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ABSTRACT: Transition metal—zeolite composites are versa-
tile catalytic materials for a wide range of industrial and lab-
scale processes. Significant advances in fabrication and
characterization of well-defined metal centers confined in
zeolite matrixes have greatly expanded the library of available
materials and, accordingly, their catalytic utility. In this review,
we summarize recent developments in the field from the
perspective of materials chemistry, focusing on synthesis,
postsynthesis modification, (operando) spectroscopy charac-
terization, and computational modeling of transition metal—
zeolite catalysts.

B INTRODUCTION

Why Zeolites? Single-site catalysts are the materials to
bridge the gap between homogeneous (highest activity per
active site, well-defined active sites, proper reaction mechanistic
understanding) and heterogeneous (cheap, recyclable, and
stable catalysts) branches of the catalysis science.' > Zeolite-
based catalysts are important members of the single-site
heterogeneous catalysts’ family.* First of all, the pores and
channels of molecular dimensions bring about the shape
selectivity; that is, the reactions inside zeolites depend on how
well the products/intermediates/reactants fit within the
pores.” Second, small pores of zeolites allow preparation of
well-defined nanoparticles and sub-nanoparticles of catalytically
active transition metals. Further, isomorphously substituted
zeolites contain catalytically active Bronsted and/or Lewis acid
sites that are also suitable for the coordination of highly
dispersed transition metal centers. Finally, the relatively high
(hydro-)thermal stability of zeolites allows for performing
reactions under harsh conditions in both gas and liquid
phases.” ™" All of these properties make zeolites preferable
catalytic materials for many industrially and environmentally
important reactions. The catalytic applications of zeolites have
been extensively discussed in a number of excellent reviews
devoted to such processes as oil refinery,'"'> biomass
conversion,>* direct valorization of natural gas,ls’16 meth-
anol-to-hydrocarbons process,'”” ™" and selective catalytic
reduction of nitrogen oxides.”"**

Synthesis of transition metal moieties inside the zeolite pores
is challenging since typical organometallic purification
approaches of recrystallization, extraction, or distillation are
not applicable. The preparation of such moieties must be
therefore intrinsically selective. To achieve this, the molecular
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Shape Selectivity

factors that govern the formation and stability of particular
inorganic species inside the zeolite pores need to be
understood. This review focuses on the material science aspects
of the synthesis and understanding of well-defined transition
metal catalysts confined in zeolites. The review is organized as
follows. We first introduce the general aspects of metal
encapsulation inside the zeolite pores and discuss the main
advantages of zeolites compared to nonmicroporous carriers.
Then key synthesis techniques together with various chemical
and structural modification approaches used in zeolite
chemistry will be reviewed. This will be followed by the
discussion of the recent advances in physical-chemical
characterization and computational modeling of metal—zeolite
composites. The final section of this review will present a
general summary and provide an outlook on the future of the
multiscale engineering of zeolite-based catalysts.
Zeolite-Based Well-Defined Transition Metal Cata-
lysts. Zeolites are crystalline microporous silicate materials.
There are currently over 230 zeolite topologies listed in the
Database of Zeolite Structures.”” The variety of pore
architectures results in different pore sizes, dimensionality of
the channel system (from 0D to 3D), cages, pockets, and other
structural features (Figure 1). From the catalytic perspective,
these features greatly influence the chemical reactions,
occurring within the microporous space, mainly because of
shape-selectivity effects and coordination of active metal sites. It
is possible to exploit the shape selectivity and specific metal—
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SOD (6MR)

CHA (8MR)
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Figure 1. Zeolite topologies with different pore architectures: SOD with 6-membered ring (6MR) pores of 2.8 A; CHA (3.8 A); MFI (~$.5 A); FAU

(7.4 A); UTL (~9.5 A); and ETR (10.1 A).

zeolite interaction to prepare well-defined and highly effective
catalysts.

Shape Selectivity. Shape selectivity is a unique feature of
crystalline microporous materials that frequently has a great
impact on their catalytic performance, even allowing for certain
reactions to be performed that would otherwise have been
impossible. A relevant example is methane dehydroaromatiza-
tion (MDA) which represents an attractive technology for the
direct valorization of natural gas. This reaction is catalyzed by
highly dispersed semireduced Mo sites stabilized within the
zeolites micropores. Non-zeolitic materials are not efficient for
the MDA reaction and only lead to the formation of graphitic
compounds (coke). The superior performance of the zeolite
catalysts is associated with three main factors: (i) high thermal
stability of the zeolite carrier, (i) strong metal—support
interactions, and (iii) suitable shape-selectivity properties.
Thermodynamics dictates that non-oxidative conversion of
methane to benzene can only be achieved at very high
temperature (>700 °C). This makes the thermally stable
zeolites suitable supports for the active Mo phase. Further,
since the reduced Mo centers tend to agglomerate and form
large and inactive particles at elevated temperatures, the strong
interaction between the metal and the [AlO,]” tetrahedra are
crucial for the efficacy of Mo/zeolite composites.”* Last and
most important, the confinement of the Mo sites inside the
pores of the appropriate size is imperative for the selective
formation of benzene and not the thermodynamically favored
coke.”® Figure 2 demonstrates the catalytic performance of 5%
Mo/zeolite catalysts of the same chemical composition, but
varying pore dimensions.”® Only when Mo centers were
dispersed in the channels of MFI zeolite (pore diameter ca. 5.5
A, size of benzene molecule ca. 5.5 A) was a significant
production of benzene observed. Clearly, MFI pores are large
enough for benzene to diffuse out, while being small enough to
hinder the extensive formation of polyaromatic species
eventually blocking the pores. Mo/MOR with pores of about
7 A displays low benzene selectivity because they cannot
restrict the growth of two-dimensional polyaromatics. In turn,
the low efficiency of Mo/CHA is related to the inability of
benzene to leave the small (3.8 A) pore openings.
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Figure 2. Results of methane dehydroaromatization (MDA) tests over
5%Mo/zeolite catalysts with the same chemical composition. Benzene
yields with the inset demonstrating pore openings of corresponding
zeolites (a) and overall product distributions obtained during 16 h
tests (b). Conditions: 700 °C, atmospheric pressure, 0.3 g of catalyst,
CH, WHSV 2.0 h™". Adapted with permission from ref 26. Copyright
2016 American Chemical Society.

Another representative example of the shape-selectivity
effects is provided by a recent work of Zhang et al, who
encapsulated Pd nanoparticles inside the 12MR pores of zeolite
Beta (BEA) to obtain an efficient catalyst for the selective
hydrogenation of functionalized nitroarenes.”” Pd@Beta
catalyst displayed a remarkable selectivity to functionalized
aminoarenes (Figure 3). Importantly, Pd@Beta significantly
outperformed the benchmark Pd/C catalyst in terms of
catalytic stability. The authors attributed the observed drastic
activity enhancement for Pd@Beta to the sterically selective
substrate adsorption inside the zeolite channels, which favors
the interaction between the nitro group and the active Pd
species.

The shape-selectivity effects are very common in the field of
zeolite catalysis. Besides the product selectivity discussed above,
shape selectivity toward reagents, intermediates, and even
poisons in zeolite catalysts have been reported.”*” The ability
of zeolite architectures to stabilize/confine organocatalytic
molecules enables the fascinating chemistry of a hydrocarbon

pool mechanism.>”*" This reaction pathway is at the basis of
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Figure 3. Substrate conversions (%) and product selectivities (colored
columns and numerical values) for the hydrogenation of variously
substituted nitroarenes and chlorobenzaldehyde on various catalysts.
Adapted with permission from ref 27. Copyright 2017 Wiley.

the methanol-to-hydrocarbon conversion processes, and it has
recently been found to play a role in the MDA reaction as
well”? To enable the advantageous shape-selectivity effects
during catalytic reaction over transition metal sites, the latter
should remain inside the pores. This can be complicated
because initially dispersed metal atoms/clusters tend to diffuse
out of the pores and agglomerate on the zeolite external
surface. In the next sections, we will discuss how the intrinsic
chemical and physical properties of the zeolite frameworks can
be exploited to stabilize the well-defined metal centers.

Coordination and Encapsulation of Active Sites.
Isomorphous substitution of Si atoms in the zeolite framework
by trivalent elements (typically Al, although B, Fe, and Ga can
also be applied) introduces a negative charge on the lattice that
needs to be balanced by a positively charged counterion. When
the charge-balancing is provided by a proton, a Brensted acid
site is formed.> Alternatively, the negative lattice charge can be
balanced by any other cationic species including a metal cation
or a cationic metal complex giving rise to isolated and often
catalytically active transition metal centers, ie., single-site
catalysts. Polynuclear copper-oxo clusters stabilized by the
zeolite [AlO,]” tetrahedra exemplify this concept.

These clusters mimic copper-oxo complexes that are present
in methane monooxygenase and are very efficient catalysts for
the selective oxidation of methane to methanol,>* among other
applications.”> Figure 4 shows a [Cuy(u-0);]*" complex
stabilized by two [AlO,]” tetrahedra at the pore mouth of an
8MR side pocket of zeolite MOR. Grundner et al. prepared
these well-defined complexes by ion-exchange of an H-form
MOR zeolite with an aqueous solution of copper(II) acetate,
followed by a thermal activation in oxygen flow. Due to a high
concentration of uniform Cu-oxo clusters stabilized in a
relatively low-silica. MOR zeolite matrix (Si/Al = 11), the
obtained Cu-MOR catalyst demonstrated a remarkable activity,
selectivity, and recyclability in a two-step oxidation of methane
to methanol.*® The authors hypothesized that the proper
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Figure 4. Structure and location of [Cuy(u-O);]** cluster in mordenite
predicted by density functional theory (DFT) modeling. The zeolite
model contained paired (type I) and isolated (type II) Al atoms
located at the pore mouth of the side pocket. The cluster is stabilized
by two anionic centers due to Al'g; lattice sites at the entrance of the
MOR side pocket (b) so that the extraframework oxygens responsible
for the initial C—H activation are pointing toward the main channel of
MOR (a). The charge due to the remaining Al'; is compensated by
acidic protons resulting in BAS formation. Adapted with permission
from ref 36. Copyright 2015 Macmillan Publishers Limited.

confinement of the Cu-oxo clusters at the side pockets of MOR
contributed to the enhanced activity as well.

In addition to chemical stabilization via strong basic lattice
sites ligation,?ﬁ’38 zeolites can stabilize the metal centers
mechanically, that is by encapsulating them. Diffusion of
metal atoms/clusters through small zeolite pores is significantly
restricted as compared to open surfaces of typical supports.
Once the active phase is dispersed inside the zeolite, whether in
situ or during a postsynthesis modification, the zeolite
framework will protect it from sintering even at elevated
temperatures. Li et al.”” employed such an approach to prepare
Pt nanoparticulate catalysts with an exceptional thermal
stability. Figure S5 shows electron microscopy images and
corresponding size distributions of Pt nanoparticles dispersed
inside nanoshells formed by the MFI zeolite and on a
conventional silica support activated at different temperatures.
Encapsulation inside the zeolite pores makes Pt@nanoshell
material completely stable against the metal phase sintering
even under reductive conditions at a temperature as high as 750
°C. This finding highlights one of the key advantages of metal—
zeolite hybrids: strong stabilization of the active transition
metal phase by the crystalline zeolite framework.

B ENGINEERING WELL-DEFINED ZEOLITE
CATALYSTS

Given the extreme breadth of the field of zeolite catalysis, a
thorough and complete discussion of all the relevant reactions
that can be catalyzed by transition metal—zeolite composites is
neither practical nor realistic within this review. Table 1 shows
some selected applications, interesting from industrial,
fundamental, or environmental perspectives. We encourage an
interested reader to refer to the review papers and book
chapters we refer to in Table 1 for a detailed discussion and
extensive literature overview.

Metals from across the periodic table have been confined
inside the zeolite pores. Figure 6 shows distribution of indexed
publications, related to specific elements, applied as catalysts in
combination with zeolites. The largest number of articles
expectedly belong to the proton forms of Al-containing
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Figure S. Transmission electron microscopy (TEM) images of Pt@nanoshell reduced at 500 °C for 2 h (a) and 750 °C for 10 h (b) under H, and Pt
particle size distributions of the two materials (c). TEM images of a commercial Pt/SiO, catalyst reduced at 500 °C (d) and 750 °C (e) under the
same conditions as those for Pt@hollow and Pt particle size distributions (f) of the two materials in (d) and (e). The particle size distributions have
been modeled using a Normal law from the measurements on 400 particles. Adapted with permission from ref 39. Copyright 2015 Elsevier.

Table 1. Selected Catalytic Applications of Transition Metal—Zeolite Composites, with Active Metals Listed Separately

selected applications

oil processing

hydrocracking
naphtha reforming

paraffin aromatization

natural gas processing

methane dehydroaromatization

selective oxidation of methane to methanol

biomass conversion

conversion of carbohydrates to S-hydroxymethylfurfural, y-valerolactone, and lactic acid

environmental applications

selective catalytic reduction (SCR) of nitrogen oxides (deNO,)
(photo-)catalytic removal of volatile organic compounds (VOC)
deep catalytic oxidation of water pollutants

catalytic combustion of CO and hydrocarbons

synthesis of chemicals and chemical building blocks

shape-selective/bifunctional Fischer—Tropsch synthesis
olefin epoxidation

benzene to phenol oxidation with N,O

selective hydrogenation of nitroarenes

Diels—Alder reactions

Baeyer—Villiger oxidation of ketones, Meerwein—Ponndorf—Verley—Oppenauer reactions

metals ref
Ni/Mo, Ni/W, Pt, Pd 40
Pt (promoted with Re, Sn, Ir, Ge, etc.) 41
Ga, Zn, Ag 42
Mo, Re, Fe 43
Cu, Fe 44
Sn, Ti, Zr 45
Cuy, Fe, Ag, Co 46
Ti, Cu, Pt, Pd 47
Cuy, Fe 48
Pd, Ni 49
Co, Fe, Ru NV
Ti, 51
Fe, Ti 52
Pd, Pt 53
Zn, Cr, Ga, Cu, Zr 54
Sn, Ti, Zr 5§

zeolites—typical Bronsted acid catalysts that reside outside of
the scope of this review. Among transition metals, such
catalytically prominent elements as Cu, Pt, Fe, Ni, Ti, Pd, Co,
and Mo are expectedly on top of the list.

Figure 7 schematically illustrates three conceptually different
transition metal—zeolite composites:

(i) Isolated metal (oxide, carbide, nitride) (sub-)-
nanoparticles.

(ii) Ion-exchanged cations, mono- or oligonuclear (oxo)
complexes, stabilized on the [AlO,]” tetrahedra.

(iii) Single heteroatoms substituted into the zeolite frame-
work.

Each of these composite configurations is characterized by
specific chemical, physical, and catalytic properties. Many
approaches have been developed for the well-defined synthesis
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of these materials, i.e., preparation of zeolite—metal composites
with uniform metal sites. In the following section, we will
discuss some of the most common synthesis techniques,
including ion-exchange, chemical vapor deposition, isomor-
phous substitution, and direct encapsulation of metal
complexes.

lon-Exchange, Chemical Vapor Deposition, Ligand
Exchange. Favored for its simplicity and economic advantages,
wetness/wet impregnation with solutions of metal salts is the
most straightforward and the most frequently applied method
to introduce transition metal centers into the zeolite crystals. In
the absence of specific metal—zeolite interactions, however,
impregnation leads to an uncontrolled distribution of the metal
sites both inside the pores and on the external surface.
Therefore, for the synthesis of truly well-defined catalysts, more
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Figure 7. Possible zeolite—metal composite configurations.

sophisticated techniques are preferred. Ion-exchange is
historically one of the first methods of introducing the
transition-metal sites inside the zeolites pores. Typically, ion-
exchange is performed in an aqueous medium using successive
cycles of treatment with an excess of a targeted cation and
washing. If the cation to be exchanged can be removed upon
calcination (for example, H* as H,O) a solid-state ion-exchange
(SSIE) method can be applied as well. Typically, in the SSIE
method, zeolites and metal precursor (oxides, halides, etc.) are
mixed and treated at high temperature to promote the diffusion
of cations inside the pores, driven by elimination of water or
volatile hydrogen halides upon the ion-exchange.’”® The
advantages of the SSIE method include a decreased number
of steps as compared to the wet ion-exchange (since no
intermediate washing or calcination are necessary), and the
possibility to use cations that are difficult to ion-exchange in the
aqueous medium.’”*® Furthermore, it is much easier to control
the number of the exchanged metal sites by simply varying the
amount of metal precursor during the SSIE.>” Shwan et al.
recently demonstrated that the SSIE method can be greatly
improved by controlling the gas-phase atmosphere during the
thermal treatment step.”” The authors were able to lower the
temperature necessary for the production of several Cu-
exchanged zeolites (MFI, BEA, CHA) from 700 to 800 to
250 °C by performing the treatment in a flow of nitrogen with
530 ppm of NH;. With this approach, well-defined Cu/zeolites
active for NH;-SCR were obtained. The authors hypothesized
that the formation of [Cu(I)(NH;),]* species improved the
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mobility of the Cu phase and therefore considerably decreased
the required SSIE temperature. This method can undoubtedly
be applied to various zeolite frameworks and very likely to
different metals as well.

Chemical vapor deposition (CVD) is a related technique that
allows preparation of well-defined and often single-atom
catalysts.”’ One method to perform CVD is by reacting a
volatile and reactive metal precursor (chloride, carbonyl, alkyl,
etc.) with a zeolite under anhydrous conditions and elevated
temperatures. A stoichiometric chemical reaction between the
Bronsted acid sites and reactive precursor leads to a selective
deposition of metal cations. In this manner, it is possible to
synthesize zeolites modified with, for example, Zn (using
dimethyl zinc as precursor),62 Sn (SnCl,),** Ga (Ga(CH,),),”
Re (NH,ReO,),” and Ni (Ni(CsHs),).”® Cyclopentadienyl
complexes are also linked to another class of techniques that
can be called ligand exchange: adsorption of metalorganic
complexes onto the surface of zeolites that, upon (partial)
decomposition, can migrate inside the pores, eventually
forming a complex with the zeolite frameworks by exchanging
or interacting with Bronsted acid sites.”” Gates and co-workers
have mastered this synthesis strategy and prepared a series of
well-defined single-site and single-atom catalysts. The library
includes metal (Rh,% Ir,” Au,”” Pt,”" etc.) single atoms and
clusters of different nuclearity prepared from commercially
relevant alkyl, acetylacetonate, and carbonyl precursors and
stabilized by HY zeolite, MgO, or CeO, among others. Gates
and co-workers also demonstrated a clear advantage of using
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Figure 8. (A) Illustration of the preparation of Pt@MCM-22. During the swelling process of layered MWW zeolitic precursors, a solution containing
sub-nanometric Pt species is added. MWW layers are expanded by the surfactant (hexadecyltrimethylammonium, CTMA+OH-), and sub-
nanometric Pt species are also incorporated into the internal channels between individual MWW layers. Removing the organic agents will lead to the
formation of 3D Pt@MCM-22, in which sub-nanometric Pt species are confined in the external cups on the surface or encapsulated in the supercages
of MCM-22. (B) HAADF-STEM images of Pt@MCM-22. Scale bars, 20 nm (left) and S nm (right). (C) HAADF-HRSTEM image of Pt@MCM-
22, where two zoom-ins are shown in the square regions (marked in green (#1) and yellow (#2)). In these two areas, several single atoms have been
highlighted. Scale bar, 2 nm. Adapted with permission from ref 101. Copyright 2017 Macmillan Publishers Limited.

crystalline zeolite materials as supports—ligands for the
stabilization of the metalorganic catalysts. The authors showed
that anchoring metal complexes to the crystalline zeolite
framework results in a much higher sintering resistance as
compared to an amorphous silica-alumina phase and
exemplified this effect by a highly stabilized Ir(CO),/HY
complex formed from an Ir(CO),(acac) precursor.”

Isomorphous Substitution. Unlike other metal—zeolite
configurations that exclusively lead to extraframework species,
the isomorphous substitution approach permits creating truly
single framework metal sites. The most common heteroatom
applied for the isomorphous substitution is obviously trivalent
Al Apart from charging the framework, which can then be
balanced a cation, Al does not bring any special catalytic
properties. Other trivalent elements such as B, Fe, Ga, and La
can be also introduced into the framework, resulting in varied
lattice basicity and stability.”>”* For the purposes of this review,
we will focus on tetravalent elements Ti and Sn that, upon
substitution in the framework, form stable and strongly Lewis
acidic single sites.

Ti-containing MFI zeolite, often referred to as TS-1, is one of
the most prominent isomorphously substituted zeolite catalysts.
TS-1 is a particularly efficient single-site (photo-)oxidation
catalyst, active and selective, among other reactions, in
epoxidation of olefins, hydroxylation of phenolics, and oxidative
desulfurization.”>”® TS-1 is usually synthesized by a bottom-up
approach, ie, direct incorporation of Ti into the zeolite
framework during the synthesis, using alkoxide Ti precursors.”’

3182

Following TS-1, isomorphously substituted Sn-zeolites (partic-
ularly Sn-Beta) have attracted significant attention as superior
catalysts for the conversion of biomass derived oxygenates into
valuable chemical building blocks. The advantages of zeolite-
based Lewis acid catalysts for the conversion of bioderivatives
stems from the fact that, unlike conventional oil refinery, the
biorefinery should deal with aqueous solutions.”® Therefore,
biorefinery catalysts must be able to withstand hydrothermal
conditions and favor the selective adsorption of oxygenates
over water.””*° High-silica zeolites, in addition to being
hydrothermally stable, are intrinsically hydrophobic, and can
even be nearly ultrahydrophobic upon surface modification,®'
making the high interest in Sn-Beta catalysts understandable.
Due to its larger atomic diameter, it is significantly more
difficult to incorporate Sn directly into the silicate framework.*”
Top-down approaches that allow faster preparation and higher
achievable framework Sn content are more practical for the
synthesis of highly active Sn-Beta catalysts.”> For example, van
der Graaff et al. used a method in which the dealumination of
Al-Beta nanocrystals is followed by impregnation with SnCl, to
occupy silanol nests formed upon dealumination. With this
method, it was possible to obtain framework Sn content as high
as 5 wt % in the absence of extraframework Sn species. The
resulting catalysts were found to be highly active in conversion
of 1,3-dihydroxyacetone to methyl lactate.**

Encapsulation. Ship-in-a-bottle synthesis techniques have
attracted significant attention as a versatile method to create
well-defined transition metal particles/clusters/ion complexes
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confined inside the zeolite pores. This direct encapsulation
strategy is often advantageous because of the reduced number
of synthesis steps required for the material preparation and high
uniformity of the resulting metal centers. There are several
approaches to the metal encapsulation. The most straightfor-
ward strategy is to stabilize the metal atoms/clusters in the
form of an organometallic complex that can be mixed with a
structure-directing agent (SDA). These are then added to the
synthesis mixture during the hydrothermal zeolite growth.
SDAs or templates are organic molecules (usually quaternary
ammonium cations) that are applied to stabilize the desired
zeolite topology during the hydrothermal synthesis.*>*® In this
regard, metal complexes can act as single SDA, co-SDA, or can
be just confined inside the pores of growing zeolite without
directing the structure.®’ One of the most important
parameters during the ship-in-a-bottle synthesis is the stability
of the metal complex during the zeolite synthesis, usually
carried out under strongly alkaline conditions and at elevated
temperatures. The in situ encapsulation method in different
modifications has been applied for the synthesis of a large
variety of metal—zeolite composites, including metal complexes
confined in zeolites, metal oxide, and metal (sub-)nanoparticles
(after decomposition and reduction of the precursor complex,
respectively). Notably, metal clusters, prepared from ethylene
diamine or ammonia precursors and encapsulated in the
cavities of zeolites, such as (Pt, Pd, Rh, Ir, Re, Ag, Au and
C0;0,)@LTA,** ™ Pd@silicalite-1,”" and (Pt, Pd, Ru, Rh)/
(SOD, GIS)”* have been reported. Recently, preparation of a
bimetallic (Ni,Co)-Pd@silicalite-1 catalyst, from the respective
Ni and Pd ethylenediamine complexes, with greatly improved
activity in selective formic acid decomposition to CO, and H,,
has been reported as well”> Apart from using nitrogen-
containing ligands, mercaptosilanes such as (3-mercaptopro-
pyl)trimethoxysilane are suitable molecules for the stabilization
of metals during the hydrothermal zeolite synthesis. Strong
bonding of the mercapto-group to transition metals and
copolymerization of the alkoxysilane group with the zeolite
organosilane precursor ensures effective encapsulation of highly
dispersed mono- and bimetallic”* metal centers.”>”°
Recrystallization of the zeolite in the presence of a metal
precursor and related techniques present another approach to
encapsulate nanoparticles and even single atoms inside the
zeolite.””~? For instance, Liu et al. applied a process of 2D-to-
3D transformation of MCM-22 (MWW) zeolite'” to confine
Pt sub-nanoparticles inside the pores. Two-dimensional MWW
layers can be prepared by using surfactant molecules. Lie et al.
mixed the 2D MWW precursor with a dispersion of sub-
nanometer Pt particles in DMF. Once the surfactant was
removed by calcination, the 2D MWW precursor transformed
into a 3D MCM-22 structure with the Pt species encapsulated
inside (Figure 8). By using high-resolution electron micros-
copy, X-ray absorption, and fluorescence emission spectrosco-
py, the authors found that the obtained Pt@MCM-22 catalyst
contained Pt as sub-nanoclusters (ca. 80%) and single atoms
(20%). Eventually, Pt@MCM-22 displayed a high activity in
shape-selective hydrogenation of light olefins and a remarkable
stability during oxidation—reduction cycling at 650 °C."""
Hollow zeolites are an emerging type of structured zeolite
materials with improved diffusion properties, achieved by
reducing the thickness of the microporous wall.'’” In addition
to enhanced catalytic efficiency, hollow zeolites can be used as
nanocontainers to confine and stabilize well-defined small metal
nanoparticles.'”® Recently, Tuel and co-workers developed and
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optimized a synthesis strategy to prepare Co, Ni, Cu, Ag, Pt,
and Au'®*"""" nanoparticles confined in hollow ZSM-5 and
silicalite-1 crystals by impregnation of parent microporous
zeolite crystals with the solution of a metal salt, followed by
desilication—recrystallization with TPAOH solution, calcina-
tion, and reduction. The resulting yolk—shell materials were
defined by a very narrow and controllable metal particle size
distribution (achieved by varying the concentration of the metal
salt solution), complete confinement of nanoparticles inside the
zeolite shell, and, consequently, high resistance to sintering
even upon high-temperature reductive treatment. Seemingly,
the only drawback of this simple and scalable method is a
difficulty to achieve a high metal loading in the final catalyst.

Overall, further development of encapsulation techniques
will certainly lead to an expansion of the library of metal as well
as metal oxide, carbide,'”® sulfide,'” etc., catalysts that can be
confined inside the zeolite pores, for performing various
catalytic reactions in a shape-selective manner.

Tuning the Zeolite Properties. Numerous modification
techniques have been developed to tune the chemical, textural,
and structural properties of the zeolite-based catalysts. Here, we
will briefly discuss recent developments in the pre- and
postsynthesis modifications of zeolitic materials.

Controlled Distribution of T Atoms. Controlling the
distribution of T atoms within the framework is a fine
approach to adjust the coordination and therefore the
properties of the transition metal sites inside high-silica zeolite
pores. Several promising methods to regulate the distribution of
T atoms (primarily Al) within the framework during the
hydrothermal synthesis and to determine this distribution have
been developed.''” The distribution of Al atoms can be tuned
from two perspectives: selective occupation of certain crystallo-
graphic sites or positions within the crystal (in cavities,
intersections, channels, or pockets), and the positioning of Al
atoms with respect to other Al atoms.

Distribution of Al atoms within the framework can be
controlled by varying template molecules or mixing different
templates. Since isomorphous substitution of Al is accompanied
by the positive charging of the framework, an inorganic (Na®,
K, etc.) or organic (SDA) cation has to be present during the
synthesis to ensure the Al incorporation. This phenomenon
gives rise to several elegant synthetic strategies of directing the
Al atoms. For instance, the most studied framework MFI is
typically synthesized in the presence of tetrapropylammonium
(TPA*). This bulky cation does not fit the MFI channels and
directs the growth of the structure by residing in the spacious
intersection of straight and sinusoidal channels. Therefore, if
TPA" is the only cation present during the synthesis of MFI,
the Al is preferentially introduced in the intersections. If small
Na* cations are added to TPA*, Al is distributed more or less
evenly throughout the framework."'" However, if TPA" cations
are replaced by pentaerythritol (an uncharged tetraol molecule
which is geometrically similar to TPA*) and Na* is added, Al
preferentially sits inside the channels.''* At the same chemical
composition and pore topology, the ZSM-5 samples with
preferential Al location display significantly different catalytic
properties, allowing the design of improved catalysts.""’
Conceptually similar approaches were apglied to prepare such
zeolites as CHA,"'* FER,''® and RTH"'® with preferential Al
distribution.

Generally, the Lowenstein rule prohibits the formation of Al-
O-Al linkages within the zeolite framework, although it was
proposed that some violations of this rule are theoretically
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possible."'” Even without breaking the Lowenstein rule, the
presence of Al in Al-O-Si-O-Al and Al-O-(Si-O),,;-Al (so-
called Al pairs), or in Al-O-(Si-O),-Al (n > 3, isolated Al atoms)
fragments (Figure 9), is critical for the catalytic properties''®
and particularly for the stabilization of transition metal cations.

Al pair: Al-O-(Si-O)n-Al

Figure 9. Some possible configurations of Al distribution within MFI
framework.

In short, a pair of Al atoms in close proximity to each other
are able to balance the charge of a divalent (oxo-)cation, while a
single or isolated Al atoms cannot. Recently, in a series of
papers, Wichterlova and co-workers reported a way to control
the pair/isolated Al distribution. The authors found that, by
enhancing the polarization of TPA" cations with smaller
counteranions (Cl~ instead of NO*), or by using Al precursors
giving rise to dimeric Al species, it is possible to maximize the
number of Al pairs. Alternatively, at high concentrations of Na*
and in the presence of reactive Al-oxo monomers, the
formation of single Al sites was predominantly observed."'*'*’

The possibility to control the distribution of Al atoms is
particularly important for the synthesis of well-defined
transition metal centers. Generally, Al pairs provide stronger
stabilization for polyvalent metal and metal-oxo cations than
isolated Al sites. The framework incorporation of Al as pairs or
isolated sites was recently utilized for the preparation and
characterization of distinct reactive transition metal sites in
Mo/ZSM-5,"*' Co/Beta,'*” and Cu/SSZ-13"** systems.

Core—Shell Structuring. The external surface of zeolite
crystals usually contains the same functional groups as the pore
interior—most notably Brensted acid sites. Therefore, the
activity of a zeolite’s external surface is not negligible. Since the
shape selectivity does not play a role outside of the pores, this
activity often leads to the unselective reactions, decreasing the
overall efficiency of a catalytic process.'”* Core—shell
structuring combining an active zeolite core and an inert shell
is a smart solution to this problem.125 As an example,
Ghorbanpour et al. recently reported a method to prepare an
ultrathin epitaxially grown shell of silicalite-1 (pure-silica MFI)
over ZSM-5 nanocrystals.'”® The authors determined the
epitaxial growth rate and were able to grow a high-quality
silicalite-1 film as thin as a few nanometers on the surface of
ZSM-5. As a result, the obtained ZSM-5@silicalite-1 material
had a completely inactive external surface without compromis-
ing the intrinsic microporous activity. This result was evidenced
by an unaffected rate of acidic acid ketonization over the
composite catalyst (acetic acid is a small molecule that can
diffuse through the MFI pores), and nearly zero activity in
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cracking of large triisopropylbenzene molecules (Figure 10).
Core—shell structures comprising two different zeolite top-
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Figure 10. (A) Superimposed EFTEM mapping of annealed ZSM-5@
silicalite-1 crystals prepared with a 10 nm silicalite-1 shell. The
elements are color coded: Al (red) and Si (green). (B) HRTEM image
of a core—shell crystal reveals the presence of lattice fringes that extend
from the exterior to the interior of the particle without any
discontinuity. The orientation of fringes (1.1 nm periodicity) is
highlighted by the white lines. Gas-phase turnover frequency (TOF) in
a flow reactor of (C) 1,3,5-triisopropylbenzene and (D) acetic acid
over H-ZSM-S@silicalite-1 prepared with a 10 nm silicalite-1 shell, as
well as the H-ZSM-5 core. The reactions were performed at 1 atm
after pretreating the catalyst in He flow at 300 °C for 1 h to remove
physisorbed water from the catalyst surface. Cracking of triisopro-
pylbenzene (C) was done at 400 °C and ketonization of acetic acid
(D) was done at 320 °C. Adapted with permission from ref 126.
Copyright 2015 American Chemical Society.

ologies that are promising materials for shape-selective catalysis
and adsorption applications have also been reported.”” With
respect to transition metals, encapsulation of Fe/ ZSM-5"*® and
Mo/ZSM-5"*" with a silicalite-1 film was shown to result in
improved NH;-SCR and MDA performance, respectively,
explained by the decreased external surface activity.
Hierarchical Structuring. Diffusion limitations often com-
plicate the conversion of organic molecules, with the severity of
these limitations more pronounced for bulky ones. Hierarchical
structuring, i.e,, creating zeolite materials having more than one
level of porosity, is a conventional approach to enhance the
diffusion and therefore catalytic properties of zeolite materi-
als."*” Remarkable progress has been achieved in the synthesis
and understanding of hierarchical zeolites during the last two
decades."”" Broadly, top-down (creating secondary mesoporous
pore network within microporous zeolites) methods such as
desilication or dealumination and bottom-up approaches
(growing micro/mesoporous zeolites using mesoporogen
template agents) can be distinguished."*> Although the top-
down methods are relatively simple and can be performed by
acid leaching (to remove Al atoms), alkaline leaching (to
remove Si atoms), or even by heavy ion bombardment,
followed by hydrofluoric acid treatment to remove both,'*
these strategies can damage the zeolite crystallinity and
therefore the microporosity. >* Since the active sites for the

DOI: 10.1021/acs.chemmater.8b01311
Chem. Mater. 2018, 30, 3177—-3198


http://dx.doi.org/10.1021/acs.chemmater.8b01311

Chemistry of Materials

majority of zeolite-catalyzed reactions should reside inside the
micropores, the loss of microporosity is hi,ghly undesirable.
Hierarchy factor, proposed by Pérez-Ramirez et al, is a
particularly useful concept in the field of hierarchical
zeolites.'*”'*® Hierarchy factor is an indicator of the
mesoporous area enhancement (Smesopores) and corresponding
decrease of the microporous volume (Vmicmpores) for a given
hierarchical zeolite, as outlined by the following formula:

S

mesopores

S

micropores

Hierarchy Factor =

total total

A zeolite material with a high hierarchy factor would have a
small decrease of microporosity at high mesoporous volume
and thus advantageous catalytic properties. A fine illustration of
this concept is a mild and controllable desilication method
developed by Pérez-Ramirez et al. To enhance the control
during the desilication, the authors used mixtures of NaOH
with quaternary ammonium cations (TPA" or TBA") that
stabilize the zeolite framework during the alkaline leaching. As a
result, it was possible to control the hierarchy factor of the
materials by simply varying the TPA*/OH™ ratio during the
desilication. Eventually, a linear correlation was found between
the hierarchy factor of obtained hierarchical ZSM-$ catalysts
and their productivity in liquid phase alkylation of benzene with
ethylene.'*

Bottom-up or template-assisted approaches are synthetic
techniques that provide a way of fabricating mesoporous zeolite
materials with predesigned textural properties. Solid and
surfactant templating can be distinguished. Solid templating
involves polymer beads or carbon nanoparticles/nanotubes that
are added during the zeolite synthesis and then removed by
combustion.”” Surfactant templating with bulky amphiphilic
ammonium salts'*® has attracted significant attention after
breakthrough works of Ryoo and co-workers. They among
other materials developed the controllable synthesis of various
mesoporous zeolite topologies using [3-(trimethoxysilyl)-
propyl]hexadecyldimethylammonium (TPHAC),"*” single-
unit-cell nanosheets of zeolite MFI in the presence of a
diquaternary ammonium surfactant C,, ¢4 (Figure 11),140 and
hexagonally ordered hierarchical MFI architectures.

Figure 11. SEM (a) and cross-sectional TEM (b) images of the of the
unilamellar MFI nanosheet with unit cell thickness along the MFI b-
axis of b = 1.9738 nm; (c) structure of tetrapropylammonium cation
typically used for the synthesis of MFI zeolites and mesoporogen
C,,.6.6 applied by Ryoo and co-workers. Adapted with permission from
ref 140. Copyright 2009 Macmillan Publishers Limited.
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Subsequent investigations greatly expanded the library of
zeolite topologies that can be prepared hierarchically, using the
surfactant templating approach,1 27146 Jed to a discovery of a
series of low-cost amphiphilic temp191tes.,147_150 and even
organic-free routes for the direct bottom-up synthesis of
hierarchical zeolites were reported.">"'>* The possibility to
rationally design the amphiphilic mesoporogens was recently
outlined by Zhu et al, who studied the early stages of MFI
nanosheet synthesis by operando small-angle X-ray scattering,
complementary characterization techniques, and molecular
modeling.>® The authors found that the meso-order is
established at the very beginning of synthesis and that
amphiphilic SDA stabilizes pre-zeolitic species via a molec-
ular-recognition-type mechanism, followed by the micro-
ordering into zeolite nanosheets. It was also shown that the
rational fine-tuning of the ammonium headgroup allows
synthesis of different zeolite topologies (namely, MFI and
MEL) and aspect ratios (nanosheets or needles).

Hierarchically structured zeolites offer a versatile playground
for the development of well-defined transition metal centers.
First of all, the high surface area of these materials allows
preparing catalysts with higher metal loading, while the small
size of the microporous domains greatly improves the diffusion
properties. A proper balance between microporous and external
(mesoporous) areas should be usually ensured to fully utilize
the shape-selective properties of zeolites without nonselective
conversion on the external surface.'>*

B ADVANCED CHARACTERIZATION METHODS IN
SINGLE-SITE ZEOLITE CATALYSIS

Characterization of ultra-dispersed metal sites confined in zeolites is by
no means an easy task. Most often, to fully understand the structural
features and catalytic properties of these materials, a combination of
several techniques should be applied.'*> For instance, Gates and co-
workers developed a strategy for the characterization of atomically
dispersed metal sites, combining high-angle annular dark-field
aberration-corrected scanning transmission electron microscopy
(HAADF-STEM), extended X-ray absorption fine structure
(EXAFS) spectroscopy, and Fourier transform infrared spectroscopy
(FTIR) with CO as probe molecules, followed by full-width half-
maximum analysis of the observed carbonyl bands.'*® This set of
complementary techniques allows an unequivocal characterization of
single-atom and cluster metal species.">” Further, after a remarkable
progress in the development of oiperando techniques has been
achieved within the last few decades,’® such methods are becoming
indispensable in catalysis research.'**'*° Table 2 lists typical physical-
chemical techniques applied for the characterization of metal—zeolite
composites; references to the respective review papers and book
chapters are also provided. In the next sections, we will discuss the
applicability of some of the most relevant techniques to the highly
dispersed metal—zeolite catalysts and provide some illustrative
examples of recently reported operando spectroscopy studies.
Microscopy. Naturally, microscopy as a visualizing technique is
appealing for the characterization of composite catalytic materials.
While transmission electron microscopy (TEM) is a routine technique
for studying typical heterogeneous catalysts containing metal nano-
particles with sizes ranging from 1 to 100 nm, for the characterization
of sub-nanometer metal sites confined inside the zeolite pores, the
resolution of TEM is often insufficient.'** For the reliable analysis of
sub-nanometer features with atomic resolution, the high-angle annular
dark-field detection scanning transmission electron microscopy
(HAADF-STEM) technique is usually a method of choice. STEM is
based on scanning the specimen across with the electron beam. In
comparison with conventional TEM, this method results in a stronger
interaction of the electrons with the sample and therefore more types
of signals, detectable with high spatial resolution, being produced.

DOI: 10.1021/acs.chemmater.8b01311
Chem. Mater. 2018, 30, 3177—-3198


http://dx.doi.org/10.1021/acs.chemmater.8b01311

Chemistry of Materials

Table 2. Selected Physical-Chemical Methods Applied for the Characterization of Transition Metal—Zeolite Catalysts

technique

atom probe tomography

computational modeling

electron microscopy (TEM, SEM, STEM)

electron paramagnetic resonance (EPR) spectroscopy

Mossbauer spectroscopy

nuclear magnetic resonance (NMR) spectroscopy

physisorption (Ar, N,, CO,)

temperature-programmed techniques (TPD, TPR, TPO, TPSR)-MS
UV—vis spectroscopy

vibrational (probe) spectroscopy (FTIR, Raman)

X-ray absorption/X-ray emission spectroscopy (XAS/XES), X-ray photoelectron

spectroscopy (XPS)
X-ray diffraction (XRD, XRD-PDF), small-angle X-ray scattering (SAXS)

information about the metal centers or zeolite framework ref
spatial distribution of elements 161
structure and stability of metal centers, activity mechanism 162, 163
particle size distribution, homogeneity of the metal centers 164
structure of paramagnetic metal centers 165, 166
structure of Mossbauer-active metal centers 167
structure of NMR-active metal centers, framework acidity 168—170
textural properties of the framework 171, 172
structure, stabilization degree, and reactivity of metal centers 173
structure and location of metal centers 174
structure of metal centers, framework acidity 175-177
structure, oxidation state, and external/internal distribution of 178—181
metal centers
crystalline phase purity, structure, size distribution, and geometry 182, 183

of metal clusters

[Rh(C2Ha)2]* / zeolite Y

[Rh(C2H4)2]+ / zeolite Y after treatment in H2

Figure 12. Aberration-corrected HAADF-STEM characterization of [Rh(C,H,),]* complexes on zeolite HY, before (left) and after (right) treatment
in H,/He flow at 373 °C for 4 min. (A) HAADF-STEM images. (B) Magnified views of corresponding areas in (A), with the intensity surface plots
shown in (C) and the three-dimensional intensity surface plots shown in (D). Bright features encircled on the left panel are examples of individual
Rh atoms and on the right panel of both single Rh atoms (red circles) or Rh dimers (blue circles). Adapted with permission from ref 187. Copyright

2016 American Chemical Society.

These signals include characteristic X-rays, useful for reconstructing
the energy dispersive X-ray (EDX) elemental maps, and inelastically
scattered electrons allow for electron energy loss spectroscopy (EELS)
analysis.'®® The most important signal comes from elastically
backscattered electrons, which are used to reconstruct the dark-field
atomic resolution image of the sample, by applying an HAADF
detector. Since electron scattering efficiency depends on the element
atomic number, the resulting STEM images are characterized by a Z-
contrast.'*® This property is particularly advantageous for studying
atoms/clusters of heavy metals dispersed within the zeolite crystals
composed of light elements Si, Al, and O.

This concept is illustrated by a study of [Rh(C,H,),]* clusters,
confined inside the pores of HY zeolite, by Yang et al."®” Careful
HAADEF-STEM analysis of fresh catalysts and those after a reductive
treatment of different duration allowed the authors to track the dimer
intermediates during the sintering of the Rh phase (Figure 12).
Furthermore, the authors supported the STEM results by an X-ray
adsorption analysis and found a clear correlation between the
dispersion of the active phase and its catalytic performance in ethylene
dimerization. HAADF-STEM is a truly versatile tool for the analysis of
sub-nm systems. However, because zeolites can be damaged relatively
easily by the high-energy electron beam during measurements, it
requires the presence of heavier metals that are easier to detect in the
material. This somewhat limits the applicability of the characterization
technique.'®®

A nondestructive microscopy tool for metal—zeolite composites
emerging in catalytic studies is fluorescence microscopy. Although the
intrinsic resolution of fluorescence microscopy is limited by the half of
visible light wavelength (ca. 200 nm), it is possible to break this limit
by applying the so-called super-resolution fluorescence microscopy.'®’
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This stochastic approach is particularly useful for studying catalysts
and is suitable for operando studies.'”® The stochastic super-resolution
fluorescence microscopy is based on collecting transient fluorescent
signals with high-temporal resolution. In catalysis, it can be performed
by recording single catalytic turnovers during conversion of
fluorogenic substrates, where time-resolved turnovers allow for the
determination of the spatial distribution of active sites within the
catalyst particles.'”" One method that found an aplication for zeolite-
based materials is nanometer accuracy by stochastic chemical reactions
(NASCA) microscopy, developed by Roeffaers and co-workers.'”
This method was applied to study the distribution of Brensted acid
sites, by recording catalytic fluorescent events, occurring upon
protonation and oligomerization of furfuryl alcohol'® or substituted
styrenes.'”* NASCA microscopy is a versatile tool to visualize the
microstructure of zeolite catalysts, especially hierarchically structured
ones.'” For example, Figure 13 demonstrates results of Kubarev et al,,
who studied mesoporous mordenite samples by NASCA microscopy
using furfurol and furfurol oligomerization as a probe molecule and a
fluorescent probe reaction, respectively.'”® Combining NASCA results
with SEM, the authors were able to determine the spatial distribution
of non-zeolitic pores with high resolution and concluded that the
diffusivity of reagent molecules is only enhanced in the micropores,
which are located in close proximity to the meso/macropores.
Therefore, to achieve the optimal reactivity, the size of microporous
clusters should be carefully controlled.

Currently, single molecule fluorescence microscopy studies mainly
focus on the distribution and relative activity of Brensted acid sites.
We envisage that, with further development of the technique, suitable
probe molecules and probe reactions will be identified to extend the
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Figure 13. Optical microscopy investigation of furfuryl alcohol
conversion inside a hierarchical mordenite crystal. Scale bars: 3 ym.
(A) NASCA reactivity map obtained for 50 X 50 X 800 nm?® voxels
(xyz) for the duration of SO0 s. False color scale shows the observed
relative reaction rate; white rectangle indicates area enlarged in panel
(B). (B) Magnification showing the scatter plot with locations of
individual reaction events; yellow lines indicate distances taken for
region width estimation. (C) Corresponding bright-field optical
transmission image. Adapted with permission from ref 196. Copyright
2015 Wiley.

applicability of this powerful method to the transition metal sites as
well.

Atom Probe Tomography. Unique information that can be
obtained by atom probe tomography (APT) has made this technique
an extremely promising tool for material studies. The detection
principle of modern APT systems is based on a combination of time-
offlight (TOF) mass spectrometry and a point projection micro-
scope.'”” A sample processed to a shape of a thin needle (ca. 100 nm)
by focused ion beam (FIB) milling'®® is exposed to cryogenic
temperature and high vacuum, and then a voltage from a local
electrode is applied. When the voltage is high enough, atoms from the
surface of the sample are field evaporated. By using short voltage
pulses (or laser pulses), it is possible to set the start time of any
evaporated ion. This combination of data provides full 3D element
distribution maps of the sample with outstanding spatial (0.1—1 nm)

and mass resolutions.'”” Although APT is still a relatively rare method
and has some applicability and analysis limitations,*”° it has already
established itself as one of the most powerful and promising
characterization techniques in material science in general, as well as
for specifically investigating the zeolite-based catalysts.”*"*°* Figure 14
demonstrates recent results of Schmidt et al, who followed the
deactivation of Cu/SSZ-13 and Cu/ZSM-5 deNO, catalysts with
APT.** The authors were able to visualize the distribution of Cu
species in fresh and aged catalysts and identified these species as
dispersed Cu sites, larger Cu-oxo clusters, and CuAlL,O, spinel.
Importantly, the authors could understand the higher catalytic stability
of Cu/SSZ-13 catalysts as compared to Cu/ZSM-S. In the latter,
severe agglomeration of the Cu phase, dealumination, and formation
of CuAl,O, were observed on the atomic level. These phenomena
resulted in a structural degradation and eventually in a significant
decrease of the catalytic activity.

X-ray Methods. X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS) have become routine laboratory tools in material
science and catalysis over the last decades. However, the character-
ization of highly dispersed metal sites in zeolites usually requires
synchrotron-based X-ray techniques. In this regard, X-ray absorption
(XAS) is probably the most commonly applied method that has been
particularly useful for operando studies under actual reaction
conditions.”®* XAS is an element-selective spectroscopy technique
that is used to record the absorption spectra occurring during core-
electron excitation, as a function of photon energy. XAS can be applied
to systems in any state of matter (even in plasma)**® and nearly any
concentration from ppm levels (in fluorescence mode) to tenth of
percent (in transmission mode).% During XAS studies, typically two
techniques are combined: XANES (X-ray absorption near edge
structure) and EXAFS (extended X-ray absorption fine structure).
XANES concerns the region right before and 0.05—0.1 keV after the
absorption edge and provides information about the oxidation state of
the studied element and its local symmetry. Usually, XANES spectra of
the studied materials are compared with the reference spectra to
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Figure 14. (a) Reconstructed needle of fresh Cu-SSZ-13 with Cu (red) and Al (blue) ions shown with Cu clusters overlaid in black. Bonding box
dimensions are 63 X 67 X 115 nm®. (b) Radial distribution functions (RDFs) in fresh Cu-SSZ-13 for Al and Cu centers. Al—Cu affinity is indicated,
which would be expected due to Cu exchanging onto paired Al sites, as indicated in the schematic. (c) Nearest neighbor distribution for fresh Cu-
SSZ-13 for Cu showing a significant deviation from a random distribution and indicating the presence of Cu clusters. (d) RDFs in aged Cu-SSZ-13
for Al and Cu centers. Strong affinities are indicated between all species, pointing to the migration and aggregation of Cu with aging, and a Cu
aluminate species is shown, though it was not quantitatively identified. (e) Normalized compositional histogram across 1.4% Cu isoconcentration
surfaces in aged Cu-SSZ-13, with potential CuO species shown. (f) Reconstructed needle of aged Cu-SSZ-13 with 1.4% Cu isoconcentration surfaces
shown. Bonding box dimensions are 49 X 52 X 90 nm?>. Reproduced with permission from ref 203. Copyright 2017 Macmillan Publishers Limited.
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. (b) Temperature-dependent abundance of pure Cu species in each of the

catalysts as derived from multivariate curve reconstruction based on alternating least-squares (MCR-ALS) analysis of global temperature-dependent
XANES data set collected for six Cu-CHA samples. (c) Proposed assignment of the five pure components to specific Cu species/sites formed in the
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ﬁngerprmt the spectral features with some known structural
properties.””” In turn, EXAFS deals with oscillations in the high-
energy part of the absorption spectra that mainly originate from the
backscattering of the emitted low-wavelength photoelectrons by
neighboring atoms. Analysis of the oscillation patterns provides
structural details (chemical speciation, coordination numbers, and
bond distances) of the several coordination shells around the atom of
interest.”*® It is important to note that, since the thermal disorder in
solids increases as a function of temperature, recording the high-
quality EXAFS spectra often requires the use of cryostats.”®” Unlike
EXAFS, the quality of XANES data is hardly influenced by
temperature. Moreover, XANES spectra can be recorded extremely
fast (as fast as tens of ps);*' thus XANES is a technique of choice for
operando catalytic studies.”’' Notable related techniques, based on
recording emission spectra of filling the core hole formed after X-ray
absorption, include X-ray emission spectroscopy (XES), resonant XES,
and resonant inelastic X-ray scattering (RIXS). These techniques are
hlghlZ] sensmve tools for studying the electronic structure of metal
sites.

Overall, the possibility to perform operando X-ray absorption
spectroscopy allows for detailed characterization of the metal centers
before the reaction, during the catalyst activation, at steady-state
performance, and after deactivation, all in a single experiment. A recent
example of this versatility comes from a work of Martini et al,, who
derived a complete structural characterization of a Cu/CHA system
and its dynamics by multivariate analysis of operando XANES data
collected at different temperatures and with varying catalyst
composition, combmed with EXAFS fitting, DFT modeling, and N,-
FTIR spectroscopy.”'* Cu/CHA is a promising deNO, catalyst, but
the speciation and especially the evolution of Cu sites under the
reaction conditions are not completely understood.”'¥*'® Martini et al.
thoroughly analyzed six Cu/CHA catalysts with different Cu/Al and
Si/Al ratios by operando XANES (Figure 15). In the absence of
reference spectra necessary to perform the linear combination fitting of
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the XANES data, the authors identified a number of pure Cu
components by principal component analysis (PCA), and extracted
the theoretical reference spectra of these components by multivariate
analysis. As a result, by using this method of multivariate curve
reconstruction based on alternating least-squares (MCR-ALS), the
authors were able to fully follow the dynamics of Cu species
(reducibility and coordination) in the Cu/CHA system as a function
of temperature and chemical composition. Having analyzed these
dynamics, the authors concluded that the Si/Al ratio is a key parameter
influencing the reducibility of the active Cu species in a rather complex
manner. Higher Si/Al is favorable for the formation of redox-active 1Al
Cu sites (Z[Cu(II)OH]); however, the self-reduction process was
found to be facilitated by acid sites and thus lower Si/Al ratio enhances
the rate of the self-reduction. Overall, the MCR-ALS method, applied
for the analysis of such complex operando XAS data set, allowed the
authors to gain an unprecedented insight into the dynamics of the Cu/
CHA system and can undoubtedly be applied to other composites.
Nuclear Magnetic Resonance (NMR) Spectroscopy. The
extremely high resolution of the chemical surrounding of a nucleus
(element) of interest makes magic angle spinning (MAS) solid-state
NMR a powerful characterization tool for heterogeneous catalysts.”"”
As with every characterization technique, MAS NMR has certain
drawbacks. First, NMR often suffers from low sensitivity, caused by
generally low polarization of nuclear spins. Second, the element of
interest should contain NMR-active isotopes, i.e., those with nonzero
nuclear spin. For instance, 'H (natural abundance 99.98%) and *’Al
(100%) isotopes are abundant and collecting NMR spectra of these
elements is rather straightforward; as a result, NMR-derived properties
of Bronsted acidic zeolites are very well-understood. In the case of Si,
the situation is already quite different, as the main isotope **Si (92.2%)
is NMR-silent and recording *Si (4.7%) MAS NMR spectra requires
much longer acquisition times. One possible solution to this problem
is to use isotopically enriched chemicals for the preparation of samples.
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However, the price of such chemicals makes their use unfeasible for
typical R&D applications.

An emerging technique of dynamic nuclear polarization (DNP) can
enhance the NMR sensitivity by several orders of magnitude without
using enriched compounds by transferring the spin polarization of
microwave-irradiated unpaired electrons, to the analyzed nucleus. In
other words, DNP-NMR makes use of the electron paramagnetic
resonance effect to enhance the nuclear magnetic resonance
efficiency.”'® Although the paramagnetic centers (if present) of a
sample itself can be used for DNP, most commonly external organic
radicals or biradicals (e.g., TOTAPOL) are premixed to the sample.”"’
The principle of DNP-NMR had been known for decades, but the
technical difficulties associated with constructing an efficient
spectrometer were overcome only recently.”** The possibilities that
DNP-NMR has to offer for catalytic studies are yet to be completely
explored. There are, nevertheless, several outstanding DNP-NMR
studies of heterogeneous catalysts**' ~>>* and transition metal—zeolite
composites, in particular. In this regard, significant attention was
attracted by Sn-Beta and other Sn-substituted zeolites.”***** The
structure of Sn sites in Sn-Beta catalysts under hydration/dehydration
conditions is an important factor, governing the reactivity of this
promising catalyst. ''*Sn NMR is an ideal tool to monitor the structure
of Sn sites. Unfortunately, the natural abundance of '**Sn is rather low
(8.6%) and extremely long acquisition times are necessary to obtain
NMR spectra with acceptable signal-to-noise ratio. Gunther et al.
applied indirect DNP-NMR of '*Sn to improve the quality of the
signal of 2%Sn-Beta catalysts.””® The authors identified appropriate
combinations of radical and solvent and showed that, at optimized
measurement conditions, the acquisition time can be shortened by ca.
2 orders of magnitude, even with the low natural abundance 'Sn in
Sn-Beta.

Figure 16 shows that high-quality DNP-enhanced spectra of natural
abundant '"Sn can be recorded within a day, while no signal was

9Sn Natural Abundance Sn-Beta

H. _H
O 1 _0.
e ' =
oo . £=28
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a) W \H
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Figure 16. DNP-enhanced ''°Sn spectra of hydrated (a) and
dehydrated (b) natural abundance Sn-Beta zeolite. Spectra were
acquired at 100 K for 18 and 21 h, respectively. '”Sn MAS NMR
spectrum of natural abundant dehydrated Sn-Beta zeolite was acquired
at 300 K for 246 h. Asterisks denote spinning sidebands. Adapted with
permission from ref 226. Copyright 2016 American Chemical Society.

detected with the same sample with regular NMR after more than 10
days of analysis.

Vibrational Spectroscopy. Vibrational methods, including FTIR
and Raman spectroscopy, are versatile and robust characterization
tools. The most common application of vibrational spectroscopy in
analyzing zeolite-based materials is for the FTIR-based determination
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of the concentration and strength of Bronsted and Lewis acid sites
(BAS and LAS). It can be performed either by directly observing the
band at ca. 3610 cm™, related to bridging hydroxyl groups, i.e., BAS,
or by using probe molecules such as pyridine (collidine) for
quantifying acid sites inside the pores (on the outer surface), CO at
liquid nitrogen temperature for elucidating the strength of Brensted
acid sites, etc.””” FTIR analysis of physi- and chemisorption of probe
molecules is also a convenient method for determining the oxidation
state and coordination of transition metal sites. Two probe molecules,
CO and NO, are particularly useful (especially in combination) and
widely applied for the ex situ and operando characterization of metal
species. CO can interact with transition metal sites by o-coordination,
when the electron density from the lone pair of CO is transferred to
the empty orbitals of a metal atom or by back 7-donation from the
partially filled d-orbitals. Resulting red or blue shifts from the C—O
bond frequency in the gas phase, depending on the strength and
nature of corresponding interactions, are useful measures of the
properties of the metal phase."®* In turn, NO, being a radical, is more
reactive toward metal sites than CO, and is ultimately a more sensitive
probe.”*® The combination of NO and CO for studying catalytic
materials is highly advantageous. While CO can be used to probe only
certain, i.e.,, most reactive, metal sites, NO can interact with all metal
species of unsaturated coordination. Recently, Sushkevich et al. applied
FTIR to study NO and CO adsorption on copper clusters in the pores
of a Cu/MOR catalyst for a novel process of two-step anaerobic
methane oxidation to methanol.”*’ First, by performing CO-FTIR on
Cu/MOR samples during different stages of reaction, the authors
could find that the Cu(I) sites, formed by reduction of initial Cu(1I)
sites (which are CO-FTIR invisible) with methane, could be
completely restored by the reoxidation with water and that no change
occurred to the copper phase during the catalytic cycle, since the
frequency of carbonyl and dicarbonyl vibrations remained the same.
Further, since NO can be used to detect both Cu(II) and Cu (1), it
was possible to track the oxidation state of copper in more detail. In
addition, the author found a linear correlation between the number of
Bronsted acid sites appearing during reduction of Cu(II) and its
detachment from the framework and the number of methoxy species
formed upon activation of methane. Eventually, combining the FTIR
data with operando XANES measurements and DFT calculations, the
entire reaction mechanism was determined as shown by Figure 17.

In relation to transition metal—zeolite composites, Raman spec-
troscopy is a vibrational spectroscopy technique that is especially
powerful for determining the structure and evolution of dispersed
metal-oxo complexes, because of high sensitivity to Mo=0 and M-O-
M vibrations. Importantly, unlike FTIR, Raman spectroscopy is
applicable to study processes in aqueous solutions and under high
pressure.

Computational Modeling. The conventional preparation meth-
ods of zeolite-based transition metal catalysts usually give a variety of
different intrazeolite species, which makes it very challenging to
unambiguously identify the active sites solely by experiential
characterization techniques. Modern computational methodologies
provide practical tools to address the structural problem of zeolite
catalysis at the molecular level.*"*** Quantum chemical calculations,
including semi-empirical methods, ab initio methods, and density
functional theory (DFT), have made significant contributions to
elucidate the molecular nature of active sites in zeolite catalysts. DFT
calculations are currently considered as the most efficient methods due
to a good balance between computational speed and accuracy.

Several important structural problems of extraframework metal
species in high-silica zeolites have been successfully resolved by the
periodic DFT calculations.”*® Such calculations are carried out within
periodic boundary conditions by using real crystal structures of
zeolites, in which the structural heterogeneity can be fully addressed at
least within a single unit cell approximation. In view of the charge-
compensation effect, the distributions of introduced extraframework
metal species are largely controlled by the framework Al sitting. Such
electrostatic charge-compensation considerations are crucial for metal
cations or cationic complexes with a formal charge of +1, which can be
readily stabilized via direct charge compensations through the
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coordination with framework anionic [AlO,]” sites. However, for
metal cations with a charge larger than +1, the direct charge
compensation requires the presence of several vicinal lattice Al atoms,
which is seldom encountered in practical zeolites and especially in
high-silica zeolites. Periodic DFT calculations applied to zeolite
systems containing Ga, Zn, Al, Cu, and Fe cations indicated that
mononuclear oxygenated and hydroxylated metal complexes are
usually less stable than oligonuclear structures.”** Such mononuclear
complexes tend to self-organize into the multinuclear species due to a
more favorable coordination environment of the extraframework metal
centers in larger clusters. In this case, the direct charge compensation
for cationic centers with vicinal lattice [AlO,]” becomes less
important, and the stability and location of extraframework metal
cations are mainly controlled by the favored coordination environ-
ment.*>**® The understanding of extraframework metal species in
zeolites can be further progressed by combining DFT calculations with

a statistic thermodynamic analysis, in which the effect of temperature,
as well as the presence of gaseous reagents such as water and oxygen,
can be accounted for.>*”** Figure 18 illustrates an example of ab initio
thermodynamic analysis performed to identify different candidate
cationic Cu complexes in ZSM-5 zeolite, which indicates that the
formation of Cu complexes with more than two Cu atoms is favored in
high-silica ZSM-5 zeolite under oxygen-rich conditions.”* Such a
thermodynamic approach is useful in identifying the nature of
intrazeolite species at realistic experimental conditions and even in
guidinég the design and synthesis of a catalyst with desirable active
sites.*>**° Very recently, the dynamic feature of extraframework metal
sites in zeolites under reaction conditions was also highlighted.**'
Combined experimental and computational results indicate that,
during the Cu-CHA catalyzed NH;-SCR reaction, the Cu ions can
migrate through zeolite windows with solvated mobility by ammonia,
which enables a dynamic generation of multinuclear complexes as
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active sites for O, activation. This represents a distinct phenomenon
outside the conventional boundary of single-site heterogeneous
catalysts.

The incorporation of a reactive metal center by isomorphous
substitution gives rise to Lewis acid lattice sites. The acidity and
reactivity of such Lewis sites are affected by the local structure around
the reactive lattice heteroatoms, which is determined by the
topological and crystallographic T sites in the parent zeolites.”*
Therefore, it is necessary to understand the location, stability, and
reactivity of the lattice heteroatoms in zeolite frameworks. Important
examples include titanium silicate (TS-1) with MFI topology and Sn-
substituted zeolite beta (Sn-BEA). The sitting of Ti in TS-1 material
(MFI topology) has been extensively investigated using both
experimental and computational approaches.”***** However, the
reported most populated sites for Ti substitutions usually vary in the
literature.”** A hybrid quantum mechanics (QM)/molecular mechan-
ics (MM) study by Deka et al.**® proposed that the distribution of Ti
in a TS-1 framework may be not determined by the intrinsic stability
of the pure TS-1 framework but rather by other thermodynamic or
kinetic factors during the synthesis conditions.

Several computational studies have been performed to understand
the sitting of heteroatoms in BEA zeolite. A comparative periodic DFT
study by Shetty et al.”**’ demonstrated that the incorporation of Ti in
BEA is more energetically favorable than Sn. Nevertheless, Sn-BEA has
a higher Lewis acidity, which makes it a more efficient catalyst for the
oxidation reactions than Ti-BEA. Similarly, periodic DFT calculations
by Yang et al*** showed that the Lewis acidity of Sn- and Zr-
substituted BEA is generally quite similar but substantially higher than
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that of Ti-BEA, and the acidity of particular tetrahedral metal sites
strongly depends on the crystallographic location of the heteroatoms.
Furthermore, the formation of paired lattice sites was only found in
Sn-BEA but not in Ti- or Zr-BEA. Such Sn pairs with enhanced acidity
in Sn-BEA were hypothesized to be responsible for its high catalytic
activity during sugar conversion.

The framework topology of zeolites affects their catalytic reactivity
in view of the varying confinement effect. Recent computational
studies emphasized the important role of van der Waals interactions in
topologically different zeolites. Li et al.**’ employed periodic DFT
calculations to investigate the mechanism of glucose isomerization to
fructose catalyzed by framework Sn sites in MOR, BEA, MFI, and
MWW zeolites. They found that the framework topology of zeolites
has only a minor effect on the intrinsic reactivity of the Sn centers but
strongly affects the thermodynamic stabilities of reaction intermediates
and products inside the zeolite channels. The increased van der Waals
stabilization of such substrates adsorbed in narrow pore zeolites (MFI
and MWW) was proposed to limit the intrachannel diffusion, thus
resulting in a decrease in the accessibility of the active Sn sites as
compared with large-pore zeolites. Similarly, Thang et al.**° found that
the adsorption heats of base probe such as CO on extraframework Li
sites increase with the decreasing zeolite channel size because of
enlarged dispersion contribution. Moreover, the varying effect on the
reactivity of Bronsted acid sites in different zeolite topology was also
observed. Periodic DFT calculations by Liu et al™' showed that
straightforward correlations between Brensted acidity and reactivity
are limited to zeolites with the same topology. For FAU zeolites with
varying compositions, the activation energies for the conversion of 7-
adsorbed isobutene into alkoxy species correlate well with the acid
strengths determined by the ammonia adsorption energies. Other
zeolites such as MFI and CHA do not follow the scaling relations
obtained for FAU, which was proposed to be resulted from different
dispersion and steric effects induced by zeolite framework topology.

Computational modeling is a powerful tool to address the structural
complexity of zeolite catalysts. The combination of electronic structure
calculations with statistic thermodynamic analysis is particularly useful
to evaluate the thermodynamic stabilities of metal complexes in
zeolites as a function of catalyst activation conditions. However, care
has to be taken as the speciation of metal sites in zeolites is often
determined by kinetic effects—reactivity, diffusion, solvation, etc. New
approaches for studying these effects need to be developed.

B CONCLUDING REMARKS

Remarkable recent advances, achieved in synthesis and
characterization of well-defined zeolite-based transition metal
catalysts, imply a rather bright future for these materials.
Further understanding of the metal—zeolite composites will
provide a unique opportunity to design ultimately active
supported catalysts and bridge the gap between homogeneous
and heterogeneous branches of the catalysis science. Rational
design of active and selective heterogeneous catalysts has been
remaining desirable for generations of chemists. Although it is
still somewhat difficult to generalize and rationalize the effects
of zeolite topology and metal—zeolite interactions on the
catalytic performance, endeavors in this direction are being
undertaken.”> A recent work of Gallego et al. presents an
excellent example of such rational design of zeolite catalysts.”>
The authors prepared organic structure-directing agents
(SDAs) that resemble in shape and size the transition states
of several organic reactions, including isomerization of
ethylbenzene to xylenes. Applying the rationally designed
template molecules, the authors were able to synthesize several
new zeolite topologies, whose catalytic performance in
respective reactions was significantly better than that of the
benchmark zeolite catalysts. In turn, Rohling et al. recently
provided a computational guided optimization of zeolite-based
catalysts for Diels—Alder coupling of furanic compounds with
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ethylene. The authors established a correlation between
catalytic activity of exchanged FAU catalysts and the nature
of the used alkali cation. Exchange with K" cations was
predicted to result in proper interaction with substrate and
stabilization of the reaction intermediate and accordingly higher
catalytic activity. Experiments, using a series of alkali-exchanged
FAU catalysts, fully confirmed this prediction.254 Unfortunately,
such examples of rational design of zeolite-based catalysts are
still scarce, and a trial-and-error approach seems to dominate
the field. Nevertheless, we are convinced that, together with the
current level of synthetic possibilities,”** further development
of computational modeling, advanced spectroscopy tools, and a
better general understanding of catalytic processes in a confined
space will drive the trial-and-error methods to extinction.
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