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Confining metal active species in the voids of porous solid matrices such as zeolites, metal-organic
frameworks (MOFs), and carbon nanotubes (CNTs) can bring fascinating key advantages in the field of
selective hydrogenation reactions. Confined metal species act as intermolecular selective catalysts capable
of discriminating reagents based on their molecular size and shape. They also exhibit intramolecular
selectivity by converting one or more functional groups selectively in the presence of others. In this review,
we present a comprehensive overview of the different synthetic methods for confining active metal species
in the voids of zeolites, MOFs, CNTs, and other porous structures. We then emphasize the strong influence
of metal confinement on steering catalytic selectivity in a wide range of selective hydrogenation reactions.
Finally, we share our opinion on the different synthesis methods for potential practical applications and on
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1. Introduction

Catalytic hydrogenation is undeniably one of most important
conversion steps in the chemical industry. In numbers,
around a quarter of all chemical processes involve a catalytic
hydrogenation step”” and many key industrial chemical
sectors have relevant examples of selective hydrogenation
reactions. For instance, the selective hydrogenation of
alkynes (also described as semihydrogenation or half-
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hydrogenation) and dienes are important reactions in
ethylene, propylene and butylene streams for the
polymerization of olefins® and in fine chemicals for the
synthesis of biological active compounds such as insect sex
pheromones and vitamins.> Other relevant examples are
found in the synthesis of high added-value fragrances,
flavors, agrochemicals, and pharmaceuticals where there is
often a step where a functional group such as -C=0, -NO,,
-C=N, -COOH, and -CONH, is selectively hydrogenated in a
molecule with multifunctional groups.*

Several parameters have a significant effect in steering
selectivity during catalytic hydrogenation reactions. Solvents
are able to strongly influence selectivity due to their polar
and acid/base properties.”® Optimization of other
parameters, such as temperature, pressure, composition and
type of reactor can promote selectivity by tuning kinetics and
thermodynamics of the reaction. Notwithstanding, the design
and development of advanced -catalytic materials is of
paramount importance for the ultimate control in
hydrogenation selectivity. In this respect, homogeneous
catalysts have shown extraordinary selectivity owing to their
molecular design optimized by the steric and electronic
effects of ligands. However, the ease of separation,
regeneration, and stability of heterogeneous catalysts have
urged the developments of solid materials for selective
hydrogenation reactions.

In solid catalysts, hydrogenation reactions are typically
performed by two general families of metals: (a) noble metals
such as Pt, Pd, Ru, Ir, Rh, and Ru and (b) group VIII
transition metals, for example Ni, Cu, Cr, and Co. The metal
active component is often in the form of ultrafine particles
and is deposited on a high surface area support. Although
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high hydrogenation activities can be achieved by bare metal
nanoparticles, poor selectivities are observed due to the
uncontrolled hydrogenation of untargeted functional groups.
Selectivity is traditionally modified by the addition of a
second metal or the use of a support that interacts strongly
with the hydrogenation functionality.” " The promotional
effect of the second metal or support is explained by changes
in the electronic density of the hydrogenation metal*> or by a
geometric effect where the active sites have a conformation
more favorable for the hydrogenation of the targeted
functionality. A relevant commercial example is the Lindlar
catalyst for selective alkyne hydrogenations where a Pd/
CaCOgj; catalysts is modified by a dilution effect of the active
sites by lead."> More recent investigations have brought a
new class of hybrid organic-inorganic catalysts where the
metal active sites are modified by organic ligands.'*'> These
new advances have even been translated into a new family of
ligand-modified supported catalysts, Nanoselect™,
commercialized by BASF'®"” and applied in reactions such as
the selective alkyne hydrogenation. Despite the remarkable
promoting effects of a second metal and ligands, it normally
goes hand in hand with a drop in catalytic activity due to the
loss of surface active sites. Another disadvantage, specially
from a practical perspective, is the often unsatisfactory
catalyst stability due to a dynamic structural modification of
the active sites during working conditions. For instance,
metal aggregation/segregation and ligand leaching may occur
during reaction, leading to a strong negative impact on
catalytic performance. These non-optimal performances
encourage the search for catalysts with high selectivity and
stability without jeopardizing catalytic activity. In this line,
another emerging field of research is focused on
heterogeneous single-atom catalysts. In these materials, the
support stabilizes mononuclear metal species and modifies
the metal properties in a similar fashion as ligands in
homogeneous catalysts do, leading to a theoretically
maximum catalytic efficiency. As a drawback, single site
instability due to metal segregation is a general trend
hampering their practical application. For more information
about the fundamentals and examples of these materials, the
reader is referred to excellent and recent review papers.'®>°
An elegant approach to promote selectivity is the
confinement or encapsulation of the hydrogenation
functionality in a porous structure that typically exposes well
defined pores. Confined nanoparticles can bring fascinating
key advantages to the field of selective hydrogenation. (a) When
pores have identical dimensions, the synthesis of nanoparticles
with a well-defined size is facilitated with high precision. (b)
They can efficiently disperse and stabilize metal nanoparticles
and commonly prevent metal restructuring and sintering. (c) A
uniform distribution of pores can also be used to induce
selectivity by the molecular sieving effect, which occludes
molecules larger than the pore apertures. (d) A chemoselective
hydrogenation can also be promoted when the encapsulant
structure contains well-defined pore cavities imposing steric
constrains that solely allow adsorption modes and transitions
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states leading to desired products. (e) Confinement creates an
additional protection layer against poisoning when catalyst
pores are sufficiently small to hamper or even completely block
the diffusion of poisons. (f) Enhanced stability of the active
phase by confinement also opens up the possibility for efficient
catalyst reusability and regeneration, which positively impacts
catalyst costs. (g) Finally, confining different -catalytic
functionalities with a well-defined spatial distribution unlocks
the possibility of performing sequential catalytic reactions in a
tandem fashion.
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The encapsulation of single atoms (SAs), atomic clusters
(ACs), and nanoparticle (NPs) as metal functionalities results in
two modes of selective hydrogenation reactions, named as
intermolecular and intramolecular selectivity. In the former,
the encapsulant porosity controls the access of reagents present
in the reaction medium based on their size and shape. In this
way, the reagents possessing dimensions smaller than the
encapsulant apertures are exclusively allowed to diffuse and
react with the confined metal functionality, as exemplified in
Fig. 1a. Intramolecular selectivity (Fig. 1b), involves

(a) Intermolecular selectivity

Larger than
pore size

Unfavorable interaction Favorable interaction
with zeolite

with zeolite

Fig. 1 (a) Intermolecular selective hydrogenation exemplified by the hydrogenation of ethylene versus toluene on Pt/GIS, taken from ref. 30 and
(b) an example of intramolecular selective hydrogenation of the nitro functional group of 4-nitrochlorobenzene on Pd@Y.*!
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multifunctional molecules where only targeted functional
groups are hydrogenated based on pore steric constrains,
favored transition states, and/or electronic effects.

Recent review papers have been published on metal active
species confined®" within zeolites,”>>* MOFs,***° and CNTs*’
for a myriad of catalytic applications. Considering the variety of
catalytic reactions and related scientific contributions, it would
be challenging to comprehensively describe the catalytic
behavior of this new family of materials. Consequently, this
review has focused on the advances over the last decade on the
synthesis of confined metal active species and their application
in hydrogenation reactions where inter- and/or intramolecular
selectivity are targeted. The contribution mainly focusses on
solid catalysts where the encapsulant is a structure with well-
defined pores, ie., a zeolite, a metal-organic framework, and
carbon nanotubes. A few other examples are described where
encapsulants with a less defined porous structure, such as silica
and porous organic polymers, are used. Although we
acknowledge the importance of transfer hydrogenation
reactions®*® and CO, hydrogenation,”® this contribution only
targets hydrogenation reactions of organic substrates involving
H,. With more than one hundred contributions reviewed, we
compare the activity and selectivity of confined catalysts
prepared by different workgroups for specific hydrogenation
reactions. In addition, a thorough overview of the preparation
methods for confined catalysts and their variations is
described. Finally, we will share our opinion on the different
synthesis methods for potential practical applications and on
future research directions for proper catalyst characterization,
new applications, and for a more rational design of
encapsulated catalysts.

2. Confining metal catalysts in zeolites

Owing to their well-defined porous structure and thermal
stability, zeolites are ideal encapsulants of gases, organic
molecules, organometallic complexes, metal cations, and
metal nanoparticles. On the basis of the synthesis of metal-
encapsulated zeolites, four main methods are considered and
sketched in Fig. 2: in situ preparation, core-shell method,
host-guest assembly, and reassembling and transformation.
Below, we introduce the most recent examples of each
confinement mode and illustrate the influence on the activity
toward selective hydrogenation reactions.

2.1. Synthesis methods for confining metal species within
zeolites

In situ preparation. In situ preparation, also referred to as
direct synthesis, is a straightforward method to confine metal
catalysts (cationic complexes, SAs, ACs, and NPs) in the voids
of zeolite by introducing the metallic precursors into the
synthetic gel before hydrothermal treatment (HT). The
precursors are usually stabilized by N-ligands (e.g,
ethylenediamine),  S-ligands  (e.g.,, (3-mercaptopropyl)
trimethoxysilane) or polymers (e.g., polyvinylpyrrolidone) to
ensure their dispersion in the synthesis gel and to prevent

This journal is © The Royal Society of Chemistry 2020
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the undesired precipitation of the metals precursors during
the zeolite synthesis under high alkaline conditions. After
HT, the active catalysts are generated by air calcination to
remove the protective ligands and the zeolite structural
directing agents, followed by H, reduction. Following this
method, research groups have prepared highly dispersed
Pd 3?2736 pt,3031,35738 R}y 3536 gnd Ir,*® ACs and NPs with an
average size ranging between 0.4 to 5 nm. The diameter of
confined species is in theory limited to the dimensions of the
zeolite internal cages and channels; however, their growth
can promote the formation of defects within the zeolite thus
providing larger NPs within the additional space.*

Using the core-shell method, pre-synthesized metal
NPs**™*® or supported NPs'®*’ are coated with single or
multiple zeolite layers of controllable thickness following a
secondary growth synthesis step. The use of pre-synthesized
nanoparticles adds an additional synthetic strategy to control
metal particle size and distribution. In addition, the use of
zeolite seeds®® or hierarchical zeolites®® as core directs the
synthesis of the desired zeolite shell.

Host-guest assembly. Host-guest assembly allows facile
incorporation of metallic cations or complexes into/onto the
zeolite by ion-exchange®>®*  or incipient
impregnation.”®> While the ion-exchange capacity is highly
dependent on the number of countercations per unit cell, the
quantity of metal introduced by wetness impregnation is
limited by the pore size and volume.** Despite the ease of
these methods, surface deposition of NPs is often
unavoidable. This leads to unprotected metal species with
higher tendency to aggregate and, more importantly, with
lower product selectivity. To avoid this problem, the removal
of eventual surface NPs becomes crucial. Due to the more
difficult control of the NPs location, size, and dispersion
compared to other methods, fewer examples of metallic
species generated by host assembly method are reported.

Reassembling and transformation. Reassembling and
transformation refers to different approaches used to confine
metal active species in a zeolite crystal starting from a zeolite
with a different structure, size, or morphology. These
approaches include dissolution and recrystallization into
hollow zeolites and 2D to 3D transformations. Metal active
species can be confined in hollow zeolites by impregnating
and reducing their precursors on a zeolite, followed by
hydrothermal treatment under basic conditions where the
zeolite core is removed. Consequently, a new zeolite grows
over the initial one that dissolves, giving rise to hollow
crystals. This approach was followed to encapsulate Pt NPs in
hollow beta zeolite starting from CIT zincosilicate (BEA
structure); however, the NPs were localized inside the cavity
and/or the zeolite shell.”® Fe and Pt NPs were confined in
hollow ZSM-5 (MFI structure, Fig. S1, Table S1f) using a
different approach. Fe was ion-exchanged into ZSM-5
possessing an Al-rich shell; the silica was then etched from
the core by thermal treatment in the presence of TPAOH to
form hollow hierarchical zeolite bearing Fe NPs inside the
crystals. Pt NPs were subsequently deposited in the hollow

wetness
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Fig. 2 Summary of the four main methods used for the confining metal species in zeolites.
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inner walls through impregnation, giving rise to a bi-metallic
catalyst.”* 3D zeolites encapsulating metal active species such
as Pt (ref. 55) or Pd (ref. 56) on MCM-22 were prepared by
swelling 2D lamellar zeolites in the presence of metallic
precursors or presynthesized ACs. Metal species can also be
introduced at a later step through ion-exchange with the
surfactants that expanded the lamellar structures.*® For all
these cases, a calcination step is required to condense the
silanols from the adjacent layers and consequently produce
the 3D structures confining the metal catalysts.

2.2. Intermolecular selectivity

Taking the advantage of the strong sieving properties of
zeolites, several research groups reported the confinement of
metal active species in the voids of zeolites to induce
intermolecular selective hydrogenation. For instance, size
exclusion is used to selectively hydrogenate light olefins by
using metal catalyst encapsulated in 8-membered ring (small
pore) zeolites. One of the first examples was done by the
Iglesia's group on the hydrogenation of ethylene (kinetic
diameter = 0.39 nm) and toluene (kinetic diameter = 0.58
nm) over Pt clusters encapsulated in gismondine (GIS) and
analcime (ANA) zeolites using the in situ approach.*® The
small ethylene molecule could diffuse and interact with the
metal clusters confined in both zeolites, whereas the big
toluene molecule was blocked on the surface (Fig. 1a).
Consequently, high ethylene/toluene turnover frequency
(TOF) ratios of 242 and 182 were obtained during the
catalytic hydrogenation on Pt/GIS and Pt/ANA, respectively.
Examples of intermolecular selectivity in the hydrogenation
of ethylene with other molecules are summarized in Table 1.
In addition to promoting selectivity, the zeolite also provided
a  protective environment against poisoning. The
hydrogenation ceased under competitive thiophene flow due

View Article Online
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to blocking of the pores by the physisorbed poison. Directly
after the thiophene feed was stopped, 70% (Pt/ANA) to 85%
(Pt/GIS) of the initial hydrogenation rates were recovered
owing to the high dispersion of the clusters in the regions
not accessible to thiophene. On the other hand, the catalytic
hydrogenation of ethylene and toluene over Pt NPs supported
on SiO, did not exhibit intermolecular selectivity, and
permanent deactivation took place following thiophene flow.

Selective hydrogenation effects were further explored with
ethylene and isobutene, whose kinetic diameter (0.50 nm)*”
is smaller than toluene. The hydrogenation was carried out
over Pt ACs encapsulated in Linde type A (LTA) zeolite (Pt/
NaA). The catalyst was synthesized by in situ preparation
using a sulfur-containing ligand, (3-mercaptopropyl)
trimethoxysilane, as a metal stabilizer. The turnover
frequency observed with the confined clusters was 271 times
higher for the ethylene hydrogenation than for the isobutene
hydrogenation. This behavior was explained by the faster
diffusion of ethylene relative to isobutene through the zeolite
micropores (pore opening 0.41 x 0.41 nm). Similar size
discrimination was demonstrated by using other noble metal
clusters (Pd, Ir, and Rh) confined in LTA: their relative
hydrogenation rates follow the trends: Pt (271) > Ir (90) > Pd
(45) > Rh (41).*® Iglesia's group also investigated the
ethylene/isobutene hydrogenation over Pt, Pd, and Rh
clusters (1.1-1.9 nm) confined in LTA and prepared in the
presence of N-ligands (NH; and NH,CH,CH,NH,) rather than
S-based ones. The resulting catalysts were highly selective
towards ethylene hydrogenation owing to the restricted
diffusion of isobutene through the LTA micropore network.>®
Moreover, the confined clusters were resistant to poisoning,
with 70% of activity maintained under flow of thiophene.

A more challenging intermolecular selective
hydrogenation was investigated by Corma's group testing
ethylene and propylene, an olefin with a similar kinetic

Table 1 Turnover frequency (TOF) for ethylene hydrogenation versus other molecules over confined metal in zeolites

Ethylene Control molecule Reaction conditions
Catalyst TOF (s7) Molecule TOF (s7) Palkene Py, T (K) Ref.
Pt/GIS 2.904 0.012¢ 0.95 kPa’® 5 kPa® 308° 30
Pt/ANA 2.00” 0.011¢ 0.35 kpa’ 99.65 kPa” 473" 30
Toluene
Pt/NaA 0.57" 0.0021” 1.5 kPa 5 kPa 294 35
Pd/NaA 0.59” 0.013° 35
Rh/NaA 0.29” - 0.007" 35
Pt/LTA 0.81° sobutene 0.051% 36
Pd/LTA 0.56“ 0.014° 36
Rh/LTA 0.394 0.0084¢ 36
Ir/NaA 0.27° 0.003” 1.5 kPa 5 kPa 373 35
Pt-CHA-2 0.0843°¢ / 0.00214 3.2 kPa 16.1 kPa 353 38
Propylene
TOF determined at conversion: “n/a. ? <10%. ©80%. 72%. Reaction conditions for © Ethylene hydrogenation. “ Toluene

hydrogenation. Catalyst nomenclature: metal/zeolite. GIS stands for gismondine, ANA for analcime, NaA and LTA for Linde type A

zeolite.

This journal is © The Royal Society of Chemistry 2020
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diameter (0.45 nm). Pt NPs (1.3 nm) encapsulated in the
pores of chabazite (CHA) converted more than 80% of
ethylene versus only 2% of propylene under identical
experimental conditions. These results are explained by
differences in effective diffusivities, as both molecules can fit
in the CHA pores. In clear contrast, both ethylene and
propylene were almost equally converted over SiO,-supported
NPs in the absence of diffusion limitations.>®

The zeolite sieving effect was also exploited to promote
the selective hydrogenation of molecules with larger
dimensions by using 10- (medium pore) and 12-membered
ring zeolites. In this regard, several catalysts were tested for
the hydrogenation of nitrobenzene versus other larger
molecules and are summarized in Table 2. In one example,
Pd NPs encapsulated in silicalite-1 selectively hydrogenated
nitrobenzene but not nitronaphtalene.® This selectivity is
attributed to the successful diffusion of nitrobenzene
(molecular size: 0.46 x 0.66 nm) through the MFI pore
structure (size: 0.53 x 0.56 nm), whereas the larger
nitronaphthalene (molecular size: 0.73 x 0.66 nm) failed to
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enter the micropore system. The selective hydrogenation of
nitrobenzene was also achieved over Pt NPs confined in
faujasite Y crystals (Pt@Y) with a 155 times higher reaction
turnover frequency than in the hydrogenation of 2,4,6-tri-tert-
butylnitrobenzene.®® Pt NPs impregnated on hierarchical
ZSM-5 and coated with a shell of silicalite-1 (Pt@MFI(0.8))
also demonstrated a high selectivity towards the
hydrogenation of nitrobenzene versus
2,3-dimethylnitrobenzene.*® While the smaller nitrobenzene
molecule crossed the zeolite-shell and was fully converted
into aniline, 2,3-dimethylnitrobenzene (with a kinetic
minimal cross-sectional diameter of 0.73 nm) could only
achieve a maximum of 50% conversion.*® The selectivity was
further enhanced by narrowing the pore openings via
silanization (Si-Mod Pt@MFI(0.8)); this modification did not
alter the catalytic activity towards nitrobenzene, yet the
conversion of 2,3-dimethylnitrobenzene was decreased to less
than 20%. Replacing the silicalite-1 shell with a ZSM-5 one
provided additional acidic groups in the proximity of the Pt
NPs; this modification changed the pathway of nitrobenzene

Table 2 Conversions and turnover frequencies for nitrobenzene hydrogenation versus other molecules over confined metal catalysts

Nitrobenzene Control molecule for
(NB) intermolecular selectivity Reaction conditions
Conversion (%) Conversion (%)
Catalyst or TOF (s7) Molecule or TOF (s7) Substrate Catalyst H, T Time  Ref.
Pd@mnc-S1 94% NO, 3.5% 0.1 20 mg 0.2 RT 5 min 34
l il mmol mmol”
Nitronaphthalene (NNp)
Pt@Y 0.1580 s 0.00102 s n/a n/a 1 353 K,? 31
Mpa,” 373 K°
NO, 3.5
MPa‘“
2,4,6-Tri-tert-butylnitrobenzene (tBNB)
Pt@MFI(0.8) 100% ~50%¢ 1 mmol 100 mg 1MPa 353K 8h 46
Si-Mod Pt@MFI(0.8)  ~95%" O,N ~18% NB + 1
mmol
DMNB
2,3-Dimethylnitrobenzene (DMNB)
Pt@HZSM-5(0.5) 100%° No molecule n/a 0.65 100 mg 1 MPa 403 K 3h 47
Poisoned 100%” mmol
Pt@HZSM-5(0.5)
Pt-CeO,@SG-ZSM-5  100% 7% 0.25 0.4 1 MPa 393K 3h 49
0N mmol mol%?®
1,3-Dimethyl-2 nitrobenzene (DMNB)
Pt@MFI-b 86% NO, 58% 0.1 50 mg 0.3 RT 30 min 48
mmol mmol”
0.8Pd0.2Ni(OH),@S-1 100% Negligible 0.00146  20.1 0.0438 298K 5 min 57
mmol mg mmol”

3-Nitrotolune (NT)

“ NaBH,. Reaction conditions for the hydrogenation of: * Nitrobenzene. ° 2,4,6-Tri-tert-butylnitrobenzene. ¢ Value estimated from the plot of
conversion versus time. ¢ 60% selectivity towards the formations p-aminophenol. / 74% selectivity towards the formations p-aminophenol.
¢ Based on nitro group. Catalyst nomenclature: metal@zeolite. “S-1”, “MFI”, and “ZSM-5": stand for zeolites with MFI structure, “Y” stands for

faujasite-Y zeolite.
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hydrogenation and gave rise to a distinct product,
para-aminophenol.”” This product was produced in a 50-60%
yield (Pt@HZSM-5(0.5)), with an additional increase up to
74% after  passivating  the surface ~ NPs by
diphenylthiobenzene (poisoned Pt@HZSM-5(0.5)).
Meanwhile, only 11% yield was obtained over the surface
supported Pd/ZSM-5 catalyst. The intermolecular selectivity
was also tested over a Pt-CeO,@SG-ZSM-5 catalyst prepared
by the core-shell method. The catalyst was prepared by
introducing Pt-CeO, binary metallic species into the
interdomain mesopores of hierarchical ZSM-5 followed by a
secondary growth using a synthetic gel of equal volume to
the hierarchical pore volume. This catalyst fully converted
nitrobenzene with a limited conversion of the bulkier
1,3-dimethyl-2-nitrobenzene.”® In another example, Pt NPs
incorporated in ZSM-5 zeolite, denoted as Pt@MFI-b, was
tested for the hydrogenation of nitrobenzene versus
3-nitrotoluene with comparable molecular dimensions (0.58
x 0.87 nm). Conversions of 86% were obtained for
nitrobenzene versus 58% for  3-nitrotoluene.  This
intermolecular selectivity was completely lost, and both
substrates were hydrogenated when the reactions were
performed the non-encapsulated impregnated
homologue catalysts.*® The hydrogenation of both molecules
was also tested over a bimetallic 0.8Pd0.2Ni(OH),@S-1
catalyst. This catalyst was prepared via the in situ method by
introducing palladium and nickel precursors into the zeolite
synthetic gel. In this case, a better intermolecular selectivity
was obtained by using the same silicalite-1 encapsulant and a
negligible conversion of 3-nitrotoluene was afforded.”’
Overall, it appears that in situ and core-shell synthesis
routes frequently result in the effective encapsulation of the
metallic phase. However, introducing NPs into zeolites using
host-guest assembly often leads to incomplete encapsulation,
and consequently, a decrease in selectivity. This phenomenon
was demonstrated by impregnating nickel precursor on ZSM-
5, leading to nickel oxide nanoparticles on the surface and in
the ZSM-5 channels.”> This random distribution allowed
hydrogenating both toluene and 1,3,5-tri-isopropyl benzene
regardless of their different molecular size. Selectively
extracting surface NPs by poly-4-styrenesulfonic acid
decreased the conversion of 1,3,5-tri-isopropyl benzene
considerably. Meanwhile, toluene hydrogenation was less
affected and remained almost proportional to nickel content.
Pt NPs encapsulated in hollow beta zeolite by dissolution-
recrystallization ~method allowed the diffusion and
hydrogenation of toluene with similar TOF to that obtained
from the hydrogenation over Pt supported on silica
(TOFpi@peta = 0.04 s, TOFpysio, = 0.06 s, On the other
hand, diffusion of the bulkier mesitylene was hindered,
leading to low conversions.>® After improving the catalytic
system by decreasing the Pt particle size from 10-50 nm to
0.5-3 nm and removing the surface supported NPs, a 19-fold
increase of activity towards hydrogenation of toluene was
achieved. On the other hand, the slow and restricted
diffusion of mesitylene prevented its interaction with the

over

This journal is © The Royal Society of Chemistry 2020

View Article Online

Mini review

confined NPs; a limited conversion was reported over the
traces of Pt available in the micropore region accessible by
mesitylene.”® Using the reassembly-transformation method,
Pt and Fe NPs were encapsulated in hollow ZSM-5 (Pt-
Fe@ZSM-5) and the catalyst efficiently converted styrene into
ethylbenzene. However, it was substantially less active in
converting cis-cyclooctene due to mass transport limitations
and the strong steric hindrance around the C=C moiety.>*
Rather than encapsulating the NPs in a central large hole, Pd
NPs (~9.5 nm) were placed in the mesopores of silicalite-1
(Pd@S-1). Owing to the limited size of the zeolite apertures,
3-methyl-2-butenal (0.38 x 0.62 nm) and cinnamaldehyde
(0.54 x 0.92 nm) could diffuse into the NPs but not the larger
3,3-di-phenylacrylaldehyde (0.81 x 1.0 nm).>*

The transformation of 2D zeolites into 3D ones also
promotes a high intermolecular selectivity as demonstrated
by several studies. For example, 3-nitrotoluene
hydrogenated over Pd@MCM-22,>° but not
1-nitronaphthalene, whose dimensions (0.73 x 0.66 nm) are
larger than the zeolite pores (0.41 x 0.51 nm). PA@FER*
(FER: ferrierite) promoted the excellent conversion of
1-hexene (90%) and benzaldehyde (90%) versus very low
(~10%) or no conversion of diphenylmethanone and
1-phenyl-1-cyclohexene, respectively. The selective behavior of
both catalysts did not hold for their homologues with
surface-supported NPs. A different behavior was reported for
Pt@MCM-22 (ref. 55) due to incomplete encapsulation. The
platinum SAs and ACs (0.2-0.7 nm) were mostly confined in
the internal cages accessible uniquely through 10-membered
ring windows, yet a part of the Pt species was located at the
external cups on the surface of MCM-22. The small-sized
propylene was able to diffuse through the zeolite 10
membered ring windows and reach the encapsulated metal
clusters; consequently, a five times higher reaction rate was
achieved compared to the impregnated homologue. On the
other hand, the larger isobutene molecule could not diffuse
through the 10-membered ring windows, yet it was converted
over Pt species present in the external cups of with similar
rate to that of the supported homologue. In this example, the
higher activity of the confined NPs is explained by the higher
turnover frequencies obtained by subnanometric Pt
nanoparticles in the confined samples. It also highlights the
importance of full confinement or the need to extract the
eventual surface supported species to avoid drops in
intermolecular selectivity.

Intermolecular selectivity effects were also investigated
with structural and spatial isomers as substrates. A Pt/Al,O;
catalyst covered in a silicalite-1 shell exclusively hydrogenated
para-xylene to 1,4-dimethylcyclohexane; meanwhile, the
uncoated catalyst converted all xylene isomers (Fig. 3).*!
Selectivity was attributed to the silicalite-1 sheath that allowed
only para-xylene to diffuse through the micropores and
interact with the metal functionality. The high selectivity was
conserved even under the equimolar feed of para-/ortho- and
para-/meta-xylene. In a follow-up study, the same workgroup
introduced an additional H-ZSM-5 layer over the silicalite-1
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(a) § L (b)

Pt/Al,O, Core

Fig. 3
Pt/Al,O3 core covered with silicalite-1 shell and H-ZSM-5 shell.

shell; this modification promoted isomerization of meta- to
para-xylene and consequently increased product yield by
generating more para-xylene illegible to diffuse through the
silicalite-1 molecular sieve towards the platinum catalyst.**

In another example, Pt NPs encapsulated between two
silicalite-1 layers, a core and a shell, selectively hydrogenated
1-hexene but not cyclohexene.** Due to the difference in their
molecular size, 1-hexene was able to cross the microporous
shell and reach the Pt NPs, whereas the diffusion of
cyclohexene was restricted. In the absence of a zeolite sheath,
both substrates were fully converted with no selectivity.

An elegant illustration of discriminating the spatial
isomers of triacylglycerol was reported by Sels and
coworkers.”® In their work, the authors prepared a Pt
encapsulated in ZSM-5 catalysts, by host-guest assembly, that
selectively hydrogenates the C=—C unsaturations of
trans-triacylglycerol. Due to its slimmer shape, the
trans-triacylglycerol was significantly better adsorbed by the
zeolite than the cis-isomer. Additionally, the hydrogenation of
the central fatty acid chain (sn-2) was favored over the

sh-1

’ sn-2

sﬁ-3

X, -

Silicalite-1 shell
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Illustration of the hydrogenation of ortho-, meta-, and para-xylene over (a) Pt/Al,O3, (b) Pt/Al,O3 core covered with silicalite-1 shell, and (c)

external ones (sn-1 and sn-3). The authors proposed that
hydrogenation proceeded by adsorbing the substrate in fork
conformation, as illustrated in Fig. 4, with the central chain
protruding in the pore aperture and thus allowing the contact
of the double bonds with the platinum particles placed in
the pore opening, whereas the external chains (sn-1 and sn-3)
were adsorbed on the external zeolite surface.

2.3. Intramolecular selectivity

Based on the available literature, intramolecular selectivity
can be classified into four groups on the basis of the reagents
considered: (a) semihydrogenation of acetylene (HC=CH) to
ethylene, (b) selective hydrogenation of a functional group in
a molecule with multifunctional groups, (c) asymmetric
hydrogenation, and (d) tandem reactions. Understanding
intramolecular  selectivity = often  requires  detailed
investigations on the interactions between the zeolite and the
reagents, intermediates, and possible products. For such

gsa 4 3§§
| -

©

26060 6
et &

333
33

§333

Fig. 4 Sketch of the adsorption of triacylglycerol in turning fork conformation on a Pt nanoparticle encapsulated in a ZSM-5 zeolite, proposed by
Sels and coworkers.>° This conformation explains the selective hydrogenation of the C=C unsaturation in the central fatty acid chain.
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studies, spectroscopic measurements and theoretical
calculations are often used.

(a) Semihydrogenation of acetylene. In this reaction, Pd-
based catalysts are widely employed and overhydrogenation
of ethylene to ethane must be avoided. Pd clusters confined
in sodalite (SOD) zeolite by the in situ preparation method
were investigated for the semihydrogenation of acetylene. In
this fascinating contribution, the internal zeolite
environment was used as a micro-reactor to mediate the
dissociation of molecular hydrogen over the confined Pd
clusters. As a result, H, was activated and the hydrogen
atoms spilled over the SOD surface to form OH species. DFT
calculations suggests that the latter species react with
acetylene, which does not fit into the zeolite pores and is
preferably adsorbed by the Al sites of the SOD external
surface, to form ethylene.*” According to their calculations,
the ethylene adsorbed on the external surface of the SOD
zeolite has a high energy barrier for its hydrogenation to
ethane and a low desorption energy. Consequently, a very
high ethylene selectivity (~95%) was achieved. These findings
were in contrast to the lower selectivity reported over surface
supported Pd. The semihydrogenation of acetylene was also
performed on Ni@CHA, with CHA acting as an inorganic
ligand for the Ni cationic complex and contributing to the
heterolytic dissociation of H,.°° Using Na-Ni@CHA as a
catalyst, ethylene was produced in 97% yield. To understand
this selectivity, the authors performed temperature-
programmed desorption experiments (TPD), FTIR, DRIFT
studies, and DFT calculations. An overview of the reaction
mechanism was proposed by DFT calculations: the reaction
starts by H, dissociation resulting in the formation of a
hydride bonded to a Ni atom (Ni-H) and a proton bonded to
the framework oxygen atoms (O-H). Subsequently, the
hydride bonds with acetylene or ethylene to yield
chemisorbed intermediates (Ni-C,H; or Ni-C,H;s), and the
product is generated by the reaction with a proton. In fact,
acetylene is more preferably to be hydrogenated than
ethylene due to the following reasons: the hydrogen-activated
Ni@CHA reacts more easily with acetylene than with
ethylene, and the free energy barrier is lower for the acetylene
Ni-C,H; intermediate than for the ethylene one.

(b) Selective hydrogenation of a functional group in a
molecule with multifunctional groups. One of the most
investigated systems is the selective hydrogenation of a nitro
group in a molecule with distinct functional groups that may
also be hydrogenated. For example, the chemoselective
hydrogenation of the nitro group in multi-substituted arenes
was studied over several confined catalysts. Pt NPs
encapsulated in faujasite using an in situ preparation method
converted nitroarenes bearing halogens, aldehyde, ketone,
and nitrile substitutions into their corresponding anilines
with 92-99% selectivity.”’ Due to the limited pore aperture
dimensions, the substrates could not diffuse through the
zeolite in a flat-lying conformation, and hence they were
adsorbed with one functional group pointing towards the
platinum nanoparticles (Fig. 1b). To wunderstand this
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chemoselectivity, the authors performed theoretical
calculations on the hydrogenation of 4-nitrochlorobenzene.
The substrate adsorption onto the zeolite through the nitro
functional group has a lower energy (-67.5 kJ mol™") than
through the chloro functional group (-35.9 kJ mol™).
Additionally, the apparent activation energy to hydrogenate
nitrobenzene over Pt@Y is significantly lower than the energy
required for the hydrodechlorination. Under the employed
reaction conditions (65 °C with 0.2 MPa of H,), Pt@Y is
capable of hydrogenating the nitro functional group without
a considerable hydrodechlorination activity. With NPs
supported on the surface of the zeolite (Pt/Y) instead of
encapsulated NPs, the nitro functional group is first
converted. Then, hydrodechlorination of 4-chloroaniline
occurs very easily with E, = 10.73 k] mol ' owing to the
electron-donating character of the amino group (compared to
the electron-withdrawing NO,) that polarizes the C-Cl bond.
This reaction requires a higher activation energy (46.06 kJ
mol™) in the encapsulated NPs. In a different study, the
selective hydrogenation of the nitro functional group in
4-nitrochlorobenzene and 4-nitrobenzaldehyde  was
investigated over Pd@beta prepared by a core-shell
method.** The catalyst shows a high selectivity for the
reduction of the nitro group compared to Pd/beta and Pd/C
catalysts. Competitive adsorption experiments with mixtures
of nitrobenzene, chlorobenzene and benzaldehyde followed
by FTIR revealed the preferential adsorption of the molecules
with the nitro group. The high selectivity was explained by
the sterically selective adsorption of the molecule via the
nitro group. The selective hydrogenation of
4-nitrochlorobenzene was also studied over PtZn, clusters
confined in MFI by host-guest assembly method.”’ In a
similar fashion as in the previous study,
4-nitrochlorobenzene molecules reached the active sites with
the nitro functional group pointing towards the metallic
clusters, thus ensuring the selective hydrogenation of nitro
functionality without cleaving the C-Cl bond. The importance
of Zn species in modulating the selectivity was investigated
by running the reaction over monometallic (Pt) and
bimetallic (PtZn) catalysts supported on silica; a far higher
selectivity was observed for the bimetallic catalyst compared
to the mono-metallic one. The selective hydrogenation of
nitro group was also tested in the presence of a bromo group.
4-Bromo-nitrobenzene was hydrogenated over Pt-CeO,@SG-
ZSM-5 catalyst prepared using a core-shell method. The
confinement effect promoted the preferential adsorption and
interaction of the nitro functional group with the active sites,
thus  favoring  its  selective  hydrogenation  over
hydrodebromination.** The same effect allowed Pd@MCM-
22, prepared by 2D to 3D transformation method, to
selectively hydrogenate the nitro functional group of
nitroarenes bearing alkyl, alkoxy, carbonyl, and halogen-
substitutions located ortho-, meta-, or para positions.>®
Furfural is another interesting molecule to investigate
intramolecular hydrogenation selectivity. It can be converted
into distinct products based on the location of the active sites,
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the interactions of transition states and products with the
internal zeolite environment, and/or the polarity of the zeolite
encapsulant. For instance, this molecule was converted into
furan in 98.7% selectivity over Pd NPs (7 nm) encapsulated in
silicalite-1 by the core-shell method, versus 5.6% selectivity over
the supported NPs of equal size.*> The selectivity was correlated
to the fast desorption of furan from the zeolite compared to
the other products. FTIR desorption studies revealed that the
C-O band intensity of furan dropped faster than those of the
starting material, intermediates, and side products. This result
was further confirmed by the theoretical calculations that
predicted the easier desorption of furan from the micropores
due to their lower absolute value of adsorption energy (-6.06
eV) than the starting material (-6.18 eV) and the other possible
side products, such as tetrahydrofuran (~7.05 eV), methylfuran
(=7.05 eV), furfuryl alcohol (-9.34 eV), and tetrahydrofurfuryl
alcohol (-9.75 eV). The selective conversion of furfural into
furan can be also affected by the hydrophilicity of the zeolite
host. Encapsulating Pd NPs in hydrophilic silicalite-1 (Pd@S-1-
OH-10) crystals resulted in the full conversion to furan at 250
°C, versus 90% yield over Pd@S-1 catalyst with non-modified
silanols and only 5.6% over the supported Pd/S-1.°' The
improved catalytic performance of Pd@S-1-OH was attributed
to the more hydrophilic zeolite sheath that promoted the
adsorption of furfural on the one hand, and favored the
desorption of furan rather than other byproducts on the other
hand. It is noteworthy that the hydrogenation over supported
NPs (Pd/S-1 and Pd/Al,O;) produced bulky molecules
originating from the condensation of furfural; these were not
detected upon using Pd@S-1-OH-10 or Pd@S-1 catalysts.

(c) Asymmetric hydrogenation reactions. Few examples
report on asymmetric hydrogenation reactions over active
species confined in zeolites due to the complexity of preparing
chiral zeolite structures or encapsulating a chiral complex
within the zeolite cages. For instance, zeolite beta is an
intergrowth of two or three polymorphs (A, B, and C) with
polymorph A known to be chiral. When the synthesis is
performed under fluoride medium, the formation of polymorph
A is promoted, giving rise to zeolite beta with chiral cages that
can mediate asymmetric reactions without the need for chiral
modifiers. Pd and Pt NPs were confined in the cages of zeolite
beta by incorporating their precursors during the synthesis
performed in HF medium. The confined catalysts and control
materials prepared by impregnation were tested for the
hydrogenation of tiglic acid into the chiral 2-methylbutanoic
acid (Scheme 1). The impregnated catalysts Pd/HZSM-5, Pd/H-
(zeolite beta), and Pd/H-Y (zeolite Y) actively converted tiglic

)

Hydrogenation

N OH >

tiglic acid

Scheme 1 Hydrogenation products of tiglic acid.
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acid into 2-methylbutanoic acid. However, a racemic mixture
was obtained with almost no enantiomeric excess (ee). This
result is attributed to the absence of chirality in catalysts. In
contrast, the confined catalysts F-Pt-f and F-Pd-B demonstrated
a modest affinity towards the (R)-enantiomer with an
enantiomeric excess of 9.2% and 10.2%, respectively. This low
ee was attributed by the authors to the low-purity in the chirality
of pore channels of B zeolite.*>

In another example, acetophenone was converted into to
(R)-1-phenylethanol over the chiral Ru complex (15,2S)-DPEN-
Ru(TPP), encapsulated in the supercages of zeolite Y by host-
guest assembly.”® In the absence of ligands, the Ru-NaY
catalyst demonstrated very weak conversion (6.1%, Table 3)
with no enantiomeric excess. On the other hand, the
encapsulated chiral complexes achieved 37.7% to 100%
conversion with larger values recorded for catalysts prepared
from zeolites containing smaller cations. Additionally, DFT
calculations wunveiled that the adsorption energy of
tetraphenylporphyrin (TPP) and 1,2-diphenyl-1,2-
ethylenediamine (DPEN) ligands within the zeolite framework
are the lowest in the presence of Li" cation. These weak
interactions render the complex and the substrate more free
and less affected by the zeolite internal environment.

(d) Tandem reactions by multi-functional catalysts. One
exciting and challenging example of intramolecular
selectivity is tandem reactions. In this case, the catalyst
structure guides the substrate(s) from one specific active
site to another in a sequence manner; otherwise,
undesired side reactions will occur. In one example, a
Pt@H-ZSM-5 prepared by an in situ preparation method
was used as a bifunctional catalyst for the aldol
condensation of furfural with acetone followed by
hydrogenation.’” The reagents undergo aldol condensation
catalyzed by the zeolite acidic sites while diffusing
through the zeolite network. Subsequently, the aldol
adduct, 4-(2-furyl)-buten-2-one, is reduced over Pt NPs into
4-(2-furyl)-butan-2-ol in 87% overall yield, as exemplified
in Fig. 5. The reaction success is governed by two factors:
the dispersion of NPs inside H-ZSM-5 and the presence of
acidic sites in close proximity to the metal. The
importance of these two factors was proven by the
synthesis of Pt NPs on the external surface of H-ZSM-5;
this catalyst promoted the furfural conversion before the
aldol condensation could occur, leading to a mixture of
decarbonylation and hydrodeoxygenation products. The
necessity of having both active sites in close proximity
was investigated by reacting furfural with acetone in the
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Table 3 Catalytic asymmetric hydrogenation of acetophenone into (R)-
1-phenylethanol

Catalyst Ru content (%) Conversion (%) ee (%)
Ru-NaY 1 6.1 0
(1S,28)-DPEN-Ru(TPP),/Li-Y  0.66 100 75.3
(15,28)-DPEN-Ru(TPP),/Na-Y 0.24 100 61.5
(15,25)-DPEN-Ru(TPP),/K-Y ~ 0.15 54.8 50.3
(1S,28)-DPEN-Ru(TPP),/Cs-Y 0.19 37.6 45.8

presence of a physical mixture of Pt@Si-MFI and H-ZSM-5.
Since both active sites were spatially separated from each
other, the aldol condensation of furfural with acetone and
the hydrogenation of furfural proceeded in parallel. This
was exemplified by isolating 4-(2-furyl)buten-2-one (22%)
and furfuryl alcohol (36%) as the major products.

The relation between the internal zeolite environment
and the product distribution was also investigated by
converting furfural over Pt NPs confined, following the in
situ preparation approach, in silicalite-1, Na-ZSM-5 and H-
ZSM-5. The microenvironment significantly modify the
reaction pathways and, consequently, the product
distribution, as exemplified in Scheme 2.%* Both silicalite-1
and Na-ZSM-5 favor the adsorption of furfural in
perpendicular configuration and hence promote the
interaction with the aldehyde group. The inadequate
activation of H, on Pd@silicalite-1 resulted in the direct
decarbonylation into furan (>70% selectivity). Meanwhile,
the presence of Al in the framework of Pd@Na-ZSM-5
favored higher and stronger adsorption of H, as exemplified
by H,-TPD studies; this resulted in a more selective
formation of furfural alcohol (>90% selectivity). In contrast,
a non-selective behavior was reported for Pd@H-ZSM-5 that
simultaneously produced furan via decarbonylation, furfural
alcohol via hydrogenation, and 1,5-pentanediol (PDO)
through hydrogenolysis.

(a)

ce

N

® Brgnsted acid sites

Fig. 5
and (b) supported on the surface of H-ZSM-5.
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3. Confinement effects in MOF based
hydrogenation catalysts

Metal organic frameworks (MOFs) are well-ordered structures
composed of metal ions or clusters connected to each other
by coordinating organic linkers.®* Research on MOFs is a
highly active field with currently over 70000 reported MOF
crystal structures, owing to the large number of available
metals and organic linkers.®® However, research on MOF-
based catalysts is primarily aimed towards the synthesis of
fine chemicals, while few MOFs are being developed for use
in the synthesis of commodity chemicals.®>*®

Compared to zeolites, MOFs present several advantages.
While zeolites mostly possess a pore size below 1 nm, many
MOFs have larger pores. This feature allows the diffusion of
bulkier substrates that cannot be processed with zeolites. As
a result, MOFs are developed for the production of larger and
more complex compounds than commodity chemicals.
Furthermore, predicting the structure and properties based
on the linker and coordinating metal is sometimes possible
for MOFs, thus enabling rational design for the conversion of
complex molecules.®>*”

On the other hand, MOFs suffer from several limitations
for the synthesis of commodity chemicals which are often
simpler and tend to be produced on a large scale. The
production of MOFs is currently still expensive and on a
relatively small scale, thus making it difficult to compete with
current catalysts. Furthermore, despite the significant
improvement in the thermal stability of MOFs, they still tend
to decompose at temperatures above 400 °C. This limits their
application to liquid phase reactions and gas phase reactions
that do not employ high temperatures.®> Furthermore, it is
improbable that MOFs are capable of withstanding long term
corrosion and mechanical wear, which makes them
unsuitable for use in fluidized bed reactors, where the chance
of breaking apart is greater.®®

() PtNP

Illustration of the different product obtained during the tandem reaction of furfural with acetone over Pt NPs (a) encapsulated in H-ZSM-5
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Scheme 2 Product distribution of furfural hydrogenation over Pd NPs confined in MFI zeolite.

Other prominent applications for MOFs are in membranes
for separation due to their well-defined pore size and the
large variations in composition and pore geometries.®®®° It is
these properties that make MOFs also suitable for size-
selective reactions. Metal active species are confined within
the voids of MOFs for the use in several catalytic reactions
such as hydrogenation and oxidation.

3.1. Synthesis methods for confining metal species within MOFs

MOF-Based size-selective catalysts are similar to zeolite
catalysts in the sense that they are mostly composed of a
catalytically active metal covered in a shell. As such, some
preparation methods are comparable to the preparation
methods observed in zeolite-based catalysts. Examples
include the commonly used core-shell method,”’®* and
host-guest methods (impregnation,”® jon exchange,””%*
and chemical vapor infiltration®®). Preparation procedures
that are different from those observed in zeolite synthesis
generally take advantage of the unique metal and linker

composition of MOFs. These include sacrificial
approaches,®®*% partial decomposition of the MOF,**° and
post-synthetic ~ modification.”"*™"*  These  synthetic

approaches are sketched in Fig. 6.

The core-shell approach for encapsulating materials in
MOFs is very similar to that described to encapsulate metal
species in zeolites; pre-synthesized materials, such as
freestanding or supported NPs, are coated with one or more
MOF layers following a secondary growth synthesis step.
However, catalysts that are prepared by these core-shell
procedures often require chemicals to stabilize the NPs or
enhance the affinity of the NPs with the MOF in order to
promote  the formation of a complete shell.
Polyvinylpyrrolidone (PVP) is commonly used for these
applications. Other materials have also been used to enhance
the growth of a MOF shell and to achieve full protection of
the particles. Some examples are polydopamine’® and
poly(sodium-4-styrenesulfonate) (PSS).”*

8152 | Catal Sci, Technol.,, 2020, 10, 8140-8172

The mechanism by which NPs are encapsulated is
suggested to be adsorption onto the growing MOF until all
free particles are depleted.”” Accordingly, this also allows for
manipulation of the spatial distribution of NPs by varying the
time at which the nanoparticles are introduced during the
MOF synthesis; immediate or early addition results in
complete encapsulation of all particles, although they are
often located deep inside the MOF crystal. By delaying the
addition, the particles are located closer to the surface until
at some point no encapsulation takes place. It is suggested
that the synthesis of the MOF may have already been
completed by the time the particles are added, which causes
the lack of encapsulation.”®”*

Nanoparticles can also be encapsulated using an emulsion
synthesis approach where the aqueous phase contains the
coordinating metal and the organic phase contains the
linker. The formation of the MOF takes place on the water/
organic interface and the shell thickness can be controlled by
adjusting the crystallization time or by changing the amount
of precursors. This approach is capable of producing both
solid and hollow MOF shells.”

The synthesis of metal-encapsulated MOFs and zeolites by
the core-shell method shares the same advantages: generally
good encapsulation of the metal functionality and a fine size
control of the predesigned nanoparticles. However, they also
share the disadvantage of being a multistep synthesis method
since the nanoparticles have to be prepared beforehand.
Furthermore, the reagents that stabilize the NPs and ensure a
good affinity between the particles and the MOF surface are
generally hard to remove and can have negative influences on
the catalytic properties of the final catalysts.””

A modified method to core-shell exists where metal
precursors are added during the MOF synthesis instead of pre-
synthesized materials."'*""® These metal precursors are
reduced in situ to NPs or ACs before being incorporated in the
MOF. This method, which can be considered as an in situ
approach, does not require any chemicals to stabilize the NPs.
The successful confinement relies on the faster reduction of
precursor than the formation of the MOF. When the reduction

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Methods of confining metal species in MOFs.

of the metal precursor is much slower than the formation of
the MOF instead, the formed metallic particles will be located
primarily on the external surface. This problem has been
avoided by adding additional reductants or by adding
chemicals to slow down the formation of the MOF."'**"

Sacrificial approaches. Sacrificial approaches form the
MOF shell by selectively liberating the coordinating metal
ions from either a metal oxide or an alloy in the presence of
linkers. These methods do not require protecting agents.
However, some of the coordinating metal or metal oxide
generally remains after the MOF is formed.

This journal is © The Royal Society of Chemistry 2020

The location of nanoparticles in a MOF prepared from
metal oxides can be determined by adjusting the ligand
concentrations, as exemplified in Fig. 7. The reaction
follows a “dissolution-precipitation” mechanism at high
ligand concentrations; a large amount of cations
coordinate with the ligand and the complex is rapidly
released into solution. MOF nucleation occurs in the
oversaturated solution and deposits onto the surface of
the metal oxides. Continued growth connects the MOF
crystals resulting in a multi-crystalline layer. The
deposition of the MOF from solution causes the
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Fig. 7

Illustration of the (a) dissolution precipitation mechanism which results in NPs at the interface of the MOF and the metal oxide, and (b) the

localized conversion mechanism which results in NPs close to the MOF surface. Reproduced with permission from ref. 100.

nanoparticles to be located on the interface between the
remaining metal oxide and the MOF.

On the other hand, low ligand concentrations result in a
“localized conversion” mechanism where the nucleation
concentration cannot be reached during the synthesis.
Instead, the MOF is directly produced on the metal oxide
surface by means of a heterogeneous reaction. The growth
pushes the NPs up and a material is obtained where the NPs
are close to the surface of the MOF.'” Alloys are an
alternative to metal oxides as sacrificial materials. The MOF
shell is formed from alloys by selectively etching one metal
in the presence of a linker.

In general, the size and structure of the particles loaded on
the metal oxides are retained after the MOF synthesis. In the
case of alloys, the etching process can result in porosity in the
encapsulated metal.'*®'%® Furthermore, this method is widely
applicable, with various types of NPs and sacrificial materials.

Partial decomposition. Partial decomposition uses
intentional controlled decomposition to form nanoparticles
from the coordinating metals."’® The damage to the MOF
simultaneously results in the formation of mesopores, which
are beneficial for the diffusion properties of the material.
However, a large degree of decomposition can be detrimental
and might decrease product selectivity."'® Furthermore, the
structure of catalysts prepared in such manner are not as well
defined as other methods described in this review. An
alternative to this method is the use a MOF whose
coordinating metal nodes are catalytically active without
requiring any modifications to the MOF.""” These MOFs can
be made in a single step, and because of the nature of MOFs,
the metals are present in the form of single atoms or atomic

8154 | Catal. Sci Technol., 2020, 10, 8140-8172

clusters.®”"” However, open coordination sites need to be

available for hydrogenation reactions to take place and the
coordination sphere might be blocked by the linkers."'”**8
Host-guest assembly. Host-guest assembly methods for
MOFs are similar to the host-guest assembly methods for the
synthesis of zeolites and includes impregnation, ion-
exchange, and chemical vapor infiltration. These methods
allow for the facile incorporation of metallic ions or
complexes into the MOF. Impregnation can be used to form
well-encapsulated NPs and ACs in MOFs.”**> The size of the
formed particles is limited by the size of the cavities, often
resulting in small ACs and NPs with a narrow size
distribution.”**> However, as in zeolites, impregnation can
lead to a fraction of the NPs being located on the surface of
the MOF.M* %119 Good encapsulation has also been
achieved with double solvent approaches.’*°® For a double
solvent impregnation, the metal precursors are dissolved in a
solvent with a polarity that matches the interior of the MOF,
while the MOF is suspended in a solvent with the opposite
polarity. Consequently, the precursor diffuses into the pores
of the MOF due to capillary action and the difference
between hydrophilicity of the inside and outside.”*%°
However, high metal loadings can still result in particles on
the surface of the MOFE.”* Ton exchange is an interesting
preparation method that can be used to encapsulate
homogeneous catalysts®” as well as metal NPs°® by ion
exchanging them with MOFs containing charge-balancing
ions.”””?® In the case of metal-ions, a subsequent reduction is
needed to form the desired metal functionality.”® The
encapsulation of homogeneous catalysts improves catalyst
recovery, opens up applications in gas phase reactions, and

This journal is © The Royal Society of Chemistry 2020
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might add an additional selectivity effect from encapsulation.
Chemical vapor infiltration is used to introduce volatile metal
precursors into the pores of MOFs.”® Subsequent reduction
or controlled decomposition results in the formation of
naked NPs in the pores of the MOF. Similar to impregnation,
the particle size is limited by the pore size of the MOF.
Despite the growing number of examples of the
encapsulation of metals in MOFs, limited publications are
available on the application of chemical vapor infiltration on
the encapsulation in MOFs for the selective hydrogenation
reactions. Furthermore, a general downside is the long
synthesis time compared to other procedures.

Post-synthetic modifications. Post-synthetic modifications
are a collection of procedures that change or modify the
linkers of the MOF after it has been formed. Prime examples
are exchanging the linkers to form a new MOF,'"" or
modifying the linker to change the pore size."'> These
procedures are valuable to engineer inter- and intramolecular
selectivity in chemical reactions. However, post-synthetic
modifications increase the required synthesis steps and the
modification efficiencies must be high in order to take full
advantage of the new properties.

Table 4 Selected olefin conversions over encapsulated catalysts

View Article Online

Mini review
3.2. Intermolecular selectivity

The mechanism of intermolecular selectivity for MOFs-based
catalysts is the same as that reported for zeolite-based ones.
Interestingly, some MOFs possess a flexible structure that
allows for the accommodation of substrates that are slightly
larger than the pore openings. A significant amount of
research focuses on developing intermolecular selectivity by
confining NPs or ACs in a MOF. However, as of writing this
review, applications of size selectivity are mostly limited to
model substrates and the majority of the research is aimed
towards developing and optimizing catalysts.

Olefins and acetylenes are by far the most frequently used
substrates for investigating the intermolecular selectivity of
MOFs; the importance of these compounds lies in their facile
hydrogenation with the rare formation of side products and
their availability in a multitude of structures and molecular
sizes. Furthermore, olefins are also used to prove the full
confinement of the particles inside the MOF; reactants that
are larger than the pore openings can only be converted when
defects are present or when the particles are not fully
encapsulated. 1-Hexene, cyclohexene, and cyclooctene are

Conversion (%)

1-Hexene Cyclohexene Cyclooctene
NN ©
Preparation method Catalyst Ref.
Core-shell Pd-mSiO,@ZIF-8 n/a 5.7 n/a 71
Pt/ZIF-8 7.3 n/a 0 72
PAd@ZIF-8-1 70.5 7.5 0 73
meso-ZIF-8-Pt 16.3 n/a n/a 74
Pty -4@ZIF-8 90.2 n/a 2.7 75
Pt-0.62@ZIF-8 76.4 0.13 0 76
Au@ZIF-8 10 0 n/a 77
Pd/SiO,@ZIF-8-11 100 7.5 0 78
Pd/MSS@ZIF-8 100 13.8 n/a 79
Pd/ZSM-5@ZIF-8 11 100 3.3 n/a 80
Pd NCs@ZIF-8 ~100 27 0 82
Pt-ZIF-8 hybrid thin film 14.9 n/a 0 83
Pt/ZIF-8 hybrid thin films 40 n/a 0 84
Pt-UiO-66 100 n/a 65.99 85
PAd@ZIF-L-1 75.7 32.6 7.4 86
1:1 Pt/UiO-66 100 n/a n/a 114
PtCo@UiO-66 100 n/a n/a 115
Pd@NH,-UiO-66 100 n/a n/a 116
Zn-MOF-74@(Pd@Fe,05) 100 ~40° 5 120
Sacrificial approaches Pt@ZIF-8-in’ 7 n/a 0 100
Pt@ZIF-8-‘sur’ 21 n/a 0 100
Pd/ZnO@ZIF-8 100 13.9 0 101
Pd/F-ZnO@ZIF-8 100 n/a 0 102
PtAuDNP@HKUST-1 25 n/a n/a 103
PAd@ZIF-8 98 n/a 0 104
RhCoNi@MOF-74(Ni) 99.5 78.1 n/a 105
RhCoONi@ZIF-67(Co) 98.6 9.9 n/a 105
Impregnation 0.1 mmol Ag@HKUST-1 ~100 ~100 ~0 93
10.7 wt% Pt@UiO-66-NH, 13.4 n/a n/a 94
Post-synthetic modifications Pt@SALEM-2 n/a 7 n/a 111

“ Values are estimated from bar graphs.

This journal is © The Royal Society of Chemistry 2020
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amongst the most frequently wused substrates for
demonstrating intermolecular selectivity (Table 4), since their
molecular sizes are of comparable dimensions to the pores of
a number of popular MOFs, such as ZIF-8. Surprisingly, the
purely intermolecular hydrogenation of aldehydes is rare
considering that wunsaturated aldehydes are relevant
substrates for catalysts displaying intramolecular selectivity.
However, aldehydes are more prone to side reactions, which
might explain their low interest.

Numerous contributions have been devoted to investigate
intermolecular selectivity over metals encapsulated in ZIF-8,
a zeolitic imidazolate framework composed of a sodalite type
structure with 11.6 A cages connected through 3.4 A six-
membered windows.”>'*" The majority of materials were
synthesized by the core-shell method. For example, this
synthesis route was used to grow the ZIF-8 shell around Pt
NPs capped with PVP. The activity of the catalyst was
demonstrated by the ability to hydrogenate 1-hexene, but
conversions were low due to poor diffusion. No
hydrogenation products were obtained when the same
reaction was performed with cis-cyclooctene, which is larger
than the pore openings of ZIF-8, demonstrating the size-
selective nature of the Pt@ZIF-8 catalyst. Furthermore,
excellent regioselectivity was obtained over this catalyst;
1-hexene was hydrogenated but not ¢rans-2-hexene whose
C=C moiety could not reach the Pt NPs.”> Wang et al.
similarly demonstrated that the hydrogenation rate of C—=C
bonds over Pt@ZIF-8 decreases when the bond is located in
the middle of the molecule using 3-methyl-2-butene-1-ol and
3-methyl-3-butene-1-ol. They attributed this observation to an
easier adsorption of the terminal C=C bond compared to
the C=C bond in the middle.”® This selectivity is not limited
to Pt, Au@ZIF-8 was completely inactive towards 3-hexene
but converted 1-hexene under the same conditions.””

The importance of proper encapsulation
demonstrated by Xing et al. who compared catalysts with all
particles inside, all particles outside, and particles on the
inside and outside in the hydrogenation of olefins. All
catalysts are capable of hydrogenating cyclohexene and gave
7.5%, 46.7% and 13.4% conversion for inside, outside, and
inside and outside, respectively. However, the hydrogenation
of cyclooctene only proceeded in the presence of palladium
on the surface.”

Confined metal particles often demonstrate
apparent catalytic activity compared to surface supported
particles due to the slow diffusion of substrates through the
pores. Huo et al. alleviated this problem by selectively etching
out nanoparticles that are embedded in MOFs. This process
leaves behind highly defined mesopores while maintaining
the integrity of the MOF, resulting in enhanced diffusion
while the selectivity is unaffected. Mesoporous Pt@ZIF-8 was
fabricated by etching out gold NPs while the Pt NPs remain
intact; the presence of the mesopores resulted in an
increased conversion in the hydrogenation of 1-pentene,
1-hexene, and 1-heptene, whereas the catalyst remained
unable to convert the larger cyclooctene.”*

was

lower
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As previously discussed, stabilizers are used to improve
the affinity of the encapsulated materials with the MOF
during core-shell synthesis. Modifying Pd/SiO, with
poly(diallyldimethylammonium  chloride) (PDDA) and
poly(sodium-4-styrenesulfonate) (PSS) introduced a negative
charge on the particle surface. The negatively charged surface
is compensated by Zn>" ions thereby enhancing the
formation of a continuous ZIF-8 shell. The sieving effect of
Pd/SiO,@ZIF-8 catalyst was proven by a decrease in
conversion with increasing substrate size in the
hydrogenation of olefins. However, the ability to hydrogenate
cyclooctene, albeit with a low conversion, was attributed to
the presence of defects in the ZIF-8 membrane shell. A
second ZIF-8 growth cycle increases the density and thickness
of the MOF shell, which made the catalyst completely
inactive in the hydrogenation of cyclooctene.”® Furthermore,
the catalyst was also protected from bulky sulfur poisons
such as triphenylmethyl mercaptan.”®’® PDDA and PSS have
also been used to facilitate the growth of ZIF-8 on Pd/ZSM-5
particles. The advantage of the coating was demonstrated
with a control experiment where ZIF-8 was grown on ZSM-5
without the PDDA and PSS; the resulting material only
contained a few scattered MOF particles on the surface of the
zeolite.®® Another alternative to a PDDA and PSS coating is a
temporary coating of Cu,O, which was used during the
synthesis of a Pd@ZIF-8 catalyst. The authors mention that
the clean Cu,O surface assists in the formation of the ZIF-8
shell and it is etched off spontaneously and simultaneously
during the formation of ZIF-8. The process leaves behind a
cavity, resulting in a hollow ZIF-8 structure with a Pd
nanocrystal inside. The good activity in the hydrogenation of
ethylene and cyclohexene, and the inability to hydrogenate
the larger cyclooctene proved that the layer was pristine.®!
PVP-capped Pd nanocubes encapsulated in hollow ZIF-8
spheres prepared using an inverse emulsion similarly display
excellent size selectivity. PA@ZIF-8 catalysts were capable of
reducing 1-hexene with good to excellent yields (92-58%)
depending on the thickness of the MOF shell. ¢rans-Stilbene,
which is larger than the pore openings of ZIF-8, could be
converted (4.3-1.3%) due to diffusion through the
mesoporous voids between ZIF-8 nanocrystals. No conversion
was observed for the larger tetraphenylethylene.”” Hollow
ZIF-8 containing Pt nanoparticles have also been prepared by
growing ZIF-8 around Pd supported on carboxylate-
terminated polystyrene spheres and subsequently removing
the polystyrene with DMF. The coordination ability of zinc
ions with the carboxylate groups of the polystyrene ensured
that a ZIF-8 shell is obtained. Full conversion of 1-hexene
was obtained whereas no conversion was observed for
cyclooctene, diphenylethylene and triphenylethylene.'*

As mentioned earlier, residual stabilizing agents on the
surface of NPs can also adversely affect the catalytic activity of a
catalyst. To avoid their use, Li et al. reported the preparation of
Pt@ZIF-8 starting from nanoparticles stabilized by 2-methyl
imidazole, the linker of ZIF-8. Pt@ZIF-8 catalysts with various Pt
loadings demonstrated higher turnover frequencies than Pt/C

This journal is © The Royal Society of Chemistry 2020
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for the hydrogenation of 1-hexene. In contrast, very low
conversion was observed during the hydrogenation of the larger
cyclooctene over the confined NPs while Pt/C efficiently catalyzed
the hydrogenation of this substrate.”> Well-encapsulated Pd
nanoparticles could be obtained by the addition of [(5,5-
dicarboxy-2,2"-bipyridine-)palladium(u)] dichloride during the
synthesis of UiO-67 followed by reduction. The 2,2"-bipyridne-
5,5-dicarboxylic acid ligand of this complex can act as linker for
UiO-67. Furthermore, the use of this complex does not affect the
crystallinity of the resulting MOF and the resulting Pd
nanoparticles are uniformly distributed in the MOF. The catalyst
achieved full conversion in the hydrogenation of styrene, while
no conversion is observed in the hydrogenation of the much
larger tetraphenylethylene. Under the same conditions a Pd0/
UiO-67 catalyst prepared by impregnation achieved 24%
conversion of tetraphenylethylene."*

ZIF-8 thin films containing nanoparticles can be produced
by spin coating the desired NPs onto a glass substrate covered
with ZIF-8, after which a new layer of MOF is grown on top.
The steps of spin coating and MOF growth can be repeated
until the desired thickness is reached. Furthermore, different
nanoparticles can be combined in one layer or placed in
separate layers. A Pt-ZIF-8 hybrid thin film produced in this
manner was completely inactive in the hydrogenation of
cis-cyclooctene;  however, 1-hexene was  successfully
hydrogenated, albeit with a low conversion (14.9%) which was
presumed to be due to the low loading and small aperture
size of ZIF-8.%° Excellent regioselectivity can also be obtained
over larger metal structures; for example, metal layers
encapsulated in a MOF displayed regioselectivity in addition
to size selectivity in the hydrogenation of olefins. These
catalysts were prepared by sputter coating a layer of metal
onto a MOF surface and subsequently growing a MOF shell
around the metal. The process of MOF growing and
sputtering can be repeated until the desired thickness is
reached. The catalyst is finalized by adding several layers of
MOF over the last metal layer to prevent it from peeling off. A
Pt@ZIF-8 prepared by such method gave 40% conversion of
1-hexene; meanwhile trans-2-hexene and cis-2-hexene were
converted in only 6.8% and 1.0%, respectively.®

The second most investigated structure as encapsulant is
Ui0-66, a MOF with a pore entrance of 6 A. Several examples
were prepared by the in situ method, a modification of the
core-shell synthesis. Luque, Lin et al. prepared a Pt@UiO-66
catalyst that displayed size selectivity in the hydrogenation of
alkenes. A sufficiently fast reduction of the metal precursor
compared to the formation of the MOF was ensured by
accelerating the reduction with hydrogen as additional
reductant and by slowing down the formation of UiO-66 with
the addition of acetic acid. Therefore, the formation of metal
particles on the outside of the MOF could be prevented. The
Pt@UiO-66 catalysts prepared in this manner achieved full
conversion of 1-hexene, however, little to no hydrogenation
of tetraphenylethylene was observed under identical
experimental conditions.''* In situ preparation is not limited
to a single metal at a time; a combination of Pt and Co

This journal is © The Royal Society of Chemistry 2020
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precursors was used for the synthesis of PtCo@UiO-66.
Similarly, hydrogen is added to achieve a sufficiently fast
reduction of the metals. The platinum precursor is capable of
reducing on its own under the reaction conditions while the
reduction of cobalt is enhanced by the presence of Pt-H
species, resulting in encapsulated PtCo alloy particles. The
bimetallic catalyst achieved full conversion of 1-hexene while
a monometallic Pt@UiO-66 catalyst achieved 75% conversion
under the same conditions. Both catalysts converted only a
negligible amount of the very bulky tetraphenylethylene.'*®
The preparation of Pd@NH,-UiO-66 did not require the
addition of hydrogen; the amine functionalities of NH,-UiO-
66 grant it an excellent coordination capability for metal ions
which enhances the encapsulation. XPS analysis show a
strong interaction between Pd and the nitrogen atoms of the
amine. The importance of the amine functionality was
further demonstrated by preparing Pd@UiO-66 without
amine functionality; a catalyst prepared under similar
conditions suffered from aggregation and most of the Pd was
located on the outside. The well encapsulated Pd@NH,-UiO-
66 catalyst was capable of hydrogenating the smaller
1-hexene and styrene with excellent conversion, but was
completely inactive in the hydrogenation of the much larger
tetraphenylethylene.'*®

The selective substrate conversion is dependent on the
size of the pore openings, therefore different MOFs were used
to accommodate larger substrates. Pt@UiO-66 with pore
openings of 6 A successfully hydrogenated molecules up to
the size of triphenylethylene but not the larger
tetraphenylethylene.®” Similarly, ZIF-L (pore size: 6.6 A) could
also accommodate and hydrogenate substrates which do not
fit into ZIF-8, such as cyclooctene.*®

Luo et al. synthesized Zn-MOF-74@(Pd@Fe,03) by using
an in situ method, taking advantage of the reaction between
the linkers of MOF-74 and Fe®', and the favorable reduction
potentials of iron and palladium. Pd’° and Fe®* are
spontaneously formed in solution by the combination of Pd**
and Fe** species. The resulting catalyst demonstrated size
selectivity in the hydrogenation of a wide range of olefins
with full conversion for small olefins such as 1-pentene,
cyclopentene and 1-hexene, but only reaching 5% in the case
of the bulkier cyclooctene."®® The sacrificial synthesis
approach has been explored for the encapsulation of
supported nanoparticles in ZIF-8. Zhang et al. produced a Pd/
ZnO@ZIF-8 catalyst using a sacrificial approach starting from
Pd/ZnO and 2-methylimidazole. The use of the sacrificial
material resulted in stronger interactions with the core and
produced a more continuous layer of MOF which was also
less liable to peel off. However, the continuity of the shell
was dependent on the dissolution speed of the ZnO metal
oxide: a continuous shell could only be formed when the
dissolution kinetics were slower than the kinetics of ZIF-8
formation. The growth of the MOF shell was also limited to a
certain thickness, after which the linker and Zn*' could
hardly pass through the continuous ZIF-8 layer. Well
encapsulated Pd/ZnO®@ZIF-8 fully converted 1-hexene with a
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lower rate than Pd/ZnO due to steric hindrance caused by the
ZIF-8 layer. The hydrogenation of bulkier cyclohexene over
the well encapsulated Pd/ZnO@ZIF-8 catalyst resulted in
13.9% conversion and no conversion of cyclooctene was
observed under identical conditions.'®® A Pt/ZnO@ZIF-8
catalyst prepared following the localized conversion
mechanism by employing low linker concentrations was
compared to a catalyst prepared following the dissolution-
precipitation mechanism by employing high linker
concentrations. The TEM images clearly show Pt deep inside
the catalyst prepared wunder dissolution-precipitation
conditions (Fig. 8a) whereas Pt is near the surface of the
MOF prepared under localized -conversion conditions
(Fig. 8b). Neither catalysts was capable of hydrogenating
cyclooctene. However, hydrogenation of 1-hexene was more
favorable by the particles near the surface than those
encapsulated deep inside. This behavior was attributed to the
different diffusion distances.'

The morphology of the sacrificial metal oxide can also affect
the encapsulation process. This was demonstrated by preparing
Pd/ZnO@ZIF-8 catalysts from a Pd precursor and ZnO with a
flower-like structure or a spherical structure. The use of flower-
like structure resulted in a complete encapsulation of the
particles and the authors speculated that the structure results in
a stronger adsorption capacity for Pd and better anchoring
during Pd nucleation, ZnO dissolution, and ZIF-8 encapsulation.
Furthermore, the laminar structure of the ZnO can enhance the
activity of the MOF growth. Meanwhile, naked ZnO could still be
observed when spherical ZnO was employed. Fully encapsulated
particles demonstrated size selectivity in the hydrogenation of
olefins and offered protection against bulky catalyst poisons.'

The versatility of the sacrificial method enables the
preparation of encapsulated catalysts with different
structures. For example, hollow and core-shell structures can
be synthesized by adjusting the crystallinity of the sacrificial
agent. NPs can be confined in hollow HKUST-1 shells by
coating the particles with polycrystalline Cu,O and
subsequently converting this layer into the MOF. Continuous
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dissolution of the copper oxide resulted in expansion of the
MOF outward while the hollow core is preserved. The shell
was composed of multiple aggregated HKUST-1 crystals and
the absence of freestanding MOF crystals suggested that the
formation was restricted to the surface of the metal oxide. On
the contrary, the use of monocrystalline Cu,O resulted in a
core-shell structure. The formation of the different structures
are governed by the kinetics of metal oxide dissolution and
coordination of the ligands with the metal ions, as sketched
in Fig. 9. Pd on Au dendritic nanoparticles encapsulated
using this method were active in the catalytic hydrogenation
of 1-hexene, but no products were observed in the catalytic
hydrogenation of the much larger cis-stilbene.'*?

Recently, Chen et al produced MOF-encapsulated
nanoparticles by ball milling NPs supported on metal oxides
in the presence of organic linkers. Preparation in this way
greatly reduced the volume of the solvent and the NPs are
located close to the surface of the MOF. The authors
proposed that the MOF formation occurred through the
localized conversion mechanism discussed earlier and
exemplified in Fig. 7. The efficient encapsulation of Pd was
proven by the lack of cyclooctene hydrogenation.'®*

The sacrificial method was also used to encapsulate Pt-Ni
nanoparticles in Ni-MOF-74 by etching Ni from Pt-Ni
nanocrystals. It's molecular sieving effect was proved by the
trend of decreasing TOFs with increasing substrate size in
the catalytic hydrogenation of styrene (9757 h™), 2,4,6-
trimethylstyrene (462 h™"), trans-stilbene (17 h™) and 4,4'-
dimethyl-trans-stilbene (9 h™).'°® Notably, more than one
type of MOF can be formed from a single alloy, depending on
which metal is leached out and what ligands are present.
Starting from a RhCoNi alloy, Kuang et al. produced ZIF-67
and MOF-74 following the addition of 2-methylimidazole that
leached out Co®" and 2,5-dihydroxyterephtalic acid that
removed Ni**, respectively. RhCoNi@ZIF-67 has a smaller
pore size and was able to fully hydrogenate 1-hexene but only
partially converted cyclohexene diffusing though some MOF
intercrystalline cracks. RhCoNi@MOF-74 on the other hand

Fig. 8 TEM images of Pt/ZnO@ZIF-8 catalysts (scale bar 20 nm), (a) Pt NPs are deep inside the catalyst prepared using high ligand concentrations,
(b) Pt NPs near the surface of the MOF prepared with low ligand concentrations. Reproduced with permission from ref. 100.

8158 | Catal Sci. Technol., 2020, 10, 8140-8172

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cy01709d

Open Access Article. Published on 27 October 2020. Downloaded on 6/20/2026 4:11:23 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Catalysis Science & Technology

Fig. 9 Conversion of NPs@Cu,O to NPs@HKUST-1, (a) formation of a
solid MOF shell around the NPs using monocrystalline Cu,O, (b)
formation of a hollow MOF containing a NP using polycrystalline Cu,O.

fully hydrogenated 1-hexene and converted most of the
cyclohexene due to its larger pore openings.'®

Other classical preparation methods, such as impregnation,
have provided satisfactory metal encapsulation. Ag@HKUST-1
catalysts prepared by a double solvent impregnation
demonstrated excellent size selectivity in the hydrogenation of
olefins. For small olefins, such as 1-hexene, 1-octene,
cyclohexene, and styrene, the encapsulated Ag particles
achieved a higher conversion compared to the surface-
supported NPs due to the smaller size of the encapsulated
particles. Larger olefins on the other hand (1-decene,
cyclooctene, diphenylethylene, and 1-dodecene) yielded almost
no conversion, proving encapsulation of the NPs. However, high
metal precursor concentrations lead to a small part of the NPs
on the surface and such catalysts are capable of hydrogenating
large olefins to some extent.”’> Impregnation of a metal
precursor that strongly interacts with the MOF has also shown
good results in the encapsulation of metal functionalities;
Huang et al. reported that Pt nanoclusters can be embedded
inside UiO-66-NH, by interactions of the Pt ions with the -NH,
groups of the MOF, followed by a reduction step. The catalyst
demonstrated both inter- and intramolecular selectivity for the
gas-phase catalytic hydrogenation of olefins. The intermolecular
selectivity was demonstrated with the decreasing conversion for
larger olefins; ethylene was hydrogenated with a 19.6%
conversion while only 1.6% conversion for cyclooctadiene was
obtained. In comparison, Pt/SiO, achieved 12% conversion of
1,3-cyclooctadiene under identical conditions.”*

Encapsulation of NPs was also successfully performed by
chemical vapor infiltration under controlled conditions. In
this way, palladium was introduced into UiO-66 and UiO-67
MOFs via chemical vapor infiltration with the Pd(n*-C3H;)(n>
CsH;) complex at different temperatures. The infiltration at
25 °C resulted in the formation of Pd NPs on the surface of

This journal is © The Royal Society of Chemistry 2020
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UiO-66, most probably due to the uncontrollable
decomposition of the precursor by the Lewis acidity of the
ZrsOg clusters on the MOF. However, performing chemical
vapor infiltration at -15 °C decreases the uncontrolled
decomposition. Accordingly, Pd@UiO-66 with a small fraction
of Pd on the outside and Pd@UiO-67 with no particles on the
outside were obtained. These catalysts displayed
intermolecular selectivity in the selective hydrogenation of
ketones with various molecular sizes.””

Pd was also simultaneously used as coordinating metal
and active site for intermolecular hydrogenations. [Pd(2-
pymo),], MOF was capable of hydrogenating 1-octene,
although only 50% selectivity is obtained due to
isomerization. Meanwhile, no conversion of the larger
cyclododecene was reported. Unfortunately, the selectivity of
this catalyst could only be maintained for a limited time due
to a gradual degradation of the MOF and the formation of
accessible Pd nanoparticles.""”

Other synthetic approach involves the partial pyrolyzation
of a Ni-MOF-74 to simultaneously produce Ni particles and
create mesopores, resulting in Ni NP cores with carbon/Ni-
MOF-74 composite shells. Size selectivity was reported for the
catalytic hydrogenation of various olefins. Catalysts prepared
with higher pyrolysis temperatures converted the large
cyclooctene more efficiently. However, they exhibited lower
conversion of the smaller 1-octene, which was attributed to
aggregation of Ni NPs.'"°

The intermolecular selectivity of encapsulated catalysts can
be tuned by post-synthetic methods, Farha et al. prepared
Pt@SALEM-2 from Pt@ZIF-8 with solvent-assisted linker
exchange without triggering leaching of the encapsulated
material."™" Around 90% of the 2-methylimidazolate linkers
in Pt@ZIF-8 were replaced with imidazole while the platinum
particle size and location was retained. The larger apertures
of SALEM-2 (6 A) compared to ZIF-8 (3.4 A) allowed the new
catalyst to hydrogenate cyclohexene with 7% conversion while
no conversion was obtained over the original Pt@ZIF-8. Huo
et al. employed a post-synthetic method to decrease the pore
apertures of Pt@UiO-66-NH, by reacting the amino groups
with anhydrides containing alkyl chains of various lengths.
The modification preserves the crystal structure and tunes the
size-selectivity; conversion of trans-stilbene decreased with
increasing alkyl chain length. Hydrogenation of cyclooctene
showed a similar trend, but with higher conversions due to its
smaller size. The greatest ratio between the hydrogenation
rates of trans-stilbene and cyclooctene was obtained over a
catalyst that was modified with a C; alkyl chain; at this size
the diffusion of trans-stilbene is greatly reduced but
cyclooctene faces less restrictions.'*?

3.3. Intramolecular selectivity

Compared to zeolites, MOFs provide additional means to
enhance intramolecular selectivity by using linkers that
interacts and modify the adsorption mode of substrates.
However, as of writing this review, intramolecular selectivity
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over MOF based catalysts has been less reported than
intermolecular selectivity. Investigations on intramolecular
selectivity can be classified into four groups. (a) The
hydrogenation of carbon-carbon double (C=C) and triple
bonds (C=C). This includes the partial hydrogenation of
dienes to alkenes, the selective partial hydrogenation of
alkynes, and the suppression of isomerization during the
hydrogenation of unsaturated alcohols. (b) The hydrogenation
of C=O0 in unsaturated aldehydes and ketones, (c) asymmetric
hydrogenations, and (d) tandem reactions, in which a substrate
or intermediate is selectively hydrogenated.

(a) Intramolecular selectivity in the hydrogenation of
carbon-carbon double (C—=C) and triple bonds (C=C). In
addition to their uses as substrates in intermolecular
selectivity, molecules containing carbon-carbon double and
triple bonds are also convenient for investigating the
intramolecular selectivity of catalysts. Various structures and
sizes are readily available, allowing to choose substrates that
match the pore dimensions closely.

Farha et al demonstrated the excellent intramolecular
selectivity of Pt@ZIF-8 prepared by a core-shell approach by
selectively hydrogenating the C—C double bond at the 1
position in 1,3-hexadiene, giving rise to 3-hexene with 95%
selectivity.’” Pd NPs sandwich catalysts with UiO-67 core and
Ui0-66, UiO-67, or UiO-68 shell displayed excellent activity and
selectivity in the semihydrogenation of alkynes. The catalysts
were produced by the addition of a Pd precursor during the
synthesis of UiO-67 followed by reduction with NaBH, and a
subsequent growth cycle of UiO MOF. The highest selectivity in
the phenylacetylene hydrogenation was obtained with UiO-
67@Pd@UiO-67. The authors attributed this selectivity to the
electron transfer between Pd and the UiO supports which leads
to easier desorption of the targeted styrene product.'** Rh-Ni
encapsulated in MOF-74 displayed transition state selectivity in
the partial hydrogenation of alkynes in order to preferentially
obtain cis-products. The Rh-Ni@MOF-74 catalyst was produced
by selectively removing a part of the nickel of a Rh-Ni alloy in
the presence of a linker. The thickness of the MOF shell could
be increased by increasing the Ni content of the initial alloy.
The best performing Rh-Ni@MOF-74 catalyst was able to
hydrogenate diphenyl acetylene to cis-stilbene with good
selectivity (63.8%) while the best bare metal particles resulted
in only 28.7% selectivity to the cis-product. The high
stereoselectivity originated from the suppression of the
isomerization from cis to trans; the isomerization goes through
an intermediate which is too large to be accommodated in the
pores of the MOF. This steric hindrance is lower for smaller
substrates which results in a significantly lower cis/trans ratio.
Hydrogenating 1-phenyl-1-pentyne resulted in 18.6% cis-1-
phenyl-1-pentene whereas hydrogenating 1,4-dichloro-2-butyne
did not give any cis product.”’

Weller et al. confined an organometallic complex (Crabtree
catalyst) in the voids of sulfonated MIL-101(Cr) by
incorporating the cationic part of the complex via ion-
exchange. The catalysts were tested in the hydrogenation of
unsaturated alcohols, where the intramolecular selectivity of
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this catalyst was displayed; the confined complex achieved
better selectivity for the hydrogenation of alcohols that are

prone to isomerization. The authors proposed that
suppression of the isomerization reaction resulted from
extended coordination sphere interactions, such as

H-bonding of the substrate with the sulfonated MOF.’” Rh
NPs stabilized by a sulfonic acid functionalized MOF (Rh@s-
MIL-101) were prepared by ion exchange followed by
reduction with sodium borohydride. This Rh@S-MIL-101
catalyst was used for the partial hydrogenation of phenol to
cyclohex-1-en-1-ol which then undergoes rapid
tautomerization to cyclohexanone. High conversion (>95%)
and selectivity (>92%) to cyclohexanone are obtained, which
can be further increased to 96% at 91% conversion over a
catalyst with less Rh on the surface. The selectivity of the
catalysts was explained by the Cr(u) Lewis acidic sites of the
MOF, which interact with the Lewis basic C=O group of
cyclohexanone and inhibit the overhydrogenation.”®

(b) Intramolecular selectivity in the hydrogenation of
aldehydes and ketones. The selective hydrogenation of
unsaturated aldehydes to unsaturated alcohols is a common
test reaction for investigating chemoselectivity. Generally, the
desired product is the unsaturated alcohol, however, C—=C
hydrogenation is more favored thermodynamically. Li et al
prepared Pt nanoparticles on the surface of MIL-101 while
additional MIL-101 was grown over the surface via an epitaxial
growth mechanism. Successive growth cycles afforded good
control over the thickness of the MOF and allowed for the
synthesis of catalysts with an optimum thickness. The
hydrogenation of cinnamaldehyde over an optimized Pt@MIL-
101 resulted in an excellent conversion and selectivity to
cinnamyl alcohol. The high selectivity of C—=0O hydrogenation
versus C—C hydrogenation was explained by both steric
hindrance due to small pore openings and electronic repulsion
between the phenyl moiety of the cinnamaldehyde and
n-electrons from the linkers. As a result, cinnamaldehyde is
preferentially adsorbed with the C=—O pointing forward.
Additionally, the MOF linkers are capable of donating electron
density to the Pt particles, which is known to enhance C=0
activation.®® Various MIL-101@Pt@MIL-101 sandwich catalysts,
with Cr*", Fe*" or a combination of both as coordinating metal,
have been used in the selective hydrogenation of a,B-
unsaturated aldehydes to their corresponding unsaturated
alcohols. These catalysts were prepared using a core-shell
approach in which an additional layer of MIL-101 is grown over
MIL-101@Pt. The selectivity in the hydrogenation of
cinnamaldehyde to cinnamyl alcohol increases from Pt NPs <
MIL-101(Cr)@Pt < MIL-101(Fe)@Pt. This increase was
attributed to the activation of the C=0O bond by the Lewis
acidic sites of MIL-101. A further increase in selectivity was
obtained by coating these catalysts with another layer of MIL-
101, with the best result being obtained over MIL-101(Fe)
@Pt@MIL-101(Fe). Furfural, 3-methyl-2-butenal, and acrolein
could similarly be hydrogenated with excellent selectivity.'*®

Wang et al. used Pt@ZIF-8 prepared by the core-shell
method for the hydrogenation of 3-methylcrotonaldehyde.

This journal is © The Royal Society of Chemistry 2020
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ZIF-8 has pore apertures of a comparable size to the
3-methylcrotonaldehyde, resulting in excellent selectivity to
3-methyl-2-buten-1-ol. The narrow pores force the substrate
to approach in a linear fashion and prevents it from freely
rotating, thus the C=C bond cannot easily adsorb on the Pt
particles while the C=0 moiety remains fully accessible.”®
Similarly, Au@ZIF-8 was used in the catalytic hydrogenation
of crotonaldehyde to crotyl alcohol with excellent selectivity.
No  butyraldehyde, which originates from C=C
hydrogenation, was detected. The observed selectivity was
mostly attributed to the narrow pores of ZIF-8, which only
allowed the C=0 moiety to adsorb on the active sites.”” Pt-
SnO,@ZIF-8 demonstrated a good selectivity in converting
2-pentenal to 2-pentenol due to the synergetic effect that
arises from combining the confinement effects of MOFs with
the selectivity enhancement by SnO,, as shown in Fig. 10. Pt/
SiO, only achieved 4.3% selectivity to the unsaturated
alcohol, Pt@ZIF-8 on the other hand achieved 31.0%
selectivity to the targeted product. The authors used in situ
FTIR to investigate the binding modes of the substrate in the
catalyst. The FTIR investigation showed a lower v,(C=O0)
signal over Pt@ZIF-8 compared with Pt/SiO,. This indicates
that the confinement enhances the 7(C=0) conformation.
The selectivity was further increased by incorporating SnO,
species, this increase went further for higher SnO, to Pt
ratios, reaching 80.9% when SnO,/Pt = 1.5. This result was
attributed to SnO, acting as electrophilic sites for adsorption
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2-pentenal entanol
o R 7w
pentanal
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801 —0— Pt-ySnO /SiO,
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Fig. 10 (a) Schematic presentation of 2-pentenal hydrogenation

reaction. (b) Selectivity as a function of the Sn/Pt ratio in the
conversion of 2-pentenal to 2-pentenol over encapsulated Pt-
SnO,@ZIF-8 and supported Pt-SnO,/SiO, catalysts. Reproduced with
permission from ref. 89.
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and activation of the C=O bond. Additionally, hydrogen
spillover from Pt allows SnO, to hydrogenate C=0, but not
—C. The hydrogenation selectivity is highly dependent on
the size of the substrate. Conversion of the bulkier
3-methylcrotonaldehyde over Pt-0.5SnO,@ZIF-8 resulted in
98.6% selectivity to the unsaturated alcohol due to the
increased steric hindrance of the substrate.®”
Pt@UiO-66-NH, prepared by impregnation demonstrated
excellent intramolecular selectivity in the hydrogenation of
cinnamaldehyde. The C—=C moiety in cinnamaldehyde could
not easily adsorb onto the metal particles while the C=0
bond was able to easily reach and adsorb on the metal
particlee.  As such only a small amount of
hydrocinnamaldehyde and hydrocinnamyl alcohol
obtained and the selectivity to cinnamyl alcohol was over
90%.°* A recent computational study showed that the
adsorption through the lone pairs of the cinnamaldehyde
oxygen atom on Pt@UiO-66-NH, is kinetically favorable,
however, it is thermodynamically unfavorable compared to
adsorption through C=0 and C=—C, as shown in Fig. 11.
Furthermore, the hydrogenation energy barrier is much lower
for cinnamaldehyde adsorbed through the O-atom compared
to those for C=C and C=0 adsorbed cinnamaldehyde."*°
(c) Asymmetric hydrogenations. Ru-BINAP-MOF was used
in the enantioselective hydrogenation of various substituted
alkenes. BINAP-MOF is a Zr MOF made from dicarboxylate
linkers derived from (R)-(+)-(1,1"-binaphthalene-2,2"-diyl)
bis(diphenylphosphine) (BINAP). This MOF was subsequently
metalated with Ru(cod)(2-Me-allyl), followed by HBr in a post
synthesis procedure to afford the Ru-BINAP-MOF catalyst.
Incorporating the chiral BINAP ligand into the MOF endows
the structure with excellent stereoselectivity. Consequently,
the catalyst hydrogenated the C—C bond of methyl
o-acetamidoacrylate, methyl o-acetamidocinnamate, and
dimethyl itaconate with full conversion and 85%, 70%, and
91% ee, respectively. However, the homogeneous catalyst
used for comparison, Ru(Me,L)(DMF),Cl,, achieved 88%,
81%, and 96% ee under the same conditions. The lower ee
was attributed to residual achiral Ru complex that is trapped
in the MOF framework. This was supported by a leaching test
which showed that a significant amount of Ru leaches out
during a reaction (3.6% vs. 0.1% of Zr).""® The Ru-BINAP-
MOF could similarly be used for the enantioselective
hydrogenation of f-keto ester compounds. The -catalyst
hydrogenated the carbonyl group of methyl-3-oxobutanoate,
ethyl-3-oxopentanoate, and tert-butyl-3-oxobutanoate with
quantitative yields and 97%, 94%, and 96% ee, respectively.
Similar to the reaction with substituted alkenes, the
homogeneous catalyst achieved better ee at full conversion;
Ru(Me,L)(DMF),Cl, achieved >99% ee for all substrates.""?
(d) Selective hydrogenation in tandem reactions. By
embedding metal NPs in functionalized MOFs or by
introducing a second material in addition to the metal
particles, selective tandem reactions can be performed. The
alkaline amino-functionalized IRMOF-3 catalyzes the
Knoevenagel condensation of malonitrile and
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(a) Schematic presentation of cinnamaldehyde hydrogenation reaction. (b) The adsorption modes and binding energies of cinnamaldehyde

on the metal surface of Pt,g@UiO-66-NH,. Reproduced with permission from ref. 126.

4-nitrobenzaldehyde and the subsequent selective
hydrogenation of the nitro moiety is catalyzed by the
embedded Pd nanoparticles. The desired product was
obtained with 86% selectivity over the encapsulated catalyst
whereas selectivity dropped to 71% when the Pd is located on
the surface of the MOF. DFT calculations, displayed in
Fig. 12, corroborated that the MOF preferentially interacts
with the nitro moiety of the substrate which then enters the
pores with the -NO, pointing forward. As a result the
reduction becomes more selective compared to particles on
the surface of the MOF.”

Li et al. used a sacrificial method to etch out part of
the nickel of Pt-Ni alloy in the presence of linkers to
form PtNi@Ni-MOF-74. The catalyst size-selectivity was
beneficial for the tandem reduction of nitroarene and
condensation to imines. Because the imine is larger
than the pore opening of the MOF, diffusion to the Pt-
Ni frame is prevented and overreduction to the
secondary amine is supressed.'*®

The sacrificial method was combined with aspects from
the core-shell procedure by adding a polyoxometalate
(phosphotungstic acid) during the initial phase of forming
PtNi@MOF-74 from PtNi NPs. The resulting system was used

8162 | Catal. Sci. Technol, 2020, 10, 8140-8172

for hydrogenation and esterification reactions. Encapsulating
the metal reduced overhydrogenation whereas incorporating
the acidic polyoxometalate promoted esterification reactions.
PtNi encapsulated in MOF-74 converted p-nitrobenzoic acid
predominately to p-aminobenzoic acid with less
overhydrogenation products than those obtained from the
unencapsulated PtNi branched alloy; this was attributed to a
different adsorption configuration of the reactants on the
catalyst. Phosphotungstic acid incorporated in the MOF
promoted the esterification, resulting in the target product
benzocaine in 81.4% yield."”” PA@MIL-101, prepared by a
double solvent impregnation was used for the tandem
reaction to produce 2-(4-aminophenyl)-1H-benzimidazole.
4-Nitrobenzaldehyde and 1,2-phenylenediamine react over
the Lewis acidic MIL-101 to form the 2-(4-nitrophenyl)-1H-
benzimidazole, this intermediate subsequently passes over
the encapsulated Pd and is reduced to the 2-(4-aminophenyl)-
1H-benzimidazole target product with near quantitative yield.
In contrast, Pd/C did not give any product due to the lack of
acidity whereas MIL-101 only resulted in the intermediate
and hydrogenation did not take place.”® A PdAg@MIL-101
catalyst was prepared in the same manner as the PA@MIL-
101 catalyst. Interestingly, the particle size of the PdAg alloy

This journal is © The Royal Society of Chemistry 2020
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Fig. 12 Theoretical models showing the preferred 4-nitrobenzaldehyde orientation over Pd@IRMOF-3. (a) NO,- pointing towards the MOF. (b)
NO,- pointing away from the MOF. (c) Schematic presentation of converting 4-nitrobenzaldehyde to 2-(4-aminobenzylidene)malononitrile.

Reproduced with permission from ref. 90.

NPs (1.5 + 0.3 nm) was smaller compared to the Pd NPs (2.5
+0.3) nm due to the presence of Ag that reduces aggregation.
PdAg@MIL-101 was used in the one-pot reaction to produce
n-benzylaniline. Nitrobenzene is hydrogenated to aniline
followed by the acid catalyzed imine formation with
benzaldehyde. Pd;Ag;@MIL-101 achieved 90% selectivity to
the target product, while the Pd@MIL-101 catalyst only
achieved 56% selectivity due to the high activity for the
hydrogenation of benzaldehyde. The authors propose that
the presence of Ag slows down the reduction rate of
benzaldehyde. The importance of the Lewis acidity of MIL-
101 was evaluated by the addition of pyridine, which poisons
the acid sites and stops the reaction.”® Pt@UiO-66-NH,
synthesized by impregnation was used for the one-pot
synthesis of nitrones starting from nitromethane and various
benzaldehydes. The Pt NPs are responsible for the
hydrogenation of nitromethane to N-methyl hydroxylamine,
while the NH, substituted MOF catalyzes the subsequent
condensation with benzaldehydes. In the absence of NH,
groups (Pt@UiO-66) the selectivity is low and the main

product is the wundesired hydrogenation product of
benzaldehyde. Furthermore, the activity and selectivity
decrease  significantly if a base probe molecule

(triethylamine) is added, highlighting the importance of the
Lewis acidity of UiO-66-NH,. The importance of
encapsulation was demonstrated by a comparison of
encapsulated Pt@UiO-66-NH, and surface supported PVP-Pt/
UiO-66-NH, or Pt/UiO-66-NH,, which showed decreased
activity and selectivity for the surface supported catalysts.'*®

This journal is © The Royal Society of Chemistry 2020

4. Confining metal active species in
carbon nanotubes

Metallic species confined in carbon nanotubes (CNTs) are
prepared by several methods. Dispersed metallic species in
the channels of CNTs can be achieved by loading metallic
precursors using classical impregnation methods'**™*** or
chemical vapor deposition approaches.®® Other more
complexes synthesis involve the thermal annealing of MOFs
bearing the desired metal.”****® N-Doped CNTs can also be
used for improved metal dispersion, the synthesis methods
include the pyrolysis of metal precursors'®” or MOFs'*® in
the presence of N-containing material such as melamine.
Depending on the synthetic procedure used and on the shape
of the CNTs, the active species can be in the form of metal-
centers (M-N,), NPs, or even a co-activity between exposed
NPs and M-N,. The size of these species varies widely from
<1 nm for the metal centers up to few hundreds of
nanometers for metallic wires.

Selective hydrogenation reactions over metals confined in
CNTs

The strong capillarity forces and relatively large pore openings
of CNTs result in the easy and fast diffusion of reagents into
the channels. Consequently, the reagents are far more
abundant in the proximity of the confined active species than
on the surface (Fig. 13)."*>"*' Additionally, CNTs possess
electron-deficient internal walls due to charge transfer from the
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internal walls towards the external ones. This deficiency is
partially compensated through the interaction with the
confined metallic species that, in turn, become electron
deficient, and consequently, more active towards
hydrogenation compared to surface supported ones.™*> These
factors explain the higher conversions reported over confined
NPs compared to surface supported ones.

The capillary forces and the large pore openings of CNTs,
during impregnation, favor the confinement of the metallic
species in the internal cavities of CNTs. Nevertheless, some
NPs inevitably appear on the external surface as well. To
eliminate this undesired phenomenon, Serp and coworkers
proposed a method to selectively confine NPs inside the
CNTs."* In this example, the external surface of CNTs was
functionalized with amides having long alkyl chains to
induce weak or repulsive interactions with the NPs. Ru-Pt
bimetallic NPs species introduced by
impregnation. These species were stabilized by a 4-(3-
phenylpropyl)pyridine ligand which possesses a pyridyl ring
with an affinity for the surface of the NPs and a phenyl ring
with an affinity for the CNT graphene layers (n-n interaction).
XPS and 3D TEM results revealed full confinement of the Ru-
Pt NPs at 5-11% metal loading and an 80% confinement at
the highest metal loading (23%). The prepared catalyst
selectively  hydrogenated the aldehyde group in
cinnamaldehyde (CAL) with a linear increase of activity as the
metal loading increased. Meanwhile, NPs anchored on the
external surface of CNTs, functionalized with carboxylic acid
instead of the alkyl amide, were less active and selective. The
activity of the confined NPs was attributed to the passivated
outer surface that directed CAL towards the channels; under
high concentration, the CAL molecules are adsorbed
perpendicular to the Pt surface with the aromatic ring in a
parallel arrangement, thereby enhancing the selectivity
towards cinnamyl alcohol.

In CNTs, the interaction of confined metal active species
with the electron-deficient internal walls, and the N-doped
structures of CNTs can create an electronic environment that
allows the adsorption and activation of substrates in a
specific conformation. This effect can promote the selective

active were
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hydrogenation of molecules such as quinoline heterocycle
and multisubstituted nitro arenes. The selective
hydrogenation of the quinoline heterocycle was reported over
Pd NPs incorporated in the tips of CNTs (Pd@CNTs)"** and
over Co NPs encapsulated in N-doped CNTs dispersed on
hollow N-doped carbon polyhedrons (Co@NCT/HNC)."*® The
high selectivity of Pd NPs was attributed to their interaction
with the electron-deficient CNT internal DFT
calculations demonstrated that the inherent electron
deficiency of these Pd NPs favors the preferential adsorption
and activation of quinoline through the electron-rich
nitrogen atom of its heterocycle rather than the benzene ring.
In contrast, the electron-rich exterior surface reduces the
tendency of Pd NPs to adsorb the nitrogen-containing ring,
resulting in non-selective hydrogenation. On the other hand,
the high performance of CoO@NCT/HNC was attributed to the
good Co dispersion, easy transfer of H, to the surface of the
reactant, and to the N-doped structures that weakened the
coordination between N-heteroarenes and Co NPs. The
combination of these factors resulted in the selective
hydrogenation of the quinoline heterocycle in the presence of
bromo, chloro, methoxy, and methyl substituents.

Metal NPs confined in CNTs selectively hydrogenated the
nitro functional group of multi-substituted nitroarenes.
C03;0,/NGr@CNT, comprising Co particles with Co;0, oxidic
shell confined in nitrogen-doped carbon layers, converted
1-iodo-4-nitrobenzene into iodoaniline with 93% yield both
under batch and continuous flow conditions.*** In another
example, a Fe/Fe;C catalyst encapsulated in N-doped CNTs
promoted the selective reduction of the nitro functional
group in multi-substituted arenes. In all cases, the nitro
functional group was selectively hydrogenated over the Fe/
Fe,;C active sites of Fe/Fe;C@N°®CT-900-1."** Based on DFT
calculations, the surface N-sites-that result from doping-
efficiently trap nitrobenzene and aniline (used as models)
by their phenyl groups with adsorption energies of -1.79
and -2.23 eV, respectively.”*® Similar behavior was reported
for the Ni NPs encapsulated in N-doped CNTs, the nitro
substitution was selectively reduced in the presence of
electron-donating or withdrawing groups except for

walls.

Reagents and metal NPs
confined in CNTs

3:3’§ L
R

¢ Reagent

A
3

‘:

‘ee:'fd

“HZ

Fig. 13 Distribution of metal NPs and reagents on the surface and in the cavities of CNTs.
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aldehyde, which was converted into corresponding alcohol
in 74.2% yield.*?

Taking benefit of the capillarity forces of CNTs, several
reports described the use of CNTs as micro-reactors for
asymmetric hydrogenation reactions,'?*'31:14%144  pt Npg
confined in multi-walled (MW) CNTs with open channels
were chirally modified by cinchonidine (CD), which was
present in the internal cavities with a 2700 times higher
concentration than in the bulk solution.”*" This modification
allowed for the asymmetric hydrogenation of ethyl pyruvate
(o-ketoester) with a high TOF (10° h™) and 96% ee. The high
activity and selectivity were linked to the enrichment with the
substrate and the chiral modifier in the proximity of confined
NPs on the one hand, and to the higher affinity of CNTs with
the reagent compared to the product on the other hand. In
contrast, surface supported NPs of similar metal loading,
size, and shape to the confined ones gave rise to much lower
TOF values (~1.5 x 10* h™") and ee (75%). Later on, it was
found that the presence of water traces in the solvent highly
affects both the activity and the selectivity of the confined
catalyst."*® When using anhydrous acetic acid as a solvent,
the TOF and ee were calculated to be 6.2 x 10* h™ and 86%.
Introducing scarce amounts of H,O (acetic acid/H,O = 31)
boosted the TOF up to 9.5 x 10* h™ and the ee to 95%. H,O
molecules were suspected to promote the hydrolysis of
oxygen-containing functional groups (alcohols, aldehydes,
ketones, and acids) from the CNT internal walls and thus
reduced H-bonding interactions with the CD and the reagent.
Therefore, the concentration of chiral modifier in channels
increased to 3900 times the concentration in solution. The
presence of water also enhanced the preferential adsorption
of the reagents by CNTs over the product thus allowing
further conversion of reagents and easier release of the
product. Finally, generating cationic Pt"" in the form of
Pt(ONa), was found to further increase the electronegativity
of the Pt NPs and consequently strengthen the interaction of
NPs with chiral modifier/reactant."®® This resulted in a better
chiral environment on the surface of the Pt nanoparticles
giving rise to high enantioselectivity.

5. Confining metal catalyst in other
host materials

Enhancing the selectivity of metallic catalysts towards
hydrogenation reactions was also achieved through confining
the NPs in other materials such as polymers, silica, and free-
standing metallic structures.

Intermolecular selectivity has mostly been obtained over
particles encapsulated in various polymers and mesoporous
silica. Pt NPs encapsulated in polypyrrole prepared in a
single-step exhibited size selectivity in the catalytic
hydrogenation of substituted olefins. Hydrogenation of
methyl acrylate, dimethyl maleate, diethyl maleate, and
dibutyl maleate over this catalyst showed that the
hydrogenation rate decreases with increasing size of the
substrate."*®> An alumina core surrounded by polyelectrolyte
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films containing Pd NPs was produced by alternating
adsorption of poly(acrylic acid) and a polyethylenimine-Pd(u)
complex followed by reduction of the metal complex with
NaBH,. The film limits the aggregation of the metal particles
while simultaneously imparting intermolecular size selectivity
in the catalytic hydrogenation of unsaturated alcohols. The
authors propose that the access to the NPs relies on specific
paths through the film. Smaller substrates have more
available paths and therefore diffuse faster to the palladium.
The first-order reaction rates are also consistent with
diffusion-limited kinetics. Selectivity could be improved,
albeit at the cost of a decreased hydrogenation rate, by
running the reaction in a water/methanol mixture instead of
pure water. This observation is attributed to decreased
swelling of the polymer in this solvent.'*® Palladium NPs
confined in the cavities of 1,2,3-triazolyl-containing porous
organic polymers prepared with a click reaction (Pd@CPP-C)
or Yamamoto coupling (Pd@CPP-Y) have been used in the
catalytic hydrogenation of olefins to alkanes. Catalytic
hydrogenation of various olefins such as 1-octene, 2-octene,
cyclohexene, and (S)-(-)-limonene revealed a decreasing trend
in catalytic activity with increasing size of the substrates
which was attributed to steric hindrance."*’

Intermolecular selectivity has also been obtained over
particles encapsulated in dendrimers, an example of which are
palladium nanoparticles confined in hydroxyl-terminated
poly(amidoamine) (PAMAM) dendrimers. In this system, the
accessibility to the palladium particles was controlled by the
generation of the dendrimer (Fig. 14). A higher generation
resulted in lower accessibility due to a higher packing density of
the end groups. The hydrogenation of allylic alcohols showed a
general trend of decreasing TOF with larger substrates (allyl
alcohol > 3-buten-2-ol > 1-penten-3-ol > 2-methyl3-buten-2-ol
> 3-methyl-1-penten-3-ol) and more crowded dendrimers (4th
generation > 6th generation > 8th generation)."*®

PdAu alloy nanoparticles encapsulated in poly(propylene
imine) (PPI) dendrimers grafted on MWCNTs similarly
demonstrated intermolecular selectivity. This catalyst was
prepared by introducing Pd and Au precursors into the
dendrimers followed by reduction. An increase of the
dendrimer generation lead to more amino groups and
accordingly, a higher loading of nanoparticles. In the
hydrogenation of a combination of a less and a more
hindered alkene, the less hindered alkenes
preferentially converted at higher dendrimer generation.
Additionally, the PdAu catalyst displayed negligible leaching
and a good reusability over 6 runs.'*

Nanoparticles encapsulated in mesoporous silica were used
in the size-selective catalytic hydrogenation of olefins. Iron and
noble metal NPs confined in mesoporous SiO, tubular
nanoreactors were produced by covering Fe;O,-MWCNTS in
mesoporous silica, and subsequently etching away the CNTSs.
Reducing the iron oxide followed by a galvanic replacement
reaction with noble metals yielded Pd-Fe@meso-SiO,, Pt-
Fe@meso-SiO,, and Au-Fe@meso-SiO, magnetic tubular
nanoreactors. Excellent TOFs were obtained with Pd-Fe@meso-

were
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G40H/Pd(0)

Fig. 14
Reproduced with permission from ref. 148.

SiO, in the catalytic hydrogenation of various olefins, such as
styrene and 4-methylstyrene. However, a lower TOF was
observed in the hydrogenation of (E)-1,2-diphenylethene, which
was attributed to the larger size of this substrate and its lower
reactivity. Furthermore, no dechlorination was observed when
1-chloro-4-vinylbenzene was hydrogenated. The authors
attributed the excellent activity of the catalyst to the increased
local concentration of the substrate."°

Intramolecular selectivity has been achieved over a wider
range of materials compared to intermolecular selectivity and
includes particles encapsulated in polymers, silica, and even
free-standing metallic structures.

Dong et al. used a porous polymer made by polymerizing
cyanuric chloride and benzidine to confine palladium
nanoparticles. A magnetic core coated with dopamine inside
the porous polymer facilitated recycling. The catalyst was
used to hydrogenate substituted nitroarenes, alkynes and
alkenes with  excellent conversion and selectivity.
Furthermore, no dehalogenation products were observed in
the hydrogenation of halogenated nitroarenes."**

Pt and PtSn nanoparticles coated in porous silica by a
polyol method converted crotonaldehyde into crotyl alcohol
with a higher selectivity compared to particles supported on
silica. The preferential hydrogenation of C=O0 in the presence
of C=C was attributed to the confinement effect that reduced
the interaction between the C—=C bond and nanoparticle. In
contrast, the homolog catalyst with NPs anchored on the
external surface demonstrated lower selectivity due to the
equal chances to adsorb C—C and C=O on the surface of
NPs.'”? Similarly, Ni NPs were confined in a silica network
with 4-10 nm and 20-60 nm interparticle pores. The
hydrogenation of cinnamaldehyde over this catalyst resulted
in 65% selectivity to cinnamyl alcohol at full conversion in 1.5
h; meanwhile, it took 10 h to reach full conversion for Ni
supported on SiO, and the selectivity to cinnamyl alcohol was
near zero. The enhanced performance was attributed to Ni-
support interactions and confinement effects.'
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Illustration of size selectivity over NPs confined in a fourth generation dendrimer (left) and a sixth generation dendrimer (right).

Ru nanoparticles supported on high surface area graphite
(HSAG) and encapsulated in mesoporous silica were prepared
by treating Ru/HSAG with a surfactant-directed sol-gel coating
process, cetyl trimethylammonium bromide was used as the
template and tetraethyl orthosilicate as the silica source.
Graphite as a support by itself already enhances the C=0O
hydrogenation over C—=C hydrogenation due to charge transfer
from the support to the metal, thus decreasing the chance of
C=C activation. The encapsulation further increased the
selectivity to the unsaturated alcohol from 50% over Ru/HSAG
to 65% over Ru/HSAG@SiO,. This additional selectivity was
attributed to a suppression of the adsorption of cinnamaldehyde
in a flat configuration by the pores of the silica.’**

MCM-41 was used for enantioselective hydrogenations by
anchoring organometallic complexes inside the pores.
Covalent bonding of (S)-(-)-2-aminomethyl-1-ethyl pyrrolidine
and (1R,2R)-(+)-1,2-diphenylethylenediamine ligands in the
pores of MCM-41 was achieved by first reacting MCM-41 with
Cl5Si(CH,);Br and subsequently reacting the ligands with the
3-bromopropyl tail. Immobilized Rh and Pd catalysts with
these ligands outperformed their homogeneous counterparts
in terms of conversion and ee in the enantioselective

hydrogenation of E-o-phenylcinnamic acid to
2,3-diphenylpropionic acid, and the enantioselective
hydrogenation of methyl benzoyl formate to methyl

mandelate. The enhanced ee was attributed to the anchoring
on the concave interior of the pores, which restricts the access
of the substrate to the catalyst. Access of the substrates to the
metal ions was only favored when the substrate approached
the active sites along the axis of the pores.'>>*

Catalysts for enantioselective hydrogenation were also
prepared by adsorbing ionic liquids containing chiral
organometallic complexes in MCM-41 or highly porous carbons.
IrCl(COD)-(S,S)-BDPP and [IrCl-(S)-BINAP], confined in MCM-41
and porous carbon, and RuCl(p-cymene)[(S,S)-Ts-DPEN]
confined in MCM-41 achieved a higher ee in the hydrogenation
of trimethylindolenine compared to their homogeneous

This journal is © The Royal Society of Chemistry 2020
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Fig. 15 Graphical representation of freestanding Pd structures. (a) Skeletal model of a fragment of single gyroid with /14,32 symmetry. (b) Skeletal
model of a fragment of double gyroid with la3d symmetry. Reproduced with permission from ref. 160.

counterparts. Unfortunately, the ionic liquids and complexes
were prone to leaching which resulted in a decreased ee and
conversion in the recycling reactions.'> Dimethylitaconate was
hydrogenated over [Rh(COD)(R,R)-Me-DuPHOS]|[BF,]/[BMIM]
[BF,[/MCM-41, which resulted in a greater ee compared to the
homogeneous counterpart. Furthermore, the ee (>99%) did not
decrease after recycling the catalyst, however, the conversion
decreased from 22.5% to 7.5%."%’

Enantioselectivity was reported by Liu et al who
encapsulated palladium on carbon (Pd/C) in a silica shell
containing chiral ruthenium species. This encapsulation
promoted  the  enantioselective  carbonyl  transfer
hydrogenation of the various alkynone substrates. The Pd/C
yolk subsequently catalyzed the hydrogenation of the alkyne
moiety. Considering each part solely, the chiral Ru catalyst
was only able to hydrogenate the carbonyl of
(4-(phenylethynyl)phenyl)ethanone. Whereas in the absence
of the Ru catalyst, the encapsulated Pd/C catalyzed the
hydrogenation of the alkyne moiety, but also gave a small
amount of non-chiral alcohol."*®

Free-standing palladium network catalysts with unique
morphologies also  capable of enhancing
enantioselectivity. Hexagonally stacked Pd nanowires were
produced with SBA-15 as template via a double solvent
approach and ordered mesopores were created among the Pd
wires due to this stacking. The catalyst was used in the
hydrogenation of acetophenone in the presence of S-proline,
producing enantioenriched 1-phenylethanol. A maximum ee
of 28.8% was obtained, while an ultrafine palladium black
catalyst only achieved a maximum ee of 16.8%. The authors
explained that the mesopores form a restricted environment
that confines the stereo-configuration of the adsorbed
S-proline-acetophenone adduct. This confinement seemed to
favor the adsorption of the adduct which results in the
R-isomer, thereby enhancing the ee.’*® This reaction was also
performed on freestanding Pd gyroidal structures prepared
with various KIT-6 mesoporous silicates as templates. The

were
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use of KIT-6 templates prepared at temperatures below 375 K
resulted in palladium with a gyroidal morphology (Fig. 15a),
meanwhile the use of KIT-6 prepared at 375 K or above
resulted in a double gyroidal morphology (Fig. 15b).

The authors mentioned that the small pores present in
the double gyroidal structures enhanced the selectivity by
generating stronger steric constraints of the adsorbates and
by improving interactions between the co-adsorbed reactant
and the chiral modifier, which resulted in a maximum ee of
42% in the hydrogenation of acetophenone.'®

6. Concluding remarks

Confining metal active species in solid matrices such as
zeolites, MOFs, carbon nanotubes, and other host materials
efficiently promotes their selectivity towards hydrogenation
reactions. This effect extends from allowing the catalyst to
discriminate reagents based on their size and shape, to
selectively hydrogenating one functional group in multi-
substituted molecules, and even to selectively produce one
stereoisomer. The encapsulant also provides means to
efficiently stabilize the active sites, thus minimizing
deactivation pathways such as metal sintering and leaching.
Advances in this field go hand in hand with the increasing
sophistication on the synthesis of nanomaterials and
understanding of reaction mechanisms.

We foresee a great fundamental interest in metal-confined
catalysts, not only for selective hydrogenation reactions but
also for other metal-catalyzed reactions where selectivity is a
must. Those include selective oxidations, hydroformulation,
dehydrogenation and other organic reactions. Another
fascinating application worth of further exploration is the
encapsulation of several functionalities that act in a
sequential or concerted fashion to perform cascade reactions.
Despite the limited number of reported examples that mostly
encompass a combination of acid/base functionalities with
metal active sites, the results are promising and encourage
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the search for more challenging cascade reactions. Here,
MOFs have a great potential owing to their remarkable
versatility of linkers, which can bring tunable pore sizes and
chemical functionalities.

Among the most widely used synthesis methods, the direct
synthesis (or in situ preparation) is one of the easiest, fastest,
versatile, and potentially more economical for the preparation
of encapsulated catalysts. Core-shell methods generally allow
for a higher metal loading and enable the engineering of
distinct functionalities into the catalysts by introducing shells
of different active sites, thickness and structure. As a downside,
the complexity of synthesis is often translated into higher cost.
Lastly, impregnation methods are facile and easy to
implement, but encapsulation efficiencies are normally
suboptimal. From a practical perspective, one could easily
envisage that encapsulated catalysts may not be as cost
efficient as traditional metal-supported catalysts. Hence, the
synthesis premium can only be justified when the encapsulated
catalyst provides outstanding selectivity and stability that
outcompete other available catalytic technologies. Yet, it is fair
to say that most of the investigations aim to provide an
evidence of concept instead of a cost-effective catalyst.

Nevertheless, there is room for catalyst
improvements. For example, strategies to reduce diffusion
pathlength through the encapsulant may be further
investigated for reactions where the kinetics of mass
transport are dominant. Solutions such as pore
hierarchization, the use of nanosized encapsulants, or
covering metal species with thinner shell should be further
explored. Additionally, more efforts should be devoted on the
use of cheaper hydrogenation metals and to metal atom
efficiency. While most examples are based on encapsulated
NPs, fewer exploit ACs and SAs. Such a decrease in particle
size will promote higher activities and atom efficiencies,
especially when expensive noble metals are used.

Diagnostic tools to evaluate the successful confinement of
metal functionalities are highly important and deserve to be
critically discussed. Catalytic studies can be conducted with
probe molecules unable to diffuse inside of the porous
structure of the encapsulant. The low or negligible
conversion of such substrates is a conclusive sign of full
encapsulation. Yet, the probe molecules must be carefully
selected to avoid partial adsorption and reaction of the
functional group in the catalyst pore mouth. Spectroscopic
techniques, including XRD and TEM are often used as a
diagnosis for metal encapsulation. However, they have several
limitations and cannot be used as a definitive proof. XRD
results are generally used to claim full confinement when
large NPs are absent. The use of NP size as a descriptor for
metal encapsulation is questionable as small NPs can also be
present and stabilized in a non-encapsulated manner. When
using TEM techniques, two-dimensional projections of
catalyst particles should be avoided as a proof of
confinement. Instead, electron tomography (ET) overcomes
this limitation and offer reliable information of the metal
encapsulation in three dimensions. As a drawback, ET is a

extensive
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time-consuming technique and only provides very local
information, therefore obtaining statistically relevant results
is challenging. Other techniques with certain surface
sensitivity such as X-ray photoelectron spectroscopy (XPS)
should be carefully interpreted considering that the
information depth is a few nanometers. We consider that
more surface specific tools, e.g., time-of-flight secondary ion
mass spectrometry (TOF-SIMS)'®* and specially high
sensitivity low energy ion scattering spectroscopy (HS-LEIS)"'®*
will be of high value for the detection and quantification of
non-encapsulated NPs. Overall, it appears that several
diagnostic tools are needed to give an unequivocal answer on
the encapsulation of metal functionalities.

Lastly, we advocate for a more rational design of
encapsulated catalysts, based on a deeper understanding of
the catalytic event. Advanced electron microscopy studies will
be crucial to investigate structure of the metal functionality
in confined voids. In this field, seminal contributions by the
groups of Corma,'®® Han,'® and Terasaki'® are paving the
way for studying metal active sites at the atomic level.
Detailed spectroscopic studies are expected to bring
complementary structural information about the active
confined void, and to unravel the structure of the adsorbed
reactants and transition states. These methods, combined
with theoretical calculations will provide guidance for the
synthesis of novel encapsulated catalysts. Also monitoring
the assembly of encapsulated materials under synthesis
conditions will help to understand the parameters governing
the location and encapsulation of the metal active species.
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