspects of the research and only
report empirical observations in terms of catalytic trends.
The example cited above is a hydrogenation conversion,
where the reactant is reduced. It is well known that this and
other redox reactions can be promoted using reducible oxides
made out of metal ions that can exist in several oxidation
states. Hydrogenations are more commonly carried out with
metal-based catalysts, but in some instances can be promoted
with oxides. Ceria, for instance, can be used to selectively
hydrogenate alkynes in the presence of alkenes,'***~"*** with
optimum performance when polyhedral NPs exposing [111]
facets are used. Interestingly, an opposite trend has been seen
for the oxidation of CO, which is better served by ceria
nanocubes and nanorods with predominantly [100] facets
exposed.'**”'% The story is more complex for the WGS
reaction, but there, again, the CO reactant is believed to reduce
the ceria surface as it becomes oxidized and to be converted to
CO,, a step that is more favorable on the [100] planes of the
ceria nanocubes.'*® Even in hydrocarbon oxidations nano-
cubes seem to be the preferred form of ceria NPs.'**° It
appears that the oxygen vacancies seen in the [100] surface
planes of nanocubes are required to catalyze oxidations,
whereas oxygen sites in [111] surfaces seem to stabilize the
adsorption of the reactants in hydrogenations (Figure 130)."%"’
It has also been claimed that Ce® surface ions can act as
Lewis-acid sites and that, together with adjacent neighboring
surface lattice Lewis-base oxygen, they facilitate the activation
of H, and with that reduction steps.1868 With titania (anatase),
oxidations appear to be favored on [111] facets, whereas
reductions occur preferentially on [110] surfaces.'** Overall,
the contrast reported here between hydrogenations and
oxidations highlights that structure sensitivity in catalysis
with metal oxides is specific to the reaction to be promoted.
An issue with oxides made out of metals with multiple
oxidation states is the need to determine the nature of the
active phase under catalytic conditions. In oxides such as
titania the change in oxidation state manifest itself mainly via
the formation of defects such as oxygen vacancies, which may
act as catalytic sites and can be repopulated under oxidation
conditions."*””'®”! On the other hand, in other oxides, the
oxidation state of the metal ion on the surface may be stable
and may change the catalytic performance. For instance, tin
oxide has been shown to have Sn>*/Sn*" ratios that depend on

cC

(OSC) of fresh and aged ceria-NPs based catalysts. Data are shown
for octahedron-like NPs, which expose [111] facets, and nanocubes,
enclosed by [100] facets, the idealized structures of which are
depicted in the insets. Correlations are seen between the NP shape
and both OSC and catalytic reactivity, with the nanooctahedra
displaying low OSC and particular preference for the promotion of
hydrogenations and the nanocubes having higher OSC and better
activity for oxidation catalysis. Reproduced with permission from ref
1867. Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.

NP size, a behavior relevant to catalysis because it was also
proven that it is the metastable Sn** sites the ones that appear
to promote oxidation reactions.'®’” In another system, when
Cu,0 is used as an oxidizing catalyst, a thin CuO film is usually
formed, becoming the actual exposed surface for catalysis, as
shown in the case of CO conversion. A structural dependence
can still be operational, however: the CuO film formed on
octahedral Cu,O NPs proved to be more active than that
grown on cubic Cu,O NPs,'** a difference justified by the
different CuO film structures estimated by quantum mechanics
calculations (Figure 131).'"”® Synthetic approaches (using
protective ligands, for instance) can be used to prevent the
formation of such CuO films and to probe the structure
sensitivity of catalysis on Cu,O surfaces: structural depend-
ences have been seen for the oxidation of CO'®’*'*”> and
prop}rlene1876 as well as for organic synthesis reac-
tions ° 0T EIHISTIIETE iy those cases. A mechanistic explan-
ation of why this is awaits further studies.

A particular class of redox reactions for which semi-
conductor oxides are well suited is photocatalysis. Titania in
particular has been tested extensively for this purpose, by itself,
doped, or after the addition of cocatalysts."*’?~"*%* Early
quantum mechanics calculations had suggested that photo-
catalysis with titania is affected by the structure of the surface,
with the anatase [001] plane being particularly active for the
adsorption of, and H, production from, water.'** Much
research has therefore been directed toward the synthesis of
titania NPs with maximum exposure of that surface, a challenge
since the [101] facets are the most thermodynamically
stable."®%*"1%7 However, more recent work has indicated
that it is the [101] (and [010]) planes that may be preferred
for photocatalytic applications.'***~'*° To complicate matters
further, a surface heterojunction at the interface between [001]
and [101] planes has been proposed to be necessary to inhibit
charge recombination and thereby enhance photocatalytic
activity; this appears to be true in both water splitting'®”" and
the photocatalytic reduction of CO, to CO."*”* When dealing
with the photodegradation of organic molecules,"*”* reactivity
has repeatedly been reported to correlate with the presence of
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Figure 131. Dependence of activity on surface structure for the case of the catalytic oxidation of CO using Cu,O NPs.'®”* The kinetic data in the
top row show significantly higher activity with octahedral (0-Cu,O) than with cubic (c-Cu,O) NPs. This is explained by the differences in structure
of the CuO film that forms on the surfaces of the two catalysts, as indicated by the DFT calculations shown in the middle row. The bottom row
provides the energetics calculated for CO oxidation in both cases. Reproduced with permission from ref 843. Copyright 2019 Elsevier B.V.

hydroxyl radicals on the surface, which are in general more
abundant in anatase [001] facets.'®"'*> Nevertheless, other
researchers have claimed that anatase [010] surfaces enhance
adsorption and are more photocatalytic active.'*’ Yet a third
opinion is that both reaction rates and selectivity in the
promotion of the photocatalytic reduction of nitrobenzene
using anatase titania, which follow the sequence [101] > [001]
> [100], correlate with the magnitude of the bandgap of the
semiconductor (Figure 132).'*”” Interestingly, oxidation
reactions with the same catalysts were shown to be much
more insensitive to surface structure. In terms of other oxides,
several articles have reported efficient photodegradation of
dyes with Cu,O NPs.' 387199 Those studies, collectively, have
suggested a preference for [110] planes, but most of this work
has been empirical, and some discrepancies remain. It is clear
that photocatalysis, like thermal catalysis, is affected by the
structure of the surface of the oxides used, but the ordering of
the surface planes in terms of catalytic activity and of the

cD

specific mechanism by which such changes occur is still being
debated.

Other types of structure-sensitive reactions may be
promoted with metal oxides, and their performance tuned by
controlling the NP shape. In particular, the hydroxyl terminal
groups in many oxide surfaces may act as Bronsted-acid sites,
and the metal cations as Lewis acids or bases; the acid—base
properties of these oxides depend on the coordination
environments around the metal and oxygen surface sites, and
vary with the morphology and exposed facets of the oxide NPs.
For instance, the Ce surface ions in ceria NPs have been
proven to act as weak Lewis-acid sites and to not show much
variation in chemical performance versus surface structure,
whereas the strength and amount of the hydroxyl groups and
surface lattice-oxygen Lewis-base sites have been determined
to be shape dependent, following the trend: rods > cubes >
octahedra.'”*® Tests with ceria NPs of different shapes for the
promotion of a Cannizzaro disproportionation into ethanol
and acetate,'”* for dimethyl carbonate synthesis from CO,

https://doi.org/10.1021/acs.chemrev.1c00905
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that CeO, nanorods/nanocubes are more active than ceria
nanooctahedra. The trend was explained on the basis that the
strong base sites found in the [100] facets of ceria help activate
acetaldehyde to initiate the conversion. With TiO,, NPs
faceted along the [001] orientation proved to be quite active
for the catalytic condensation of light oxygenated organic
compounds, presumably because of an increase in stability of
the Lewis-acid sites in the presence of organic acids under
aqueous environments.'””” Cr,0; hexagonal-prism-shaped
NPs proved more active and more stable than regular Cr,O;
catalysts for the dehydrofluorination of 1,1-difluoroethane,
possibly because (at least in part) of a more abundant Lewis

CE

acidity due to a decrease in NP size.'”'" Finally, spiky-shaped

Nb,Oj; has been reported to be a highly stable and recoverable
catalyst for the condensation of benzaldehyde with p-anisidine
in the presence of trimethylsilyl cyanide to produce 2-((4-
methoxyphenyl)amino)-2-phenylacetonitrile, presumably be-
cause of an increase in Lewis acidity thanks to the flexible Nb—
O polyhedral structure of the individual [001]-oriented
rods.'”"" Regarding basic oxides, a correlation has been
identified between a decrease in density of surface base sites
in MgO NPs, which follows the nanosheets > nanodisks >
nanofibers order, a decrease in the percentage of [111] planes
exposed, which mirrors the same order, and a decrease in
activity for a Meerwein-Ponndorf-Verley reduction of
benzaldehyde with ethanol; it was concluded that the base
sites responsible for catalysis are primarily seen on the
MgO[111] surfaces."”"* All these examples point to some
interesting aspects of the tunability of acidity and of acid—
based catalysis in metal-oxide NPs by controlling NP shape,
but further systematic studies of this type of correlations will
be needed to add some predictability to catalyst design.

As already illustrated in some of the examples provided
above, metal-oxide NPs have on occasion been used for
organic conversions."”**"*"? In one example, the promotion of
the carbamoylation of aromatic amines was determined to be
the most favored with CeO, NPs with nanooctahedra shapes
(which expose [111] surfaces), followed by nanorods (with
their [110] facets) and then nanocubes (and their [100]
exposed faces); the trend was explained using results from
quantum mechanics calculations as due to a combination of
effects on the energetics of the individual elementary steps of
the reaction (Figure 134)."”'* Another example involves the
use of Cu,O NPs for the reduction of 4-nitropheno to 4-
aminophenol: it was concluded that the [111] facets are the
most active for this reaction.'”"> Unfortunately, the data in this
area of organic synthesis using well-shaped metal-oxide NPs
are still sparse.

In the examples provided so far, the metal oxide constitutes
the primary catalytic phase. More often, such materials are
used as supports upon which the active element is deposited
(as mentioned earlier in this review). Even in those cases, the
control of surface structure afforded by the synthesis of metal-
oxide NPs with specific shapes can be exploited to tune
catalytic performance, by, for instance, controlling the growth
of the metal NPs during their deposition.'”’*'”’” In one
example, Ru/CeO,-nanorod catalysts were shown to exhibit
high activity for the oxidative decomposition of chlorobenzene
because of the formation of new Ru—O—Ce sites and the high
oxygen mobility and high Ru** content favored by the
associated [110] and [100] CeO, planes.'”'® In a second
case, Au deposited on the [110] facets of ceria nanorods has
been shown to display the highest activity for the WGS
reaction (compared to analogous catalysts prepared on CeO,
nanocubes and nanopolyhedra), presumably because of an
enhancement in the fraction of Au atoms in ionic (Au* and
Au’) states,'”"” or possibly because the abundance of OH
species formed by activation of water on the oxygen vacancies
present in the CeO,[110] surfaces of ceria nanorods.’**° In the
case of formaldehyde removal, a similar preference for Au/
CeO,-nanorods was justified in terms of the relatively low
energy required for oxygen vacancy formation and of the
weakeninﬁ of Ce—O bonds by Au on Ce[110] and Ce[100]
planes.'*”" In the preferential oxidation of CO in a H,-rich gas,
by contrast, it is the formation of H-containing surface
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Figure 134. Shape dependence of the carbamoylation of aromatic amines promoted by CeO, NPs.'”"* Left: DFT calculations of the energetics of
the selective (carbamoylation) and unselective (methylation) reaction pathways for the conversion of dimethylcarbonate (DMC) with aniline over
the [111], [110], and [100] facets of CeO,. Top-right: TEM images of CeO, nanooctahedra, nanorods, and nanocubes, which preferentially exhibit
[111], [110], and [100] facets, respectively. Bottom-right: Catalytic data in the form of total conversion and yield for dicarbamoylated DAT (solid
lines; DAT = diaminotoluene), monocarbamoylated DAT (dotted lines), and methylated products (dashed lines) versus time, obtained using the
three CeO, nanostructures. Reproduced with permission from ref 1914. Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

intermediates that is claimed to be responsible for the unique
catalytic properties of the CeO, nanorods.'”** Another
dependence of the oxidation state of the metal phase on the
structure of the surface of the metal-oxide support was found
with Pd/CeO,, in which case optimum CO, propane, and
formaldehyde oxidations were obtained with the Pd,Ce,_,O,_,
solid solutions that form on ceria nanorods, the PdO, NPs
favored on the [111] planes of ceria nanooctahedra, and the
metallic Pd species that form on [100]-faceted nanocubes,
respectively.'”*>'*** Tt should be indicated that some of the
disagreements in the reported correlations between activity
trends and physical properties can be traced back to differences
in experimental results, as in the case of the XPS data shown in
Figure 135 for the Pd/CeO, system. Finally, the stabilization of
specific oxidation states on the active phases of the support
may be even more critical with easy-to-oxidize metals such as
copper.'”7'*?” Clearly, the structure of the metal oxide
support affects many catalytic reactions, but a plethora of
explanations have been offered to account for the experimental
observations and no consensus seems to have been reached on
this yet.

Certain facets of the metal-oxide NPs used as catalyst
supports may also stabilize the catalytically active metal NPs,
perhaps via a SMSI effect, as appears to be the case for Ni on
the [110] and [100] surfaces of CeO,: Ni/CeO, made with
ceria nanorods and nanopolyhedra have proven more active
and more resistant to cocking during the carbon dioxide
reforming of methane than other more conventional
catalysts."”*® In other instances, either the support itself or
the metal/oxide interface plays a more active role in catalytic
reactions. As an example, Ru and Pt both appear to enhance
the formation of oxygen vacancies, but follow opposite trends:
Ru creates more oxygen vacancies on the [100] facets of CeO,
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Figure 135. Pd 3d XPS data for Pd/CeO, catalysts made out of ceria
NPs with different shapes. The panels correspond to spectra reported
in Refs.'”>® (A, left) and'*** (B, right), and highlight the different
results that sometimes are obtained with what are seemingly the same
samples. Adapted with permission from refs 1923 and 1924.
Copyright 2015 and 2016, respectively, American Chemical Society.

nanocubes,'”* whereas Pt shows higher reducibility on the
[110] planes of CeO, nanorods.””** As a consequence, Ru/
CeO,-nanocubes have been shown to be the most active in
CO, activation and methanation,'”*® whereas Pt/CeO,-
nanorods have been reported to be the ones that optimize
toluene oxidation activity (Figure 136)."”*" In the case of Pd/
CeO,, it is presumably ceria microspheres that display
enhanced reducibility, helping methane oxidation.'”*'

https://doi.org/10.1021/acs.chemrev.1c00905
Chem. Rev. XXXX, XXX, XXX—XXX



Chemical Reviews pubs.acs.org/CR
% 2 Au/TiO, Catalysis
i 5.5
. 50] Ru(3%)/Ce0,-NCs Ly
i (nanocubes, ,2.0 kJ mol”
g 4.5+ [100]) 14 — A 14.5 kJ mol”
4.0 ]
. 3.5 Co, t o] 40kImor’
S 35 Methanation 27
:@ 2_5: "-.‘E r 6.7 kJ mol* 37.7 kd mol
LI 5
] nanopolyhedra = 2ias e
g 157 = 21| (a) CO Oxidation
g 107 Ru(3%)/CeO,-NRs Activity
e 0.5 (nanorods, [110]) -3
0.0 : , , ; 1 & AuwTi-100 ,
0 50 100 150 200 250 44 o Au/Ti-101 42.2 kJ mol”
Bsutace-O-vacancies /pmol 0 g™ 1 = Au/Ti-001
-5 T T T 1 1 . T T L)
: . 24 26 28 3.0 3.2 34 36 38
@0 e Do @n Toluene Oxidation e 1UT 1 107K -
. Active oxygen @C &« H Step 1 -lnlu:m:.-\tlnurpl%ml 1-0} & Au/Ti-100
. m Y Step 111 Reaction iﬁ 0.9 = Au/Ti-101
- £ e Au/Ti-001
..3:" Step 11 O, Activation - 5 J' o, g -
Ve W 3 :: (b) Carbonate
& H s & o = r ue 0.7 - -
P w, ! m“w”“ J‘mhmm S ‘v\ \‘l;/' ". =] Desorphon in 02
¥ | ol ) HO £ 0.6- '\.‘“_.
X A 8
1y g 0.5: - " %
Ce0,, 2 04
k| 0.3
Figure 136. Top: Correlation between reaction rates for CO, -
methanation on Ru/CeO, catalysts and their concentration of surface g 0.2 -
oxygen vacancies, which depends on the shape of the ceria NPs.'*’ Z 01
Bottom: Proposed mechanism for the oxidation of toluene on Pt/ 5
CeO,-nanorods, with a limiting step involving the surface oxygen 6 1'0 2'0 3'0 4'0 5'0 6[0

vacancies that in this case are maximized on the CeO,[110]
planes.l%o Reproduced with permission from refs 1929 and 1930.
Copyright 2015 Elsevier Inc. and 2016 Elsevier B.V.

Particularly interesting are the cases where contributions by
the metal/oxide interface to catalysis have been identified, like
in some oxidations involving Au, Pt, and other transition
metals to§ether with reducible oxides such as TiO, or

Ce0, "7 193271937 Eor instance, by using catalysts with Pt
dep051ted on TiO, NPs of different shapes, it was concluded
that the activity for CO oxidation follows the order Pt/
TiO,[101] > Pt/TiO,[100] > Pt/TiO,[001] because the
increasingly stronger metal-support interactions seen in this
sequence afford better dispersion of the Pt atoms.'®**
Interestingly, the reverse order seems to be followed by the
photocatalytic degradation of organic molecules.'”*” With Au/
TiO,, the activity for CO oxidation was found to follow a
TiO,[100] > TiO,[101] > TiO,[001] sequence, allegedly
because of differences in the activation of O, and in the
formation and desorption of carbonates on the different planes
of the titania surface (Figure 137)."”*° An alternative
explanation has been proposed for the trends seen with Au/
TiO, catalysts based on the oxidation state of the Au atoms at
the metal/oxide interface: allegedly, the Au®*rich interfaces
that form on Au/ T102[100] justify the high activity for H,
oxidation, whereas the Au’~ species found on Au/TiO,[001]
favor selectivity toward H,O, production and also toward
propene epoxidation.'”*" Tt is clear from these and other
examples in the literature that there are structural effects that
affect performance in the catalysis promoted by metal/oxide

cG
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Figure 137. Effect of the oxide surface plane exposed on the activity
of Au/TiO, catalysts for the promotion of CO oxidation.'”*" (a)
Arrhenius plot of TOFs versus temperature with catalysts made with
three different types of TiO, NPs, exposing different crystal planes.
(b) Normalized desorption curves of carbonates in an O, atmosphere
at 303 K. A correlation is seen between the ease with which
carbonates desorb from the surface and CO oxidation activity.
Reproduced with permission from ref 1940. Copyright 2013
American Chemical Society.

systems. However, the physical chemistry underlying those is
complex, involving several factors, and it is yet not possible to
predict which metal/oxide interfaces are best for specific
reactions.

In summary, it is clear that the surfaces of metal oxides,
which are used as the active element in a number of catalytic
processes, exhibit chemical properties that depend on the
structure of the facets exposed. Specifically, redox properties,
including the lability of lattice oxygen atoms and the
consequential creation of surface vacancies as well as the
ability of oxides of metals with multiple oxidation states to
interconvert between those states, can be exploited to promote
many catalytic processes, and tuned by using well-defined NPs
with specific oriented surfaces. The strength and density of
Bronsted and Lewis acid and base sites also depend on such
structures, and can be relied upon to help with additional
tuning of selectivity in catalytic conversions. Because of all of
this, it is highly desirable to be able to synthesize catalysts out
of metal-oxide NPs with well-defined sizes and shapes. Yet, the
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preparation of shape-controlled metal-oxide NPs lags that of
metals in terms of versatility: because of the ionic or covalent
nature of most metal oxides, it is difficult to isolate non-
thermodynamically-stable planes, as those may exhibit charged
and therefore highly unstable surfaces. It is also typically the
case that metal-oxide NPs tend to be large and non-porous,
and therefore offer relatively low surface areas leading to low
catalytic activities. Finally, within a number of notable
exceptions (some of which were cited above), most work in
this area has focused on NP synthesis and not on the physical
chemistry of catalysis, and has yet to provide clear guidelines
for the identification of specific NP targets to be made and
used for specific catalytic conversions. These limitations are
likely to be addressed in future research.

7. NOVEL NANOSTRUCTURES: LARGER
ARCHITECTURES

7.1. Core—Shell and Yolk—Shell Nanostructures

Most of our discussion so far has focused on the creation of
specific catalytic sites with well-defined characteristics at an
atomic level. In addition, larger nanostructures can be used in
catalysis to control other aspects of the kinetics of reactions,
such as access to catalytic sites and/or control of mass
transport rates and directionality. In this context, enclosed
volumes can be used, for instance, as nanoreactors,'”** %%
and multicomponent structures can be designed to hold
different, complementary but possibly incompatible, catalytic
functionalities. One now popular and relatively simple design
for this is core—shell nanostructures, where NPs of one (core,
A) component is fully covered by a second (shell, B); these are
commonly referred to by using the nomenclature A@
B0V 1038194671953 1f 5 void space exists in between the inner
and outer components, in a structure reminiscent of that of
eggs (or rattles), the nanostructures are sometimes described
as yolk—shell (often denoted as A@Void@B, although
sometimes also written as A@B).'”**'?>*71%5¢ Typically, the
core NPs have diameters on the order of tens of nanometers,
and the shells in the range of a few hundreds of nanometers,
with thicknesses of a few tens of nanometers. The components
can be both metals, as discussed already in Section 5.3, or a
metal NP may be encased by a metal-oxide shell. Other
materials such as carbon, in amorphous, graphene-like or
nanotube form, have also been incorporated in these designs.

One of the main reasons why researchers have chosen to use
core—shell and yolk—shell catalysts is to improve catalyst
stability.'”*”"*® In the case of metal phases in particular, oxide
layers may prevent NP sintering.lgsg’l%o This is critical for
reactions that are surface sensitive, where catalytic performance
often depends on NP size distribution.”'?*' =" For instance,
Au-based catalg'sis has been shown to be feasible only with
small NPs,””®!17¢719%% and the initial activity in many of those
systems is lost over time as the particles coalesce and grow in
size, ' 20019691970 Zhang and coworkers showed that this
problem may be minimized by encapsulating the Au NPs
inside a porous silica shell: a clear increase in catalytic activity
for CO oxidation was observed when the size of the Au NPs
was decreased from 2.3 to 1.5 nm."””" Au@Ce0,,'"””* Pd@
Ce0,,""? Pd@Void@Ce0,,'""”* and Au@SiO,/TiO,""”*
nanostructures have also been shown to enhance catalytic
activity toward CO oxidation. In our work, the performance of
a yolk—shell nanostructure (Au@Void@TiO,) was contrasted
with an equivalent catalyst made out by dispersing the same Au

CH

NPs on a conventional P2S titania powder (Au/TiO,—P25):
the initial activity for CO oxidation with the yolk—shell catalyst
was about 50% higher than that with the regular catalyst, and
significant sintering was observed in the Au/TiO,—P2$ sample
but not in the Au@TiO, nanostructure upon calcination at 775
K (Figure 138)."7° Sintering may also be a problem in
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Figure 138. Performance comparison between Au@Void@TiO,
(labeled Au@TiO, in this figure) and Au/TiO,—P25 catalysts.'”®
Left: Low- (a, b) and high- (c, d) resolution TEM images of the Au@
Void@TiO, catalyst, and TEM images of the Au/TiO,—P25
reference sample (e, f), as prepared (left-hand column: a, ¢, e) and
after calcination at 775 K for 2 h (right-hand column: b, d, f).
Sintering of the Au NPs is only seen in panel f, for the reference
catalyst. Right: Time dependence of the partial pressure of the carbon
dioxide produced during the room-temperature oxidation of CO with
O, in a batch reactor with both catalysts. Adapted with permission
from ref 1976. Copyright 2011 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim.

reactions carried out at high temperatures or under reactive
environments, and using oxide shells may help there as well.
For instance, Pt@CeO, catalysts, used for the high-temper-
ature oxidation of methane, were shown to be stable to
temperatures as high as 1275 K.'"”7"7'”** In another case, a
Pd@Ce(sZrys0,/Al, 05 core—shell nanostructure was imple-
mented to add hydrothermal stability to automotive three-way
catalysts,'”*> and in a third group of examples, Pt@Void@
TiO,,"”** Pd@Ce0,,'”** and multishell-Pt/Ce,sZr,s0," "
nanoarchitectures were all shown to add stability during the
WGS reaction. In yet another example, silica-encapsulated Pd
NPs in a Pd@SiO, core—shell nanostructure proved quite
stable in acetylene hydrogenation processes that included
recycling via high-temperature oxidative coke removal.'”®” In
fact, with many reactions involving carbon-containing reac-
tants, the core—shell and yolk—shell nanoarchitectures may
directly minimize the coking and/or deposition of other
carbonaceous deposits that lead to catalgst poisoning, a
problem particularly critical with Ni.'”**™""*” Accordingly, Ni
NPs encapsulated inside a silica shell, in a Ni@Void@SiO,
yolk—shell configuration, was shown to be quite stable at
temperatures as high as 973 K and to be capable of high
recyclability without loss of catalytic activity for methane
reforming,"”""*”* Similar resistance to coking was reported
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Figure 139. Left: High-resolution STEM image of a hollow Pt NP. Right: Comparison of ORR Pt mass activity as a function of potential cycling
time with that measured with solid Pt NPs (red and blue, respectively).’’”> Reproduced with permission from ref 2002. Copyright 2011 American

Chemical Society.

with Ni@SiO, core—shell catalysts during CO methana-
tion.'””?

The use of core—shell and yolk—shell nanostructures to
improve catalyst stability is not limited to metals; it can be
used with other active phases such as oxides as well. For
instance, a NiCeO,@Void@SiO, yolk—shell nanoarchitecture,
developed for methane dry reforming, not only provided a way
to minimize sintering, but also, thanks to the limited volume
available within the confined NPs, Ni coking.'””* A multiple
core—shell Ni-ZrO,@SiO, catalyst was also shown to display
good sintering and coking resistance during the dry reforming
of methane to syngas.w95 A particularly clever idea is the use of
magnetic materials, ferric oxide in particular, as the core of
core—shell nanostructures to aid with catalyst separa-
tion.'””~1%%® Conversely, other materials such as 2D graphene
or hexagonal-BN sheets can be used as shells, even if that may
require more complex synthetic methods.'””” In one case, Ni
NPs were encapsulated within a thin hexagonal-BN shell to
create a stable catalyst for syngas methanation.”””’ Co-CoO,@
C(N-doped) capsules were also shown to be highly active and
selective for the hydrogenation of nitrobenzene to aniline.”*"!
Another alternative is to prepare monofunctional catalysts as
hollow shells. For instance, Pt hollow shells were prepared
using Ni NPs as templates and taking advantage of the
Kirkendall effect to enhance and stabilize the activity of the
metal toward the ORR in acid fuel cells (Figure 139).299% 1t
should be noted that core—shell and yolk—shell nanostructures
not always prevent sintering, and can also deactivate following
other mechanisms. An example of this has been provided for
the case of a Pd@CeO, catalysts developed for the promotion
of the WGS reaction: a micro-emulsion synthesis led to a
catalyst that was more stable than regular Pd/CeO, samples
but that suffered condensation leading to low surface area and
poor Pd accessibility.”*"*

In many of the examples provided so far, the catalytically
active phase (usually a metal NP) is protected and prevented
from sintering by encapsulating it inside an outer shell. This
prevents the metal atoms from diffusing out and collecting
elsewhere to create larger NPs, but can also block access of the
reactants to the active surface.”***~>°"” Luckily, most of the
materials used as shells are porous and afford easy diffusion of
chemicals to the inside volume of the shells.”**7**'" In
particular, oxide (silica, titania) shells are often made by sol-gel
methods, and those tend to grow low-density and open-
structure solids. We*'"*°'> and others”"* have shown, using
IR, that molecules as large as porphyrins can diffuse in solution

cl

through the titania shells of Pt@Void@TiO, yolk—shell
nanostructures and adsorb on the surface of the metal NPs
trapped inside. Good diffusion-limited current densities were
also obtained with CoFe@(N-doped graphene) nanostructures
during ORR electrocatalysis.””'* A particularly interesting
additional development in this approach has been the ability to
control the structure of the pores within the shells, as in the
case of multifunctional yolk—shell NPs where a core of silica
spheres was coated with an outer shell based on periodic
mesoporous organosilica with perpendicularly-aligned meso-
porous channels.””" Diffusion may even be controlled via the
tuning of the reaction conditions: CO oxidation, for instance,
can be blocked via capillary condensation of water vapor in the
mesopores on the shells of Au@Void@SiO, catalysts.”"'
Furthermore, because of their porosity, shells can also act as
sieves, preferentially allowing the diffusion of certain molecules
and preventing access of others to the inside volume of the
core—shell or yolk—shell nanostructure. This is what is claimed
in the case of a Pt/CeO,@MOF core—shell catalyst used for
the selective hydrogenation of furfural.”*'” Diffusion-induced
shape selectivity was also reported in Suzuki coupling reactions
promoted with Pd@SiO, catalysts.””'® Another option is for
the shells to provide excess surface area and microporous
volume to adsorb reactants and products and to increase the
number of active sites for catalytic reactions promoted by the
shell material. For instance, Bi;WOg hollow microspheres
made using the Kirkendall effect were shown to display high
efficiency in the promotion of the photoreduction of CO, to
methanol, ostensibly thanks to the high CO, adsorption
capacity of the microporous shell (Figure 140).°" It should
be indicated, however, that in most cases the effect of mass
transport on the kinetics of catalytic reactions promoted by
core—shell and yolk—shell materials needs to be properly
evaluated still.

Mass transport limitations can also be exploited to design
tandem catalytic processes where two complementary catalytic
steps can be arranged to take place on different phases at
different sites within the inner and outer regions of the
core—shell or yolk—shell nanostructures. In one example, Ni/
SiO,@MOF-74 nanostructures were tested for the promotion
of a tandem imination of nitrobenzene with benzaldehyde.***
In this nanoarchitecture, the Ni phase promotes the hydro-
genation of nitrobenzene to aniline and the MOF-74 the
subsequent addition of the aldehyde, while the shell also
contributes to the prevention of over-hydrogenation via
molecular sieving. In fact, incompatible functionalities can be
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Figure 140. Methanol yields from CO, reduction on Bi,WOjq
photocatalysts after 2 h of reaction under visible light irradiation.”*"”
The activity of a regular powder (right) is contrasted with that of the
Bi,WOyg hollow microspheres shown in the inset. Clearly, the latter is
much more active than the former, presumably because of the much
larger surface area of its porous structure.

kept apart in core—shell nanostructures this way,”’*" as in the
example of the Si0,—SO;H@SiO,@SiO,—NH, tested for a
one-pot acetal hydrolysis-Knoevenagel cascade reaction
sequence.”””” Another way to accomplish such functionality
separation is by tethering acid groups on the outer surface and
amine functionality on the inside of the shell (or vice versa).***
Core—shell and yolk—shell nanostructures also provide a nice
way to design different interfaces, aiming to promote specific
catalytic steps that can be combined for the design of more
complex reaction sequences. A nice example here is that of the
Pt/CeO,@SiO, nanostructure designed for the selective
conversion of ethylene to propanal via tandem hydro-
formylation: the Pt/CeQ, interface was shown to be active
for the production of CO and H, from methanol
decomposition, whereas the Pt/SiO, interface could catalyze
the hydroformylation of ethylene with that resulting CO plus
H, mixture (Figure 141).>> A similar Pt/CeO,@Co/SiO,

0.008
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Figure 141. Comparison of the catalytic activity for the hydro-
formylation of ethylene with methanol between dual-interface Pt/
Ce0,@8i0, and single-interface Pt/CeO, and Pt@SiO, catalysts.”***
The Pt/CeO, catalyst is capable of carrying out both ethylene
hydrogenation and methanol decomposition steps, but the Pt/SiO,
interface is needed to promote the final hydroformylation.
Reproduced with permission from ref 2023. Copyright 2016
American Chemical Society.

a

design was used to promote the hydrogenation of CO, to C,—
C, hydrocarbons: allegedly, the Pt/CeO, interface converts
CO, and H, to CO, and the neighboring Co/SiO, interface
promotes hydrocarbon chain growth via a Fischer-Tropsch
process.”**

The idea of designing novel interfaces with unique catalytic
performance within core—shell and yolk—shell nanostructures
has been explored as well. For instance, the use of the
boundaries between metals and reducible oxides such as TiO,
and CeO, has become popular in the design of redox catalysts,
and core—shell nanostructures offer a way to maximize the
formation of such interfaces;'”>" witness, for instance, the
improved performance of Pd@CeO, catalysts in enhancing
methane oxidation.'””” Interfaces can also help induce
reconstructions. This behavior has been reported and exploited
in the case of PdA@CeO, and Pd@SiO, NPs to enhance low-
temperature CO conversion in three-way catalysts.””** A third
way in which core—shell nanostructures can be used to create
new interfaces and catalytic sites is by having the core element
modify the electronic properties of the shell and this way affect
its catalytic performance. This has become a often used
approach with bimetallic systems.''*>''%® although it is
important to keep in mind that the initial core—shell
composition profile may not be preserved once the catalyst
is exposed to the reaction conditions because metals have the
tendency to diffuse in and out of the bulk depending on
temperature and chemical environment (Section 5.3). 11601283
Electron transfer from encapsulated metals in (Fe,Ni)@C
nanostructures have also been used to tune the work function
of the outer graphene layer and hence improve OER
activity.”***°*” Regarding changes in electronic states on
surface sites, one seldom discussed problem with core—shell
and yolk—shell nanostructures is the fact that these are made
by following multiple synthetic steps, often using sacrificial
layers that are later removed by chemical means, and that such
synthetic complexity often leads to the incorporation of
impurities in the core and/or shell materials. One example
from our laboratory illustrates how such changes may affect
catalysis and how they may be tuned. In our case, the discovery
that Au@Void@TiO, yolk—shell catalysts are capable of
promoting the oxidation of carbon monoxide at cryogenic
temperatures was traced back, at least in part, to the addition of
Na" ions and the formation of a new sodium titanate phase in
the titania shells during the etching step of the silica sacrificial
layer;zozgf2030 removal of those ions via treatment with HCl
resulted in the sup ression of any catalytic activity below 300
K (Figure 142).”*%*%*! Unfortunately, it is not always possible
to identify the source of the changes in catalytic performance
between core—shell or yolk—shell nanostructures and more
standard catalyst, let alone control and tune those changes.

Thanks to the variety of synthetic routes available for the
preparation of core—shell and yolk—shell nanoarchitectures, it
is possible to exert great control on their main structural and
electronic parameters, including the core diameter and the
shell diameter and thickness as well as the degree of
intermixing (in multi-metallic cores) and the oxidation state.
We have nicely illustrated this for the case of the photocatalytic
production of hydrogen from water using Au@Void@TiO,
and Pt@Void@TiO, materials.'”*?%22%> 1n previous work,
we had challenged the conventional explanation given in the
literature for the role of the metal (Au or Pt in this case) in
these photocatalysts as electron scavengers following photon
excitation at the semiconductor phase (titania), and had

https://doi.org/10.1021/acs.chemrev.1c00905
Chem. Rev. XXXX, XXX, XXX—XXX



pubs.acs.org/CR

Review

Chemical Reviews
0.15 |
° CO+0,/Au@Void@TiO, Kinetics vs. T
= = Toer
- s A
= 0.10 ' tgac: = 60 min
o \ AU@Vold@TiOz-{A)
v \ v
¥ E T .L\-b AuEVele @ Ti0.-(A+HCI /|
0.05 % /
\
e \ AUBVOIdETIO, (Ap+HOI+NaOH &
e “aa
P / o
T \\;E T,f/ /
= 0,001 S8 oy ; |
150 200 250 300 350
= Temperature / K

1 17 1T
Au@Void@TiO, XPS versus Treatment

Ti2p O 1s Na 1s
}710000 }V‘JU‘UUU

[ 10000

SiZp

2000 [

:.‘_ AU@Void@TIO,- || vk
L’ 4 -
< | (A)+HCI+NaOH / “Mucnmaoﬁ
w
il H | eper
} Au@Void @ TiO,- \
(AHHC Au@Void @ TIO,~(Aj+HC| /\
|l /\ prs U VO ] o + f il
I / \_,.f“'H L DS | T S W
AU® VoIG @ TiO-(A)
K/\‘ ‘ | Au@Void@TIO - (A)
e | ——
450 460 470 520 530 540 1060 1080 95 100 105
BE/eV BE/eV BE /eV BE/eV

Figure 142. Au-titania yolk—shell catalysts for CO oxidation at
cryogenic temperatures.””>® Top-left: TEM images of the three
catalysts contrasted here, namely, the original Au@Void@TiO,-(A)
yolk—shell sample as prepared and after treatments with HCl (Au@
Void@TiO,-(A)+HCI) and sequentially with HCI plus NaOH (Au@
Void@TiO,-(A)+HCl+NaOH). Top-right: Catalytic activities in
terms of initial TOFs versus reaction temperature. Bottom: Ti 2p,
O 1Is, Na Is, and Si 2p XPS. Reproduced with permission from ref
2028. Copyright 2016 Elsevier B.V.

suggested that its key participation is to catalytically promote
the recombination of hydrogen atoms to form H, instead.”**
By carrying out systematic measurements of catalytic photo-
activity as a function of shell thickness and shell diameter, it
was possible to identify two different characteristic lengths
associated with the effects of the depth of the photoexcitation
(needed for the reduction of H* on the titania surface) and the
diffusion of hydrogen atoms on the surface (to reach the metal
NP, where hydrogen recombination takes place), respectively
(Figure 143).29%* Shells can also be used to protect, constrain,
and preserve the structure of core NPs, which can then be
treated (thermally, for instance) with the aim of changing their
properties in a controlled manner. A nice recent example here
is that of a three-component Au@Pd@SiO, core—shell
catalyst, where the effect of a transition from a Au@Pd
core—shell metallic structure to a well-mixed alloy (induced by
heating of the solid) was tested for the selective hydrogenation
of butadiene: the core—shell bimetallic clearly outperformed
the alloy, displaying much higher activity with comparable
selectivity.””>> In another study, a SiO, layer was added to
AL, O;@Co/Al catalysts to minimize metal-support interactions
and thus ozptimize their performance in Fischer-Tropsch
conversions.”*® The protected NPs can also be reduced in a
controlled manner once protected by the added shells, a
procedure that can improve catalytic selectivity.”"*”~>%*”
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Figure 143. Use of the control of the structural parameters in Au@
Void@TiO, yolk—shell nanostructures to test the mechanism of
hydrogen photocatalytic production from water.””*”*%** TOFs are
plotted as a function of the thickness T(TiO,) (left panel) and
diameter D;(TiO,) (right) of the titania shells to highlight the
different characteristic distances associated with the two parameters
and to identify the latter with atomic hydrogen diffusion from the
titania surface to the Au NP. Reproduced with permission from refs
56 and 2034. Copyright 2021, The Author(s). Published by Elsevier
B.V.

It is clear that core—shell and yolk—shell nanostructures
offer unique features that can be beneficial for the design of
catalysts. The potential of isolating active phases inside shells,
together with the ability of controlling the volume available
within the resulting individual nanoreactors. provides for a way
to improve catalyst stability. The need for reactants and
products to diffuse in and out of such nanoreactors can be
exploited to add selectivity based on molecular size or shape.
The possibility of controlling the structural parameters of these
nanostructures offers additional tunability and affords the
creation of new interfaces. On the other hand, the complexity
of the synthetic procedures required to prepare core—shell and
yolk—shell nanostructures may introduce impurities that can
affect catalytic performance, and makes them quite expensive,
limiting their potential commercial use. Ultimately, the use of
these nanostructures in specific catalytic processes will need to
be justified, a consideration that not always enters in the
discussion of the published reports in this area. Nevertheless,
nanosynthesis like these do add to the catalyst development
toolbox, and can potentially help resolved specific catalytic
problems.

7.2. Janus and Other Multicomponent Nanostructures

In addition to core—shell and yolk—shell materials, new
nanotechnologies afford the synthesis of other nanoarchitec-
tures with potential applications to catalysis. Among those,
Janus nanostructures, with NPs exhibiting two or more
separate phases, have become a popular way to add multiple
functionalities to a single catalytic particle."">>*****%*! Janus
nanostructures are anisotropic and made out of combinations
of two or more distinct sides with differences in polarity and/
or chemical nature.’*** The simplest and most common
version of these catalysts is in the form of nanodumbbells, but
other more complex multicomponent structures have been
developed and tested as well.

Like with the core—shell and yolk—shell nanostructures, the
use of nanodumbbells and similar nanoarchitectures in
catalysis has in many instances been driven by the desire to
control the properties of interfaces. With bimetallics, for
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instance, Janus NPs offer a way to tune the electronic
properties of the catalytically active phase. In one case, Au—Pt
bimetallic nanorods have been shown to enhance the reduction
of 4-nitrophenol, presumably because of a synergistic effect
between the two metals."'*” A similar argument was made to
explain the high selectivity toward long-chain hydrocarbons in
Fischer-Tropsch processes with bimetallic Janus Co—Fe NPs
dispersed on carbon nanotubes.”** In an example with Cu—
Ag nanodumbbells, used to promote the WGS reaction, the
superior performance observed was attributed to the enhanced
antioxidant properties of the metal—metal interface, which
affords the preservation of a large ratio of the Cu atoms in their
metallic state (Figure 144).°°**

CcL

Janus NPs made out of combinations of metals and metal
oxides are often used in catalysis to increase stability. In terms
of structural effects, iron oxide has been a popular material. For
instance, Au—Fe,O; Janus NPs were shown to possess a
unique interface with an intrinsic epitaxial linkage between the
metal and the oxide that prevents metal sintering and thus
sustains the initial high CO oxidation activity."'***°*
Curiously, in one study it was shown that, due to a strong
SMSI effect, the metal (Au) could wet the iron oxide NPs
upon vacuum annealing and transition from a dumbbell shape
to a core—shell nanostructure.”**® In the case of Pt—Fe;0,,
used for the ORR, the ability to independently tune the sizes of
the Pt and Fe;O, NP components afforded the optimization of
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the size and nature of the interface, and with that the
electrocatalytic activity.”"*” A third case is that of the FePt—
Fe;0, nanodumbbells that have been developed to stabilize
the face-centered tetragonal (fct) form of FePt, which was
shown to exhibit enhanced electrocatalytic activity in acid
media compared to the original face-centered cubic (fcc)
structure (Figure 145).”*® The metal—metal-oxide interfaces
in Janus NPs can also introduce unique electronic properties.
For example, the superior performance seen in the electro-
chemical reduction of H,0, with Au—Fe,0; nanodumbbell
catalysts was ascribed to changes in the polarizability of the Au
phase induced by the iron oxide side.”**” Similar enhancement
in reactivity was reported with dumbbell-like PtPd—Fe;O, NPs
designed for H,0, detection in biological systems.2050 An
interesting example where both structural and electronic effects
are at play is that of the room-temperature CO oxidation
catalyst made by dispersing Au—Fe;O, nanodumbbells on a
TiO, support: in that case it was proposed that the Fe;O, may
structurally stabilize the Au NPs by preventing sintering while
the Au/titania interface may provide the unique electronic
properties required to promote catalysis.2051

Janus NPs can also offer the same advantages reported with
the core—shell and yolk—shell nanostructures discussed in the
previous section (Section 7.1), although the examples in this
area are still limited. For instance, magnetite can be combined
with an active phase to design a magnetism-based recycling
process for the catalyst: bifunctional Au—Fe;O, heterostruc-
tures have been tested for the catalytic reduction of
nitrophenol,'*” and MnO—Fe;0, dumbbell nanostructures
have been designed for the cyanosilylation of aromatic
aldehydes in a size selective manner.””*” In terms of tandem
catalysis, a unique asymmetric (immobilized glucose oxidase/
Si0,)—yFe,0; Janus NP design was developed as a multi-
functional biosensing platform for the colorimetric detection of
glucose: the enzyme tethered on the silica side converts
glucose into gluconic acid and hydrogen peroxide, after which
the hematite side consumes the H,O, in a reaction to oxidize
3,3',5,5 -tetramethylbenzidine (TMB) and yield the colored
3,3/,5,5 -tetramethylbenzidine diimine (0oxTMB) product
(Figure 146).2°%

Janus nanostructures expose interfaces with unique elec-
tronic properties that may be particularly useful to improve the
promotion of electrocatalytic reactions. For instance, Pt—
FeNC dumbbell NPs were shown to perform better than
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Figure 146. Schematic representation of the operational mechanism
of a peroxidase-like Janus nanostructure designed for the colorimetric
detection of glucose in blood.”*>® The glucose oxidase (GO,)
tethered to the silica side of SiO,—yFe,0; Janus NPs converts glucose
into gluconic acid + H,0,, a reaction followed by the oxidation of
3,3',5,5 -tetramethylbenzidine (TMB) to the colored 3,3',5,5'
tetramethylbenzidine diimine (oxTMB) on the hematite side.
Reproduced with permission from ref 2053. Copyright 2015
American Chemical Society.
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conventional catalysts in the promotion of the ORR because of
the electronic changes that occur at the interface.””* In
another example, the electrochemical splitting of water was
shown to be enhanced at the Ni—O—Fe bridging structures of
the interface of Ni—Fe,0; Janus NPs.”** In some cases, the
value of the interface in Janus NPs is in creating unique
electronic barriers, as in the example of the of Co—CoP Janus
NPs with an interface that was shown to act as Mott-Schottky
electrocatalysts for the promotion of water splitting (Figure
147, top).2056 At the other end, PtFe—Fe,C Janus-like NPs
were shown to exhibit barrier-free electron transfer, thus
enhancing the electrocatalytic ORR.**” Similar arguments
apply to the use of Janus NP interfaces for photocatalysis. For
instance, the rectifying effect of the Schottky junction in Co—
Ti;C, Janus NP photoanodes, which can be tuned by
controlling the Co loading, facilitates the injection and
separation of photogenerated carriers, thus enhancing the
photoelectrochemical oxidation of water (Figure 147,
bottom).”**® With Au—TiO, nanodumbbells, the transfer of
electrons from the Au nanorods to the TiO, nanoparticles
under visible light irradiation leads to a directed spatial charge
separation that enhances photocatalytic efficiency.”>”

The asymmetry of Janus nanostructures also offers the
possibility of designing catalysts with specific properties not
easily accessible by other means. In particular, paired
hydrophobic—hydrophilic NPs can be used to sit at the
interface of water-oil biphasic systems such as emulsions and to
selectively promote catalytic reactions in one of the two
phases.”® In an early example, (Pd/CNT)—SiO, Janus NPs
were synthesized for the selective hydrogenation of organic
reactants in an oily phase, avoidinég the competitive hydro-
genation of water-soluble reactants.”’®! In another case, thanks
to Pickering (particle) emulsion stabilization, and owing to an
increase in reaction interface area, a (Pt/C)—SiO, dumbbell
catalyst was shown to exhibit a more than three-fold increase in
nitroarene reduction efficiency compared to a regular Pt/C
catalyst used in an aqueous phase.”’”” A (Au/SiO,)—
polydivinylbenzene (PVDB)/polystyrene (PS) Janus-type
catalyst has also been used to promote the reduction of 4-
nitrophenol by Au in an organic phase with NaBH, dissolved
in aqueous solution (Figure 148).”°® Similarly, Pd clusters
dispersed on the hydrophobic poly(tetradecyl acrylate) side of
Janus NPs were shown to promote the oxidation of organic
reactants in organic solvents while the Fe,O; magnetic clusters
dispersed on the hydrophilic poly(styrene-co-vinyl alcohol)
side afforded easy separation for catalyst recycling.”’**
Although the catalysis applications of these biphasic Janus
NPs may be limited, they can certainly help resolve the
solubility problems often encounter in organic reactions.”**” It
is also promising that the systems considered here often
involved complex reactions requiring high selectivity to make
speciality or fine chemicals. Although a niche application, this
is a promising route to the production of high value-added
chemicals.

Another particularly interesting application of catalytic Janus
nanostructures is for the development of self-propelled
nanodevices. The asymmetry of the Janus design affords the
creation of gradients in the surrounding solution that can
induce NP motion.”’°*">°*® This was first demonstrate with
Au—Pt bimetallic nanorods, which were shown capable of
autonomous self-propulsion in aqueous H,O, because of a
force generated along the rod axis by the oxygen concentration
gradient created by the decomposition of the peroxide on the

https://doi.org/10.1021/acs.chemrev.1c00905
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Figure 147. Examples of Co-based Janus nanostructures for electro- and photo-catalysis. Top: Electronic structure of the Co—CoP NPs used for
the electrocatalytic splitting of water, highlighting the Mott-Schottky contact (left), and current densities measured for the HER and ORR reactions
as a function of the ratio of the Co to Co—P phases.”**® Reproduced with permission from ref 2056. Copyright 2017 Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim. Bottom: Schematic illustration of the light harvesting and carrier separation mechanism of a Janus-structured Co—Ti;C, NP
material used for the photoeletrocatalytic splitting of water. Under illumination, due to the unique Schottky junction at the Co/interface, the hot
electrons generated at the Co end are immediately injected into the carbide phase while the photoholes produced via Ti;C, photoexcitation go

through the Co terminal and oxidize OH™ ions (from water) into O,.”%*® Reproduced with permission from ref 2058. Copyright 2020 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.

water

Figure 148. Schematic illustration of the way a Au/SiO,—polydivinylbenzene (PVDB)/polystyrene (PS) dumbbell catalyst is proposed to promote
the hydrogenation of 4-nitrophenol.>**® The NPs are preferentially located at the oil-water interface, with the silica hydrophobic side containing the

Au NPs that react with the NaBH, reducing agent and the polymeric end sticking out into the oily phase. Reproduced with permission from ref
2063. Copyright 2016 Elsevier Inc.

Pt side.”*® In an recent application, Fe—Pt Janus NPs were including bubble recoiling, bubble implosion, Brownian
shown capable of completely degrade methylene blue (on the ratcheting, thermal gradient formation, interfacial tension,
iron side) in the presence of H,0, in solution (which gets and bipolar electrophoresis.”’”' 7>°”> Moreover, the motion of
decomposed on the Pt side); the end result is a self propelling these Janus NPs is random, but several ideas have been put
catalyst capable, at least in principle, of decontaminating water forward to add control to their directionality. For instance, by
by removing toxic organic contaminants.””’® The explanation anchoring Ni—Au nanorods to a silicon surface, it has been
for how the O, generation results in NP motion is still being possible to induce a stationary rotary motion.”””* There are
debated, and several possible mechanisms have been advanced, also several groups exploring self-assembly designs to harvest

CN https://doi.org/10.1021/acs.chemrev.1c00905
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Figure 149. Examples of the use of catalysis in Janus nanoarchitectures to facilitate self-propulsion. (a) $iO,—Pt/SiO, Janus nanomotor propelled
by the O, bubbles generated via the Pt-catalyzed decomposition of H,0,.°°”° (b) Pt—Au anisotropic nanostructure, the motion of which is
governed by self-electrophoresis in the presence of H,0,.>°** (c) Pd—Al Janus micromotor propelled by a combination of two mechanisms,
namely, the thrusts from H, bubbles generated from water reduction on the Al side and from O, production via H,O, decomposition occurring on
the Pt surface.””®* (d) Ir—SiO, Janus NPs propelled by the N, and H, bubbles generated by the Ir-catalyzed decomposition of hydrazine****
Adapted with permission from ref 2081. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

the individual motions into collective directional displace-
ments.”*”>7*°”® Most studies with self-propelled NPs rely on
the generation of O, from catalytic decomposition of H,0,,
like in the case of the Pt/SiO,—SiO, NPs where the Pt is
embedded within the interior of the mesoporous silica-based
hollow garticles to trigger the decomposition of H,0, (Figure
14-9;1).2 77 However, other fuels have been advanced as well,
examples of which are provided in Figure 149,%°?%! and
additional future candidates include organic peroxides,
methanol, formic acid, diazomethane, azides, and hydrides. A
unique design in this category is that of a Au—(Grubbs’
catalyst/SiO,) Janus NP where the silica side was derivatized
with a [—C;H4—dihydroimidazole]RuCL[PCy),][=CPh] ring-
opening methatesis catalyst to promote fuel propulsion via the
polymerization of norborene and the creation of a concen-
tration gradient in solution leading to osmophoresis.”***

So far we have discussed the development of catalysts based
on simple core—shell, yolk—shell, and dumbbell Janus
nanoconstructions, but more complex combinations are also
possible. For instance, it has become popular to conceive NPs,
nanorods, or hollow nanoshells to which two or more different
catalytically active phases are added (at the two ends in the
nanorods, or to the inner and outer surfaces in the shells) to
promote photocatalytic processes (Figure 150).''3320%072088
For instance, the selective photodeposition of Rh/Cr,0; and
CoOOH co-catalysts on different crystal facets of SrTiO;
semiconductor NPs has been used to promote hydrogen
production and the OER separately, an approach that has
achieved photocatalytic water splitting quantum efhiciencies
close to unity.””® In another example, spatially separating two
redox co-catalysts, atomically dispersed cobalt to improve
oxidation activity and anthraquinone to enhance reduction
selectivity, onto 2D graphitic carbon nitride (C;N,) nano-
sheets was shown to increase photocatalytic H,O, production
from O, dissolved in an aqueous solution.”””” Cases where the

co

H,

H,0

Figure 150. Examples of three-component nanostructured designs for
the photocatalytic production of hydrogen from water. Shown are two
cases, a supporting semiconductor NP modified with two different
smaller NPs capable of promoting oxidation and reduction reactions
(2),”°*® and a semiconductor nanorod terminated with metallic NPs
at either one or the two ends (b).''>* Reproduced with permission
from refs 2088 and 1153. Copyright 2020 and 2015 American
Chemical Society.

three-phase design has been implemented in shell nanostruc-
tures include the Co;0,(outside)/CNT(hollow shell)/Pt-
(inside) composite for photocatalytic water splittingzo91 and
a NiN,(inner)/graphene(shell) /FeN,(outer) catalyst made to
promote the OER and ORR, respectively.”””> More complex
nanostructures have been implemented to promote thermal
catalysis as well. These include alternating layers''*>''** and
other 3-component designs,'**'"*>'15¢~"5% NPs with non-
spherical shapes,''*~""*" heterostructures with NPs of differ-
ent metals coupled into a dumbbell conﬁ§uration,”48_1153
dumbbell-like NPs with splitting ends,””” cross-double
dumbbell-like nanostructures,”””* dumbbell-like NPs encapsu-
lated inside hollow nanoshells,*®® and etched hollow
structures.'>*''>> An example of an application of a complex

https://doi.org/10.1021/acs.chemrev.1c00905
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design for the promotion of tandem catalytic processes is that
of a branched multi-arm Janus mesoporous silica nanostructure
with organic-inorganic hybrid components to promote the
deacetalization-Henry cascade conversion.”””

Overall, it is clear that the advances in the synthesis of
complex nanostructures have opened new avenues for the
construction of catalysts capable of addressing specific
problems difficult to tackle in other ways. Both core—shell
and Janus-type nanoarchitectures provide the means to
develop interfaces in a controlled manner and to provide
unique arrangements for different catalytic phases to operate
and interact with each other. The uses of Janus nanostructures
in biphasic catalysis and to produce self-propelling NPs are
striking examples of the potential of this approach. On the
other hand, these nanostructures are expensive to make, and
may end up incorporating impurities that may modify the
catalytic behavior of the constituent elements. They may only
be justified if no easier alternatives are available, and if the cost
cannot be avoided. This area of research is at the present time
in an early exploratory phase, but consideration of the ultimate
potential application and of its feasibility is still warranted.
Another shortcoming of much of the current published
research in this area is that catalytic tests are often not been
properly carried out, in that they do not include direct
comparisons with state-of-the-art equivalent catalysts or good
estimates of kinetic parameters such as TOFs. Most reports
focus on the synthesis of the materials and add catalytic results
as an afterthought. Although understandable when trying to
develop novel preparation protocols, this is not a good long-
term strategy for catalysis. It would be desirable for future
nanocatalysis research to be hypothesis driven, directed at
addressing a particular problem in a catalytic process.

8. SURFACE MODIFICATION

Another way to improve catalytic performance and to add
different functionalities as needed is to modify the original
material used as the basis for the catalyst after being
synthesized. In a sense, this is how most catalysts are made:
for instance, metal-supported catalysts are often prepared via
metal addition following different chemical methods such as
impregnation or incipent wetness. In those procedures,
however, the initial material is not catalytic; it is the metal
(or any other phase) added afterwards that carries out the
promotion of the desired reaction. Here we consider some
methods where an already active catalyst is further modified to
either improve its performance or add new functionality.

8.1. Silylation, Sol-Gel, Site Imprinting

One of the simplest and oldest procedures for post-
modification of catalytic surfaces is silylation. This is a
procedure by which terminal hydroxyl groups on surfaces
(silanols in silica) are modified and capped with alkyl-
terminated groups. The chemistry is typically used on metal
oxides, primarily on silica, and the silylation a§ents added are
mainly alkyl-substituted silanes (R;SiX);'****”*%® common
silylation agents include silyl halides such as trimethyl-
chlorosilane (TMCS) and octadecyltrichlorosilane (ODTS),
silyl amines such as hexamethyldisilazane (HMDS), and
trimethylsilyl ether (TMS).”*” The chemistry involved in
surface silylation is akin, but perhaps simpler, than that
mentioned before in connection with the tethering of
molecular functionalities to oxide surfaces (Section 2), and is

CcpP

also well known in organic synthesis, where silyl moieties are
often used as protective groups.”'*”*'*!

The main use of silylation is to treat h?rdrophilic surfaces in
order to make them hydrophobic,”'*>~*""! For instance, it has
been shown that silylation of the metal oxide support in Pd-
based Suzuki catalysts increases activity to values comparable
to those seen on hydrophobic supports such as carbon.”''> In
the case of the use of a mixed organic-inorganic mesoporous
matrix (made out of a perfluorosulfonic acid Nafion resin and
SBA-15) as a strong acid catalyst for the promotion of
isobutane/1-butene alkylation, silylation of the silica surface to
make it hydrophobic resulted in a large enhancement in
activity.”'"> Making the surface of a Schiff-base-functionalized
Cu(11)/SBA-15 hydrophobic via silylation was shown to
improve activity and selectivity for the epoxidation of
styrene.”’'* Methyl modification of a Fe,0,@SiO, catalyst
was used to render the silica surface hydrophobic so to prevent
the readsorption of water during CO hydrogenation, inhibiting
the undesirable WGS side reaction that produces CO, (Figure
151).2""° A similar approach was reported with Co/SiO,
Fischer—Tropsch catalysts.”''®

The silylation process is also useful to block the Bronsted
acidity of the surface OH grougs.2117 Even Lewis-acid sites
may be poisoned by silylation.”''® Blocking of the surface
silanol groups of silica materials, which suppresses its acidic, is
often desirable to prevent side reactions.”''” For example,
silylation of a Mo/HZSM-$ catalyst used for the non-oxidative
aromatization of methane to benzene was shown to slow down
the undesirable coke formation typical in this type of
processes.”'***"*' A similar effect was reported with pure
ZSM-S when used for the conversion of methanol to
olefins.”'** In the case of the promotion of the etherification
of HMF with ethanol using Silicate-1, controlled silylation was
employed to evaluate the relative activities of the weak versus
strong acid sites present on the surface (Figure 152) 21252124
The advantage of blocking acid surface sites can be indirect as
well. For instance, in the case of the hybrid Cu-ZnO-ALO;/
ZSM-S catalysts used for the direct synthesis of dimethyl ether
from syngas, selective neutralization of the acid sites on the
zeolite outer surface by silylation was shown to prevent Cu
sintering, thus improving catalyst stability.”'>*

Silylation can also be combined with the tethering of
molecular functionalities to improve catalytic perform-

ce.”?*?7 In an example from our group, it was found
that the acidic silanol sites on the silica surface can add
nonselective conversion to the enantioselective promotion of
the addition of aromatic thiols to conjugated cyclohexanones
by heterogenized cinchonidine, degrading the overall perform-
ance.'”” A combination of surface silylation and the use of non-
protic solvents during reaction was found to solve this problem
(Figure 153). A second example is that of the grafting of
propylsulfonic groups on MCM-41; that catalyst was proven to
be more effective promoting esterification reactions if the
surface was further derivatized with octyltrimethoxysilane
afterwards to cap the remaining bare silanol sites, a process
also used to tune the hydrophobicity of the support.”'*® In a
third recent study, several strategies were successfully explored
to tether sulfonic acid and hydrophobic decyl hydrocarbon
chains either simultaneously or sequentially on an azide-
functionalized mesoporous silica platform in order to create a
hydrophobic catalyst for the promotion of the esterification of
octanol with acetic acid; the paired catalyst in the same
organofunctionalized moiety showed the highest activity.”'*’

https://doi.org/10.1021/acs.chemrev.1c00905
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Figure 151. Use of silylation to control hydrophobicity in a Fe,O;@
SiO, Fischer-Tropsch catalyst.”''® Top: schematic representation of
the core—shell NPs, with the iron oxide core (brown) surrounded by
a silica layer (green) that has been subsequently silylated. Bottom:
Contact angle measurements for three samples, as prepared (left) and
after two silylation processes (A & B, the second using twice the
amount of the silylation agent) to indicate that the silylation
treatment leads to a transformation of the catalyst from hydrophilic
to hydrophobic. Center: catalytic performance results showing that
although the total conversion diminishes with increasing silylation, the
selectivity improves, with more olefins and less CH, (and CO,, not
shown) being produced. Reproduced with permission from ref 2115.
Copyright 2018 Elsevier B.V.

Although not as common, silylation can be carried out on
materials other than silica.”’* In one case, the silylation of an
anatase TiO, catalyst used for the selective photooxidation of
cyclohexane was seen to cause two competing changes, the
blocking of OH surface sites at low silylation coverages, which
reduces catalytic activity, and an enhancement in the
desorption rate of the cyclohexanone product, which
dominates at hi§h silylation coverages and results in higher
catalytic activity.”>' In a study on the aldol condensation of
cyclopentanone on a MgO catalyst, it was found that water
affects the reaction in a way that depends on the degree of
silylation of the surface: on non-functionalized (hydrophilic)
MgO the rate decreases with the addition of water, but on
hydrophobized MgO (via silylation with octadecyl-
trichlorosilane), the rate actually increases.”"*” It was argued
that silylation alters the reaction mechanism by reducing the
proximity between active sites and thus the rate of C—C
coupling, and that water helps that step by bringing the
reacting molecules closer together via chains of hydrogen

cQ

Figure 152. Example of the use of silylation as a way to block
Bronsted-acid sites (in Silicate-1), in this case to selectively block the
etherification of HMF to S$-(ethoxymethyl)furfan-2-carbaldehyde
(EMF) and thus favor the promotion of the competing product,
ethyl-4-oxopentanoate (EOP), via ring opening.”'>* The data indicate
that silylation blocks about half of the silanol groups (blue bars),
greatly reducing the coverage of weak Bronsted-acid sites on the
surface (red), and with that lowering the activity for EOP production

(green).
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Figure 153. Effect of silylation on the performance of cinchonidine
(Cd) mercapto-tethered to silica surfaces in terms of enantioselec-
tivity during the addition of p-tertbutylbenzenethiol to 2-cyclohexene-
1-one.'” Silylation of the catalyst with HMDS, in conjunction with
the use of toluene as a washing agent, affords reaction
enantioselectivities comparable to that measured with free Cd in
solution. Reproduced with permission from ref 179. Copyright 2012
American Chemical Society.

bonds. One interesting example of silylation of non-oxide
catalysts, where silylation was used to add functionality to
catalytic surfaces, is that of the amine-group addition to GO to
be use as an acid—base bifunctional catalyst for the conversion
of diacetals, to promote a sequential hydrolysis step (on the
acid sites of GO) followed by a Knoevenagel condensation (on
the added amine moieties; Figure 154).”'*

The hydrolysis of organosilanes such as tetraethyl
orthosilicate (TEOS) has been used to grow protective silica

https://doi.org/10.1021/acs.chemrev.1c00905
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Figure 154. Preparation of (top), and proposed two-step cascade process (bottom) catalyzed by, amine-derivatized GO via silylation.

2133

Reproduced with permission from ref 2133. Copyright 2013 American Chemical Society.

thin layers on supported metal NPs with the aim to prevent
their sintering and improve their stability.”"**7*"*¢ For
instance, thin silica films have been grown on carbon
nanofibers (CNFs) using a combination of APTES and
TEOS to facilitate Pt deposition and electrocatalytic oxidation
performance, in particular to increase stability during multiple
potential cycling (Figure 155).”"*” Thicker oxide layers can
also be deposited on catalysts using related sol-gel chemistry,
in a processes based on a two-step solid growth mechanism
where the hydrolysis of the molecular precursor (ie, TEOS
and analogous compounds) in water leads first to the
polymerization of individual units to form colloidal particles
and then to their aggregation to form a solid gel.'**"*'37>!*!
Solvent removal and gel aging can be attained subsequently via
heat treatments. The characteristics of the final product, in
particular its porosity, may be controlled by adjusting a
number of parameters during synthesis, including the pH of
the solution, the stoichiometry of the reactants (in particular if
mixed oxides are to be grown), the gelation temperature and
time, and the choice of solvent.****

Sol-gel is more often used to prepare the catalytic materials
themselves, but can be adapted to modify existing solids as
well. One application is for the deposition and dispersion of
catalytic active oxide phases on high-surface-area supports. A
popular example here is the sol-gel dispersion of TiO, NPs for
the photodecomposition of contaminants in waste-
water.”' ***!** Sol-gel synthesis is sometimes preferred because
it can be carried out at low temperatures, but unfortunately the
resulting films are typically amorphous and therefore perform
poorly as photoactivators (which requires crystallinity to
minimize excitation-trapping defects); thermal treatment at
relatively high temperatures is required after the coating
process, defeating the initial benefit of using this technique.
Sol-gel-deposited titania NPs can nevertheless be used in other
applications where this is not a problem, such as in lithium ion
batteries.”'** Alternatively, sol-gel-grown films can be used to
cover and protect catalytically active NPs, typically metal
phases. There are several examples in the literature where Pt

CR

NPs have been covered with silica layers this way to prevent
sintering”' **™*'* and/or poisoning.”'*" Similar silica protec-
tion has also been used to protect Au NPs, which are
particularly prone to the loss of their catalytic activity because
of metal agglomeration.”">"*'** Silica has been the material of
choice in most cases, but films of other oxides such as alumina
have been grown too.”'”® In an interesting example, sol-gel
TiO, decoration of Au/SiO, oxidation catalysts was shown to
serve the dual purpose of improving metal NP stability and
creating new catalytically active interfaces.”’** Two schemes
were tested where the Au colloidal NPs were sol-gel-coated
either before or after dispersion on the silica support (Figure
156): similar activity for CO oxidation was seen in both cases.

One limitation with this approach is that although sol-gel
films tend to be amorphous and highly porous, theZ can still
limit access of the reactants to the active phase.'*”®'*»?!5°
The problem may be aggravated by the slow evolution of sol-
gel materials into denser and less porous materials with time.
Organic growth-directing agents may potentially be used to
define the directionality and/or shape of the pores in the newly
deposited mesoporous material, to create radially oriented
pores, for instance,”' 7> but examples of the use of this
approach in the post-modification of catalysts are hard to come
by. Alternatively, directional etching may be designed to open
well-oriented channels after sol-gel deposition. In an example
from our laboratory, after protecting Pt/SiO, NPs with a layer
of sol-gel-grown mesoporous SiO,, a surfactant was used to
inhibit silica etching at the outside surface and promote
selective Pt surface exposure.*”'**%17#215% Gignificant thermal
stability of the Pt NPs was obtained this way without
sacrificing catalytic performance (Figure 157).

Organic templates can also be used to imprint catalytic
cavities with specific shapes to increase selectivity in
catalysis.”'®*7>'®" Most experiments in this category have
focused on using the sacrificial templating agent during the
synthesis of the catalyst.***'*™>'”> but there are some
examples of imprinting performed via the addition of polymer
or sol-gel silica layers to existing catalysts. In one example, an
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Figure 155. Pt/SiO,/CNF catalysts for the electrochemical ORR.>'Y
Top: TEM images of catalysts with 10 wt % (Pt/CNF/SiO,-10%,
(a)) and 20 wt % (Pt/CNF/Si0,-20%, (b)) SiO,, respectively,
deposited on the carbon nanofibers prior to the Pt addition. The
thickness of the silica layers is indicated in yellow. Center:
Corresponding EDX images indicating the distribution of the
elements, Pt (green) and Si (red) in particular. Uniform SiO, and
Pt dispersion was obtained on the 20 wt % SiO, (d) but not on the 10
wt % SiO, (c) sample. Bottom (e): Electrochemical active surface
area (ECSA) measured for both catalysts as a function of the number
of electrical potential cyclings performed. Data are also provided for a
catalyst without silica (Pt/CNF) for reference. Clearly, the addition of
the silica layer increases catalyst stability. Reproduced with permission
from ref 2137. Copyright 2019 Hydrogen Energy Publications LLC.
Published by Elsevier Ltd.

imprinted mesoporous La-doped titania film was prepared to
selectively promote the hydrolysis of the pesticide paraoxon:
mesoporosity was achieved by using a tri-block copolymer
(Pluronic F127) as a micellar template, and molecular
imprinting of catalytic cavities by adding a La(III)-(bis-4-
nitro-phenyl-phosphate) complex.”’”® In another case, Fe;0,
NPs were covered with polymers imprinted with either
3,3',5,5'-tetramethylbenzidine (TMB) or 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid (ABTS) to mimic the
selectivity of peroxidase under near-physiological condi-
tions.”'”” A third study focused on the construction of a
novel glucose oxidase mimic based on AuPt NPs dispersed on
magnetite (for ease of separation) and covered with a polymer-
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based shell imprinted with aminophenylboronic acid-glucose
complexes; the glucose was eluted in a subseguent step to open
up the catalytic sites for glucose oxidation.”'”® The Japanese
team of Tada and coworkers has developed a number of silica-
based enantioselective catalysts via site imprinting using
organometallic complexes.”'***'7**'*" They have made Rh-
based catalgsts for the promotion of a-methylstyrene hydro-
genation,”'®" the asymmetric transfer hydrogenation of o-
fluoroacetophenone in water media,”'** and the selective
reduction of acetophenones,”'® and another based on a Pd
complex to catalyze Suzuki cross-coupling reactions.” ** Figure
158 shows the reported synthetic route to a doubly-imprinted
catalyst developed to promote the hydrolysis of paraoxon:
paraoxon (reactant; outside shell) and p-nitrophenol (product;
inside shell) were used as templating agents in concentric
catalytically-active polymer shells made out of DVB and a zinc
dimethacrylate complex and built on top of a sacrificial vinyl-
functionalized silica core.”'®> The resulting catalytic capsules
were shown to promote the degradation of the reactant and
the elimination of its product simultaneously.

In summary, in this section, we have introduced a number of
synthetic tools to modify catalysts in specific ways. Simple
silylation reactions are easy to carry out, and afford important
surface modifications in terms of the affinity of the catalyst to
water and of the control of surface acidity. Sol-gel procedures
are also well established as a way to add specific materials to
surfaces, although not in a particularly controlled fashion.
Imprinting offers an exquisite way to carve catalytic sites and
thus add refined selectivity to catalyst, although the sturdiness
of those sites may be limited. All of these methods produce
layers that may not survive exposures to high temperatures,
and are therefore better suited for catalyst that operate under
mild conditions. It may also be finicky to make the imprinting
method work; only a handful of examples are available in the
literature to attest to the feasibility of this approach. Within
those constrains, however, these are procedures worth
considering in particular circumstances, for the design of
specific catalysts.

8.2. Atomic Layer Deposition

A catalyst post-modification procedure that has garnered great
attention in recent years is atomic layer deposition
(ALD).7637642186=219% AT D has mainly been developed in
connection with the microelectronics and semiconductor
industries,”'”>~>'" but has now been extended to many
other uses.”**°"**** The central idea behind ALD, a particular
implementation of chemical procedures for the deposition of
thin films using gas-phase precursors, is that by separating the
associated surface chemistry into two self-limiting and
complementary half-reactions, which are carried out in an
alternating fashion,”'*”***7>*” only sub-monolayer coverages
of the desired material are deposited in each ALD
cycle.70376%21932208 The chemical nature of the process also
helps with film conformality, especially when dealing with
complex topographies or, as is often the case in catalysis, with
powders or porous materials, although deposition on the inner
surfaces of the latter requires additional considerations
regarding mass transport.””***** A study from our group
showed that either low or high precursor exposures (without
proper pumping in between during the ALD cycles) can result
in non-uniform pore coverage (Figure 159).*'° Moreover,
ALD is often carried out at relatively low temperatures, an
advantage in some catalyst preparations but a condition that

https://doi.org/10.1021/acs.chemrev.1c00905
Chem. Rev. XXXX, XXX, XXX—XXX



Chemical Reviews

pubs.acs.org/CR

Review

+ TALH
—_—
60°Crah,
ovemight
stirring

+ PDDA
preadsorbed
on 510
ST
then filtering,
washing,

drying

S " ¥ . "
-:t.t_; Stabilizing sphere: tannin/citrate + byproducts of reduction
i

v Hydrolized, oligomerized Ti species

Amorphous Ti oxyhydroxide

m Part of PDDA polycation

%

b)

Sit)

Mixing with TALH
—_—
60-65"C until
eviporation of
water, drying

e
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deposited, using a sol-gel method, either (a) before or (b) after metal dispersion on the support. Both procedures led to stable catalysts with
comparable activities for the promotion of CO oxidation. Reproduced with permission from ref 2154. Copyright 2006 American Chemical Society.

leads to the growth of amorphous films, desirable in some
cases but not others; if crystallinity is required, further
annealing at higher temperatures may be required.””''~**"
On the other hand, if the process parameters are properly
tuned, ALD can be used to systematically reduce the pore
diameters of high-surface-area materials, especially of ordered
mesoporous materials such as SBA-15 or MCM-
41221022162217 Apother issue to consider is that, like with
other chemically-based deposition methodology, ALD films are
prone to contain impurities from decomposition of the
precursors used. 21872220 Finally, ALD films are often smooth,
but can in some instances become rough depending on the
characteristics and distribution of nucleation sites (that is, the
surface points at which the ALD chemistry is initiated) within
the surface of the substrate.”**’

One common use of ALD in catalysis is to deposit thin
protective films around a catalytically active phase, to prevent
sintering or chemical attack. ALD is ideal for this application
because of the ability to control the thickness of the film down
to only a few layers, and because of the conformality (which
affords full surface protection without pinholes or other
openings) and amorphous and porous nature (which allows
easy access of the reactants and products to the catalytic
surface) of the resulting films. The use of ALD to prevent
metal sintering is exemplified by the case of the addition of an
alumina layer to a Pd/AlL,O; catalyst used for the
decomposition of methanol, where the layer-by-layer ALD of
a protective alumina overlayer was shown to initially lead to
the preservation of (in fact, to a slight increase in) the catalytic
activity while preventing sintering of the Pd NPs (Figure
160).*** Also to note from the results of this study is the
observation that the deposition of thicker layers (obtained after
20 ALD cycles or more) resulted in the gradual inactivation of
the catalyst, a fact that highlights the advantage of using ALD
as the technique that offers the best control of film thickness.
Other examples include the ALD of a protective oxide (ALO;,
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TiO,, or Ce,0;) layer on a Pt/Al,0; liquid-phase alcohol
reforming catalyst,”*> the ALO; stabilization of Cu/ALO;
used for liquid-phase furfural hydrogenation catalysis,”*** the
SiO, ALD on a PdCoNi/TiO, formic acid dehydrogenation
catalyst,”*** the LaFeO; ALD stabilization of a Pd/MgALO,
catalyst used for CH, and CO oxidation,”**® and the addition
of a MO, porous film to a Pt/C catalyst used for the
decarboxylation of oleic acid.”**” In all of those cases, much
enhanced catalyst stability was reported while still retaining
catalytic activities comparable to, some times even better than,
those of the unprotected catalysts. Nevertheless, most often
there is a trade-off between increase stability and decrease
activity.”**® Also, the structure and crystallinity of the film may
matter (as mentioned above), so the catalyst may need to be
annealed to achieve optimum performance; this is what was
required, for instance, in the case of the ZrO, ALD on a Pd/
Al O, methane oxidation catalyst.”******* The material used as
the protective layer can make a difference too: it has been
reported, for instance, that a thin ALD TiO, film stabilizes a
Co/TiO, catalyst used for aqueous-phase hydrogenation
reactions by preventing leaching and sintering, but that using
Al O; instead causes the formation of an irreducible cobalt
aluminate phase with no catalytic activity.”>>" Related to that
observation, it should be indicated that the initiation of ALD
requires specific nucleation sites not always available on metals.
Interestingly, in an experiment in which Al,O; ALD was
performed to protect supported Pd NPs, film growth was
shown to start preferentially at the defect sites of the metal,
leaving catalytically active Pd(111) facets exposed.””*****’
This offers a potential additional approach to shape selectivity
through the selective blocking of specific surface planes within
the active catalyst.

A particularly interesting application of ALD to protect
active phases is in electrocatalysis, since the electrodes in such
cases may not require the degree of porosity associated with
most catalysts; the ALD modification of electrodes can
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respectively). Reproduced with permission from ref 1038. Copyright
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therefore be more easily implemented. On the other hand, the
challenge here is to deposit appropriate layers capable of
structurally and chemically protecting the surface of the
electrodes while still allowing for electron transfer, chemical
electroconversion, and favorable electronic band alignment.
The feasibility of using ALD in electrocatalysis was proven in
the case of a Si electrode ALD-protected with a thin TiO, layer
placed in between the native SiO, layer that forms on the Si
wafer and an Ir photocatalytic film: ALD guarantied the
uniform and pinhole-free nature of the film, which was still thin
enough to allow the tunneling of photoelectrons.”*** More
recent studies in this area include the ALD of a submonolayer

(dV]

Co(OH),/Co;0, catalytic film on hematite for the enhance-
ment of the photoelectrochemical oxidation of water,”**" the
covering of Si, GaAs, and GaP photoanodes with 100 nm
ALD-grown TiO, (after which the NiO photoactive element
was added) to promote the photooxidation of water (Figure
161),”>%° the passivation of surface states on water-splitting
hematite photoanodes with ALD-grown Al,O; overlayers to
avoid electron-hole recombination at defects,””>’ and the
implementation of a Cu,0/Ga,O;-buried p—n junction coaxial
nanowire structure for unassisted solar water splitting (ALD
affords conformality).2238 Once again, film crystallinity has
proven important in many of these electrocatalytic applications
of ALD. In the example of the ALD of MnO, conformal thin
films on glassy carbon electrocatalysts for OER and ORR, it
was found that while the former could be promoted by the film
as deposited, the latter required film annealing until Mn,O,
was formed.””*” In the case of the sequential ALD deposition
of Cu,O(absorber)/Al:ZnO(n-type oxide)/TiO,(protector)/
Pt films to be used as photocathodes for water splitting, it was
found that even without complete crystallization of the film,
high-temperature deposition improved the film’s chemical
stability by removing residual excitation-trapping surface
hydroxyl groups.””"*

ALD can be used to deposit the active phase of a catalyst in
a controlled manner as well. Many examples are available of
ALD used for the growth of well-defined films of materials
such as metal chalcogenides™*” or metal oxides”'”>***"**** in
catalysis. For instance, ALD can afford the preparation of
catalysts with highly-dispersed tetracoordinated vanadia
species; those were shown to display excellent catalytic
performance for the dehydration of propane.””*’ In other
studies, the ALD growth of tungsten2244 and niobium?*'®
oxides on the pores of SBA-15 has been shown to produce
alcohol dehydration catalysts with better dispersion and better
thermal stability than those prepared by conventional
impregnation methods.”*** In the first case, activity was also
shown to be highly dependent on the density of WO, species
on the surface (Figure 162).2*** In addition, because multiple
materials can be added by ALD in alternating cycles, to make
layered films, new mixed interfaces can be created. For
example, ALD has been used for the controlled synthesis of
bilayered vanadia/titania/silica catalysts: the improved activity
seen in both ammonia conversion**’ and o-xylene oxida-
tion”*** with that catalyst compared to what is observed with
conventional silica and titania supported samples was ascribed
to the formation of new —V—O—Ti— bonds on the surface.
The selectivity of more complex Mo—V—Te—Nb intermixed
oxides for propane ammoxidation could also be improved via
the selective ALD of specific planes.”**°

An alternative method to create mixed-oxide sites relies on
the fact that in ALD the film growth starts at specific so-called
nucleation sites, which on most oxides are surface hydroxyl
groups;2247_2249 since the density of those may be low (it is
typically 1-2 OH groups per nm? in silica),”******" the first
ALD cycles often result in the formation of new support/film
interface sites with unique structural details and catalytic
properties.””*#?2#0223272255 Ror instance, the limited ALD of
titanium and vanadium oxide layers on SBA-15 and FDU-15 (a
carbon-based mesoporous material) has been shown to afford
the creation of new support—oxygen—metal sites with unique
performance for the liquid-phase epoxidation of cyclo-
hexene.””*® The idea of creating mixed-oxide new sites via
ALD has been explored in detail in our labora-
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tory.”?!02217:22552257 15 one example, mixed —Al—O—Si—
oxide sites with Bronsted-acid properties were created by
adding submonolayer coverages of silica to Pt/Al,O; catalysts,
as identified by IR titration experiments using pyridine as the
probe molecule (Figure 163, left panel).”**” These new sites
proved to help increase selectivity during the hydrogenation of
unsaturated aldehydes (cinnamaldehyde, CMA) toward the
desired unsaturated alcohol product (cinnamyl alcohol,
CMO), as shown in the right panel of Figure 163. New
redox sites can also be made via the ALD of reducible oxide
films such as titania or ceria.”**® The fact that it is the mixed-
oxide interface the responsible for the new chemistry is
suggested by the fact that in many cases optimum selectivity is
seen at coverages of approximately half a monolayer of the new
oxide film 221722552287

With metals, the deposition of smooth and uniform films is
difficult, and, because of their low surface tension, those are
unstable toward sintering and NP formation. An exception to

cv

this may be seen in the making of certain electrodes for
electrocatalysis, where the ALD of thin metal films on top of
other metals or on other wettable substrates can be
implemented to save on cost: this was the case, for instance,
of the (ALD-Pt)/WC-NP electrode made for the promotion of
the HER.***® Nevertheless, even when sintering occurs, it is
still useful to use ALD for the synthesis of metal-based catalysts
as a way to tune the rate of metal deposition,”***~**** and also
to improve on dispersion.”******=>*%” Examples of catalysts
with highly dispersed metals made by ALD include that of Pt
NPs grown on Si@TiO, core—shell nanowires for the
photochemical reduction of water, where the NP size could
be tuned between 0.5 and 3 nm (using different numbers of
ALD cycles).”””® (ALD-PtNi)/Al, O, bimetallic catalysts made
by ALD for the dry reforming of methane also afforded small
enough NPs to prevent the growth of poisonous carbon
whiskers during reaction, as seen with conventional cata-
lysts.”>*® In fact, ALD has also been used to produce single-
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coverage. Bottom: Pore size distributions (left panel) and average
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changing the pore diameters, a result that suggests pore plugging.
Reproduced with permission from ref 2210. Copyright 2018 The
Royal Society of Chemistry.

atom (SA) catalysts: for instance, (ALD-SA-Pt)/graphene and
(ALD-cluster-Pt) /graphene catalysts have been made for the
HER,'”* a (ALD-SA-Pd)/ graphene catalyst was designed for
the selective hydrogenation of 1,3-butadiene,”*® and a (ALD-
SA-Co)/SiO, catalyst was synthesized to promote the
dehydrogenation of ethane.”””" Ultimate cluster size control
was shown in the case of the making of a (ALD-dimer-Pt,)/
graphene catalyst via the sequential nucleation of Pt atoms on
phenol-related oxygen anchor sites followed by the addition of
a secondary Pt atom selectively at the newly-created metal sites
(Figure 164).”””” In the end, though, control of ALD-made
metal catalyst surface morphology is difficult to attain at the
same level as that described before using other methods such
as colloidal and other self-assembly synthesis,”*%%>*%22652270

cw

decomposition of methanol at 550 K (red) and the average Pd NP
size of the catalysts after use, both as a function of the number of ALD
cycles used (which correlates to the thickness of the added layer). The
retention of the original NP size is an indication that the ALD film
prevents metal sintering.

The final nature of the catalysts made by ALD may depend
on parameters associated with the ALD process itself. For
instance, the effect of the co-reactant was made evident in the
case of the making of (ALD-Pt)/Al,O5 with O, versus H,: the
use of the latter leads to the formation of smaller metal NPs,
presumably because of an increase in the availability of surface
hydroxyl nucleation sites.”””> Unique nucleation sites can also
be exploited to make well-dispersed catalysts: for instance, a
highly active sintering-resistant single-site Ni catalyst sup-
ported on a Zr-based MOF (Ni/AIM) for gas-phase ethylene
hydrogenation and oligomerization was made by Ni ALD on
the Zr nodes.”””* The composition of alloy-based catalysts can
be tuned by controlling the ratio of metal ALD cycles: a (ALD-
RuPt)/ALO; catalyst, for instance, was optimized this way to
enhance methanol decomposition.”””* In fact, bimetallics can
be made via sequential ALD processes, as in the case of the Pd
ALD on a Au/SiO, material to make (Au@Pd)/SiO, catalysts
for the selective oxidation of benzyl alcohol: volcano-like
behavior was seen in plots of initial activity as a function of Pd
shell thickness, with optimum performance obtained with
approximately three monolayers of Pd (8 ALD cycles).””’® In a
study on the promotion of the electrocatalytic oxidation of
methanol, ALD-codeposited Pt—Ru films showed optimum
activity at 1:1 stoichiometry (and the same behavior and
activity as films made by sputtering); Pt thin ALD films were
shown to enhance Ru performance but to never reach the
activity level of the 3.110}7.2277 Finally, ALD is ideally suited for
the buildup of complex nanostructures:>>’® witness, for
instance, the porous TiO, nanotubes with spatially separated
Pt and CoO, cocatalysts (CoO,/TiO,/Pt) made using
multiple ALD processes, as indicated in Figure 165, for the
photocatalytic production of hydrogen from water.”””” An
even more elaborate concentric-nanotube Al,O,(first hollow
nanotube)/Ni(1st outer)/Pt(2nd inner)/TiO,(second nano-
tube) nanoarchitecture has been constructed involving S ALD
steps to produce a catalyst capable of promoting nitrobenzene
hydrogenation (over the Pt/TiO, interface) with hydrogen
formed in situ by the decomposition of hydrazine hydrate (over
Ni/ALOj; interface).”*

ALD certainly adds great flexibility to the modification of
existing catalysts in order to improve their performance. The
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addition of protective layers to avoid sintering or chemical materials. On the other hand, cost is also a consideration with
alteration of catalytic active phases is useful, but does need to ALD, as it is a time consuming process that requires the use of
be balanced against the accompanying reduction in surface costly chemicals. Keeping these limitations in mind, it is still
accessibility. The deposition of new layers may also modify the worth adding ALD to the catalyst preparation toolbox.

behavior of the original catalytic surface, and even create new
interfaces: this may in fact be beneficial for catalytic 9. CONCLUDING REMARKS
performance if properly engineered, but needs to be evaluated

Thanks to recent advances in materials synthesis and
in each individual case. In terms of metal deposition, the

nanotechnology, a variety of approaches have become available

benefit of using ALD is less obvious as the initial deposited to the catalysis community to prepare catalysts in a controlled
films tend to sinter in ways not fully controllable. Perhaps the fashion and to design catalytic sites within solid structures for
most promising use of ALD is for the deposition of catalytically the selective promotion of complex reactions. In this review we
active thin oxide films, which can be tuned to optimize the have discussed some of the most prominent directions of
creation of mixed oxide sites. Metal ALD can also be used on research that have developed in this area in recent years. The
wettable surface to minimize the use of expensive catalytic review was organized to roughly follow the transition from
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homogeneous to heterogeneous catalysis, starting from the
modification of solid surfaces with molecular agents, added to
the reaction mixture or adsorbed on/immobilized on/tethered
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to the surface, and ending with the synthesis of complex
nanostructures and the post-modification of solids.

It was first shown that molecular modifiers offer exquisite
selectivity, close to that seen in homogeneous catalysis, but
may need to be added to reaction mixtures, and therefore to be
separated from that mixture after reaction (thus defeating the
value of using heterogeneous catalysts). The immobilization or
tethering of such modifiers, or indeed of complete homoge-
neous catalysts, to the surfaces of solids partially solves that
problem, but the resulting catalytically active phases are usually
not very stable, as they may leach or decompose. Catalyst
recyclability is a problem here too. Alternatively, single-atom
catalysis provides a way to use fully heterogeneous catalysts
with well-defined sites. On the negative side, the nature of
single-atom sites are relatively simple, a fact that limits the
scope of the attainable selectivity, and the catalysts may be
unstable and undergo sintering, reconstruction, or other
chemical change. More complex solid nanostructures can
now be constructed, many stable under demanding catalytic
conditions, but the best of those may be crystalline or
otherwise ordered, and therefore offer relatively simple atomic
ensembles on their surfaces as catalytic sites. Also, in this field
the materials and nanotechnology synthesis communities seem
to be ahead of those focusing on catalytic processes, and, as a
consequence, advances in nanostructure complexity not always
have translated into improvements in catalysis. Much of the
synthetic work is not guided by catalysis-oriented hypotheses,
and the resulting materials are therefore often tested
perfunctorily, without rigorous kinetic measurements or
comparisons with proper reference catalysts. A common
limitation to most of these methodologies is cost, as the
associated synthesis is complex, involves multiple steps, and
may require expensive chemicals.

Each of these approaches offers advantages as well as
disadvantages and is optimal for unique specific applications.
In fact, these sub-areas of catalysis have by and large developed
independently, with separate groups of researchers addressing
each, perhaps unaware of advances by the others. More cross-
collaborations among these groups is highly desirable, as that
could offer new opportunities thanks to the meshing of
different perspectives, and even the combination of synthetic
schemes. Another important point to make is that it would be
beneficial to implement an hypothesis driven approach to the
use of these nanotechnologies in catalysis, that is, it is perhaps
best to first enunciate the catalytic problem to be addressed,
possibly with the help of fundamental mechanistic studies
(using modern surface science techniques and/or quantum
mechanics calculations), and to identify the specific character-
istics demanded of catalytic sites before embarking on the
synthesis of the catalysts. There is no doubt that the field of
nanotechnology has provided a number of very useful synthetic
methods to make structurally complex materials in recent
years, but this not always leads to the development of truly
superior catalysts.

Having highlighted some of the limitations of the catalyst
synthesis approaches discussed in this review, we would like to
end on a more positive note. Although progress in defining and
synthesizing sophisticated catalytic sites may at times seem
haphazard, it is real nevertheless. There have been some
impressive advances in this direction in recent years. The
synthetic skills are also improving all the time, which means
that there is much that the catalysis community can borrow
and adopt in terms of catalyst preparation once the catalytic

cz

problem is properly defined. Moreover, many of these fields
are in their infancy; more advances are expected in the
upcoming years. It would be useful to better coordinate
synthesis with surface-science and reactivity studies to better
target the development of materials of particular value to
catalytic processes, and a better synergy between the two
groups of researchers could make progress in selective catalysis
even faster.
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