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Chapter 1

General Introduction to Second

Coordination Sphere Effects in Catalysis



Abstract: This chapter introduces the relevance of catalysis in our current society
and the working principles of catalytic systems. Learning from homogeneous,
heterogeneous and biocatalysis, we focus on second coordination sphere effects of
heterogeneous single-atom catalysts. The various ways in which this is currently
implemented are discussed based on illustrative examples. The concepts presented
in this chapter set the context for the work described in this dissertation, in which
we explored new avenues to control the surroundings of single-atom catalysts. Our
findings include various contributions to the synthesis, application, understanding
and optimization of the confinement around atomically dispersed metal sites with
hitherto inaccessible precision. We hope to stimulate research into designing,
understanding, and exploiting second coordination sphere effects in heterogeneous
catalysis.



Catalysis in Society

Our current society demands all sorts of materials that are made by chemical
processes using raw materials, e.g. iron, steel, cement, fuels, pharmaceuticals,
plastics, pesticides, paints, and fibres. In the last decade, it became increasingly
clear that these processes emit a significant amount of greenhouse gases (43% of
the total global CO2 emissions in 2014) thereby contributing to the rise in
temperature of our planet, with all its consequences.!'! So this is the challenge: on
the one hand we need these materials to maintain our current lifestyle, but on the

other hand it has a severe negative impact on our surroundings.

Minimizing the ecological footprint of the chemical industry requires a re-design of
the energy and chemical sectors.[23 This process is better known as the energy

transition: a difficult movement with an ensemble cast (Figure 1).14!
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Figure 1. Selected number of actors that need to work together to realize the energy

transition.

We need to find ways to move away from conventional chemical processes using
fossil energy sources and to aim for sustainable alternatives such as

electrochemical synthesis of chemicals using renewable building blocks.[5-11 Yet



this change is challenging for the chemical industry because the established
infrastructures and processes are costly, robust and have long depreciation
times.['"-13 So this transition will only take place if we can provide economically

viable alternatives.['4

A critical factor in determining the rate of this transition is the development of better
catalysts.['®l By definition, a catalyst is a species that makes a reaction go faster,
without being consumed in the process.!'8] Catalysis can also make reactions go at
milder reaction conditions circumventing excessive heating and increase selectivity
to the desired product to prevent waste. Importantly, new catalysts are cradles of
new technologies and processes that can reshape the chemical industry, e.g. by

water electrolysis, electrosynthesis, energy storage, and solar-to-fuel processes.

Working Principles of Catalysis

To understand how a catalyst works, we will take a close look at a model reaction
in which reactants A and B cross a transition state [AB]* to be converted into a
product C (Eq. 1 and Figure 2).

A+B - [AB]f > C €Y

In the absence of a catalyst, there is a significant energy barrier that needs to be
overcome for the reaction to happen (blue curve in Figure 2). That energy is
generally referred to as activation energy (E;) and depends on the thermodynamics
and kinetics of the reaction. The potential energy difference between the reactant(s)
and product(s) determines if the forward or reverse reaction is preferred, which is
determined by thermodynamics. This can be altered depending on the reaction
conditions, e.g. by temperature, pressure and reactant concentration. If the reaction
actually takes place, at an observable rate, is determined by kinetics. This rate v

can be expressed in a so-called rate law (Eq. 2).
v = k[A]%[B]# (2)

Here, k is the reaction rate constant, [A] and [B] are the concentrations of reactants

A and B and a and B are the partial reactions orders in A and B. The reaction rate



constant k is commonly expressed using the empirical Arrhenius relation that shows

the dependence of kon T (Eq. 3).

~Eq

k=A-e&RT 3)

Here, A is the pre-exponential factor, E; is the activation energy, R is the universal
gas constant and T is the reaction temperature. Practically, A can be seen as the
frequency that the reactant(s) try to overcome the energy barrier and the

exponential term as the probability of successful passes.

A catalyst can increase the reaction rate by lowering the activation energy (cf. green
and blue curve in Figure 2). This can be done by increasing the potential energy of
the reactants by enhancing their local concentration or by pre-organizing them

towards the transition state, i.e. going from [A + B] to [A’ + B’].

A [ABT*

Potential energy
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Figure 2. Schematic energy diagram of chemical reactions in the absence (blue) or

presence (green) of a catalyst.



Another way of decreasing E; is by lowering the potential energy of the transition
state, that is stabilizing the transition state from [AB]* to [AB’]*. In practice this means
that a catalyst makes a reaction go faster because it opens a different reaction
pathway over the potential energy surface with lower energy barrier(s) to go from
the reactant(s) to the product(s). The unique role of confinement effects, i.e. second
coordination sphere effects, in this process is the main topic of this dissertation and

will be discussed throughout this chapter in more detail.

Catalysis Disciplines

Traditionally, the art of catalysis is split into three main disciplines: heterogeneous,
homogeneous, and biocatalysis.['®] Heterogeneous catalysts work in (at least) two
different phases (e.g. solid-gas or solid-liquid phase), homogeneous catalysts work
in the same phase as the reactants (commonly the liquid phase) and biocatalysts
make use of the active site(s) in proteins and operate generally in the liquid phase.
Beyond any doubt, all disciplines have their own benefits and challenge. Yet they
all serve a different purpose in the chemical industry, and we should realize that
they are not interchangeable. There is not a single superior discipline, and we simply

need them all.

Historical, heterogeneous, homogeneous, and biocatalysis were treated as
individual disciplines and have been developed mostly independently to address
their inherent challenges. Yet heterogeneous, homogeneous, and biocatalysts
behave rather similarly at the molecular level.['l That is why we can, and should,
learn from catalysis research across all three disciplines. Recently, we saw the
focus shifting towards hybrid approaches in which researchers bridge the gaps
across disciplines and started to learn from catalysis across boundaries. These
studies at the border of fields enabled numerous important developments in
catalysis.['8-211 That is why | would like to argue here to stop comparing disciplines

and to start learning from each other.

In that spirit, the work presented in this dissertation aims to combine the advantages
of homogenous- and heterogeneous- catalysis based on inspiration from

biocatalysis.
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Single Atom Catalysis: Bridging Homogeneous and

Heterogeneous Catalysis

The most important frontier within heterogeneous catalysis nowadays is arguably
the single atom catalyst (SAC). Whereas in typical heterogeneous catalysts the
active metal is present as a nanoparticle, in SACs all metal atoms are atomically
dispersed, directly bound to the support and not coordinated to any ligand. This
means that the theoretical atom utilization in these catalysts is 100%, which is only
~10% in typical nanoparticle-based catalysts.l?2! In this scenario, the support plays
an even more important role in determining its catalytic performance. The support
atoms that have a direct bond to the metal atom make up the first coordination
sphere and mainly determine the electronics of the metal atom — just like a ligand
does for homogeneous catalysts (Figure 3). The second coordination sphere is
more distant from the metal site and can be used to improve catalytic processes in

many ways that will be highlighted later in this chapter.

Homogeneous Catalyst Single Atom Catalyst

Figure 3. Schematic representation of first (blue) and second (green) coordination

sphere in homogeneous catalysts (left) and single atom catalysts (right).

The first example of a SAC was Pti1/FeOx reported in 2011 by the group of Zhang.[23!
Afterwards, the field of SACs received considerable interest form the scientific
community resulting in an average of 18 research and 3 review papers being
published each week throughout 2022.121 The progress in SACs is summarised in
multiple excellent reviews and found widespread applications.l?5-3¢] The most

important developments in the field are chronologically highlighted in Figure 4.123.37-
48]
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Figure 4. Timeline showing key developments regarding synthesis (green),
characterization (yellow), and application (blue) of single atom catalysts. Adapted
from ref [35].

Changing the size of the metallic component in a catalyst from the nanoscale down
to a single-atom level also influences its electronic structure. In large nanoparticles
(> 5 nm) the energy levels are a continuum due to the orbital overlap between the
metal atoms. Decreasing the metal particle to the ultimate size limit of an atom
eliminates any orbital overlap among metal atoms, resulting in only discrete energy
levels being accessible — just like a typical metal complex. This confinement of
electrons is what we call quantum confinement and is believed to be one of the
reasons for the differences in catalytic performance between nanoparticle-based
catalysts and SACs. This implies that nanoparticle-based catalysts have much more
ways of interacting with substrates, intermediates, and products compared to SACs.
In this regard, nanoparticle-based catalysts can convert a wider range of substrates
to various products. Conversely, SACs should be better suited to convert one
substrate class into the desired product — resembling one of the advantages of

homogeneous catalysis.



Learning from Biocatalysis: Second Coordination
Sphere Effects

If we zoom out and try to learn from the third catalysis discipline, biocatalysis, we
see a much more evolved type of catalysts: enzymes.*®l These are Nature’ catalysts
that make life possible and were evolved over billions of years to achieve catalytic
perfection. They typically work at mild temperatures and ambient pressure and
convert one substrate into the desired product in a regio- and stereo-selective way

at high reaction rate.

The active site of an enzyme is generally a single metal atom — just like in a SAC.
However, this active site is surrounded by all sorts of amino acid residues. These
polypeptide chains make that an enzyme has an active stie with a well-defined first-
and second- coordination sphere. The second coordination sphere is used to bring
the desired substrate close to the active site by various non-covalent interactions,
e.g. electrostatic interactions, hydrophobic interactions, hydrogen bonding, and van
der Waalls interactions. Once at the active site, the first coordination sphere confines
the substrate into one single configuration and stabilizes the transition state so that
only the desired product can be made at high reaction rate. This is generally known
as the “lock-and-key model” that was introduced by Fischer already in 1894.150 Much
later, in 1960, Koshland showed that some enzymes bind the substrates, rearranges

and then convert it to the product: the “induced-fit model”.15]

Because of the important role of the second coordination sphere, i.e. the protein
environment, it is not surprising that the active centre of an enzyme does not
performs equally well without. So, if we would like to apply the favourable features
of enzymes, we must find ways to develop catalysts of which we can control the

second coordination sphere. This is a major design and synthetic challenge.



Controlling the Second Coordination Sphere of SACs

This section highlights the recent progress in the synthesis of SACs with a controlled
secondary coordination sphere. Selected examples are discussed to show the

dominant synthetic strategies to achieve this (Figure 5).

Surface doping m
of SACs % Facet effects \ v/

Surface
Bi-atomic immobilization of
catalysts (100) supramolecular
cages

Figure 5. Schematic illustration of the four dominant strategies to control the second

coordination sphere of single atom catalysts.

Surface doping of SACs

A much-studied binding motif of SACs is the MNxOy type in which a central metal
atom (M) is coordinated to several nitrogen (N) and/or oxygen (O) atoms in the
surface. These materials are generally made by pyrolyzing a metal precursor in the
presence of organic molecules that contain heteroatoms to act as binding sites.
Inspired by classical nanoparticle based catalysts in which modifying the surface of
the catalyst with functional groups or doping with heteroatoms led to remarkable

advancements in catalysis!®?, this strategy was also applied to SACs.
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From 2018 onwards, different groups studied the effect of sulphur (S) doping in the
second coordination sphere of FeN4 SACs in the oxygen reduction reaction (ORR)
in alkaline medium.1%3-531 All papers report the same observation: S-doping in the
second coordination sphere enhanced the selectivity for the four-electron pathway
(synthesis of H20) compared to the two-electron pathway (synthesis of H20:2). 5Fe
Moéssbauer spectroscopy, in-situ X-ray absorption fine structure (XAFS) studies and
DFT studies showed that this is caused by an electronic effect on Fe. S-doping
favours the low-spin configuration of the Fe-centre which has a lower affinity to the
intermediates for the two-electron reduction, relative to the intermediates of the four-

electron pathway.

In 2021, Qiao and co-workers synthesized an CoN202 SAC with C—O-C groups in
the second coordination sphere by an adsorption-annealing strategy.%! This
catalyst showed a high selectivity for the two-electron pathway in the ORR in acidic
medium, whereas the analogues CoNs favoured the four-electron pathway.
Mechanistic studies using XAFS, in situ infrared spectroscopy and DFT studies
revealed that the active site of the CoN202 SAC was no longer the Co-atom, but on
the O-adjacent C atom. The latter showed only weak binding of the OOH-

intermediate resulting in good selectivity for the two-electron pathway.

Also nitrogen (N) doping in the second coordination sphere was found to influence
the catalytic performance of SACs. Via pyrolysis, an N-doped CoN202 SAC was
prepared and applied in the chemoselective hydrogenation of nitroarenes.[57]
Extensive mechanistic studies showed that this neighbouring N moiety facilitates
the heterolysis of H2 on the SAC via H-shuttling or via the deprotonation mechanism.
This enhancement allowed lower reaction temperature and pressure compared to
typical catalysts, again underlying the importance of engineering the second

coordination sphere of SACs.

In 2023, Duan and co-workers synthesized an Au-SAC for the dehydrogenation of
formic acid.l®® They found that amine groups in the second coordination sphere
increased the turn-over frequency (TOF) of the catalyst by an order of magnitude

compared to an isostructural catalyst without the amine functionality. Kinetic isotope
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effect (KIE) studies revealed that this was caused by a change in reaction
mechanism. In the absence of amines, B-hydrogen elimination was found to be the
rate-determining step (RDS), whereas this was hydrogen gas formation for the
amine-catalyst. Proton inventory studies and DFT studies showed that the amines
acted as proton relay to facilitate H2 formation from the metal hydride intermediate.
This study shows that controlling the catalyst’ second coordination sphere can open

new catalytic routes with lower energy barriers.

The group of Christopher worked on the spatial confinement of Rh SACs on y-Al203
by functionalizing the surface with straight-chain alkyl-phosphonic acids of different
length (C1 — C16) and applied them in the hydroformylation of ethylene.l%¥ They
showed that the temperature of CO desorption decreased with increasing tail length
and that the TOF for propanal formation increased three orders of magnitude
compared to the non-functionalized Rh1/y-Al20s. Eyring analysis demonstrated that
these effects are primarily related to changes in the activation entropy. So, this
example shows that controlling the entropy (mobility and degrees of freedom of

reactants) can be used as a design tool to increase catalytic performance.

Bi-atomic catalysts

To enhance catalytic performance, enzymes often feature two metal atoms as active
site. In methane monooxygenase enzymes, for instance, two iron atoms work
cooperatively to ensure high activity and selectivity towards the desired product.[®%
Inspired by this, substantial efforts were made to study such bi-atomic catalysts
(BACs) using computational studies and by developing synthetic protocols.[61-68]
This section will highlight key examples on how this influences the second
coordination sphere by discussing homo metallic BACs followed by hetero metallic
BACs.

Already in 2017, Lu and co-workers synthesized a Pt BAC on graphene.'l Pt.
dimers were selectively synthesized by a bottom—up approach using two
consecutive cycles of atomic layer deposition (ALD). XAFS studies showed that the
second Pt atom is bound by the first via two bridging oxygen atoms and is not
directly bound to the surface itself. The catalytic performance of Pt2/graphene was

compared to its SAC analogue, Pti/graphene, and several Pt nanoparticle-based
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catalysts in the hydrolysis of ammonia borane and showed a 17-fold and 45-fold
increase in TOF, respectively. DFT studies showed that both ammonia borane
(reactant) and hydrogen (product) are bound weaker to Ptz2/graphene compared to
the other two catalysts, rationalizing the differences in catalytic performance.
Importantly, ammonia borane was bound most favourable on the most outer Pt
atom, and thus not in a side-one mode to both Pt atoms. So in this case, the surface
bound Pt atom acts more as a ligand influencing the electronics of the most outer

Pt atom that catalyses the reaction.

One year later, the group of Li prepared a Fe BAC on nitrogen-doped carbon by wet
impregnation of a binuclear iron complex followed by pyrolysis to remove the ligand
scaffold.[®¥ The material was used for the epoxidation of trans-stilbene using
molecular oxygen, and showed superior activity compared to its SAC and
nanoparticle analogues. First-principle calculations provided detailed insight: Oz
binds to strong on the Fe nanoparticles and two weak on the Fe SAC, but just right

on the Fe BAC, in a side-one fashion, to generate active oxygen species.

The same group prepared a Pt BAC via a similar synthetic approach.[’® The catalyst
was used for the hydrogenation of nitrobenzenes and benzaldehyde as well as the
epoxidation of styrene. Also in this example, the activity of the BAC catalyst was
about an order of magnitude higher compared to its SAC and nanoparticle
analogues. This shows that this Pt BAC cannot only dissociate O: like their previous
Fe BAC, but also activate Ho.

Besides these applications in organic reactions, BACs were also developed for
electrochemical applications. One prominent example is the use of a Cu BAC
supported on palladium-tellurium nanowires for the electrochemical reduction of
CO2 to CO, again reported by the group of Li in 2019.'1 Experimental and
computation studies showed that one of the Cu atoms is Cu® and adsorbs CO2 while
the neighbouring Cu atom is Cu** and adsorbs H20. This bi-functionality reduced
the activation energy for CO production, resulting in a Faradaic efficiency of 92%

and almost no competing hydrogen evolution.

In 2019 and 2020, two different groups developed Fe BACs on nitrogen-doped

carbon and applied these materials in the ORR in acidic medium.[7273] Both catalysts
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had a similar performance compared to Pt/C standard and showed excellent stability
over more than 10.000 CV cycles without any change in the catalyst structure.
Operando XAFS measurements showed a side-one binding of Oz to the BAC and a
fluctuating Fe-Fe distance depending on the applied potential.[’”3 This dynamic
environment facilitated facile O2 cleavage and stabilization of the oxygen

intermediates, accelerating ORR kinetics.

Besides homometallic BACs, heterometallic BACs are also studied extensively. A
different neighbouring metal atom can shift the d-band centre to finetune its catalytic
performance. Various ways to synthesise such a heterometallic BAC are studied.
ALD (Pt-Ru/nitrogen doped carbon nanotubes)”, pyrolysis (Ni-Co/nitrogen doped
carbon)"®, support pre-functionalisation (Au-Ru/activated carbon)’6l and single-
atom to single-atom grafting (Pt-Fe/nitrogen doped carbon)l’”! strategies were used
to synthesize catalysts suitable for the hydrogen evolution reaction in acidic
medium. All these materials outperformed their SAC and/or nanoparticle analogues
and showed comparable performance to the Pt/C standard. The rational was similar
in these examples: one atom acts as a spectator ligand and shifts the valance orbital
energy of the active metal atom closer to its Fermi level, enhancing water
dissociation and subsequent hydrogen formation. Similarly, pyrolysis strategies
resulted in several, Fe-Col”8, Ni-Col"®! and Fe-Nil®% BACs on nitrogen doped carbon
supports with outstanding activity in ORR and/or OER in both acidic and alkaline

medium.

Facet effects

Next to (nitrogen-doped) carbon supports, metal-oxide based supports are also
explored extensively to stabilize SACs.8'-831 Some of these materials have the
unique feature that they can be synthesized in different shapes, and thus have a
different terminal facet. Differences in local arrangement of surface atoms can
influence the catalytic properties of a SAC significantly because the single metal
atom is directly bound onto the facet. Especially different morphologies of CeOz,
Co304 and TiO2 gained a lot of attention for catalytic applications because they have

unique and strong metal-support interactions, depending on the exposed facet.[®4-
94]
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Different research groups studied Pt SACs on CeO: octahedra (111), cubes (100)
and rods (mainly (110)) for CO-oxidation.[®>%]! |n both studies, Pt SACs on CeO:2
rods were found to be the most active. This was attributed to Pt being in a 2+
oxidation state weakening the binding of CO, and the facile oxygen spillover from
the defect rich (110) surface. On the octahedra and cubes, Pt is closer to a metallic
state and CO binds too strongly. The catalytic performance of these SACs was also
limited by the more stable (111) and (100) surfaces, as these prevent facile oxygen
supply from the support. Similar trends were found for Au SACs support on these

three CeQO2 shapes when applied in the oxidation of CO and formaldehyde.[®7]

Lu and colleagues studied Pt SACs on CeO: spheres (which are truncated
octahedra with an exposed (111) facet) and rods in the hydrogenation of
phenylacetylene.l®® CO-DRIFTS and XPS studies indicated a mixture of Pt2* and
Pt** in both materials in an equal ratio. Yet, the spheres were seven times more
active compared to the rods which the authors contributed to the higher density of
step sites on the CeO:2 spheres. Doping the surroundings of the SAC with nitrogen
atoms increased the electron density of the Pt atoms stimulating Hz dissociation and

spillover, further increasing its hydrogenation activity by a factor of three.

More recently, Li and coworkers studied the thermal stability and catalytic
performance in C—N bond formation of Pd SACs on CeO:2 cubes and octahedra.l®?
Multiple in situ techniques showed that under reducing conditions, oxygen
vacancies are generated on the cubes, keeping the Pd atoms atomically dispersed
whereas they agglomerate into clusters on the octahedra. Next, they were applied
in the N-alkylation of aniline with benzyl alcohol. While the conversion levels were
equal, the cubes showed a three times higher selectivity to benzylaniline compared

to the octahedra.

The group of Ji reported significant differences in catalytic performance in the
dehydrogenation of ammonia borane by Pt SACs supported on Co304 cubes with
(100) facets, truncated octahedra with both (100) and (111) facets and octahedra
with (111) facets.['%9 Various spectroscopic techniques showed that the oxidation

state of the Pt SACs was influenced by the facet structure. A higher oxidation state
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resulted in better catalytic activity because ammonia borane was bound stronger to

the catalyst.

An and Liu studied the effects of Pt and Au SACs on TiO2 (001) and (101) in
photocatalytic hydrogen production.['"] Compared to the bare metal oxides, the
reaction rate was increased over two or three orders of magnitude upon the
deposition of Au or Pt SACs, respectively. This was explained by SACs lowering the
work function of TiO2 and stabilizing adsorbed hydrogen atoms. Pt SACs on TiO2
(001) showed a three times higher reaction rate relative to Pt SACs on TiO2 (101)
because the former has as stronger reducing power and better interaction with
intermediates. In a follow-up paper, they prepared TiO2 (001) and (101) with both Pt
and Au doping.l'® Both metals remained atomically dispersed on TiO2 (001)
whereas on TiO2 (101) Au clusters were present alongside Pt atoms. The
combination of Pt and Au doping resulted in rate enhancements between two and
four times and were optimal at a 50/50 ratio between the metals for both TiO2

materials.

These examples show how the crystal facet can influence the oxidation state of a
supported single metal atom (i.e. quantum confinement of electrons) and the spatial
confinement around a SAC. Additionally, facets can control catalyst stability and its
interactions with substrates, intermediates and products resulting in considerable

control over catalytic performance.

Surface immobilization of supramolecular cages

From an organometallic chemistry point of view, using self-assembled nano scale
reactors such as supramolecular coordination cages is a promising way to control
the surroundings of catalysts. Their inner cavity acts as the second coordination
sphere inducing second coordination sphere effects to improve catalytic processes
via e.g. substrate selectivity, substrate pre-activation and transition state
stabilization. The research efforts in this direction are summarized in several
excellent reviews.['03-1131  Surface immobilization of these materials on a
heterogeneous support offers potentially the best of both worlds: a single atom as
active site, full control over the catalyst’ first- and second- coordination sphere to
tune catalytic properties in combination with the ease of straightforward separation.

16



Early work towards the immobilization of supramolecular coordination cages on
surfaces showed that these structures could be immobilized with retention of the
original structure on mono crystalline surfaces like Au(111)!"'4-1171 and Si(100)"18l,
More recently, research groups started to explore the possibilities to use surface-
immobilized cages for catalytic applications based on encapsulation!''.120] and

polymerizationl'21.122 strategies.

Already in 2016, the group of Li reported the synthesis of PdsL4 cages in the pores
of metal-organic framework (MOF) MIL-101.['"9 Both the metal-precursor and the
cage ligand were mixed together with the MOF and drawn in to the MOF pores
based on hydrophobic interactions. The cage species that was formed inside these
pores was larger than the apertures of the MOF, preventing leaching and
agglomeration. Its catalytic performance was evaluated using the oxidation of
benzyl alcohol by molecular oxygen and compared to the non-encapsulated cage.
Impressively, both the benzyl alcohol conversion (60 to 95%) and the selectivity

towards benzaldehyde (45 to 95%) were improved upon encapsulation of the cage.

Similarly, Yang and co-workers showed that a TEMPO functionalized Pd12L24 cage
could be self-assembled inside an amine functionalized mesoporous carbon.['20]
The material was applied as a bifunctional catalyst for a one-pot alcohol
oxidation/Knoevenagel condensation in which the TEMPO cage catalyzes the
alcohol oxidation to the aldehyde and the amine functionalities of the support the
subsequent Knoevenagel condensation. Control experiments showed that both the
cage and the amine functionalities should be in close proximity, like they are when
the cages are self-assembled inside the support pores, to achieve high reaction

rates.

Another strategy to heterogenized supramolecular cages is by embedding them in
a polymer matrix. Bergman, Raymond and Toste were the first ones to do this for a
catalytic application by immobilizing a negatively charged Gasls cage on a
polycationic polymer.['2"l The polymer-based catalyst was used in a flow set-up for
aza-Prins and aza-Cope reactions showing improved activity compared to the

homogeneous reaction conditions and excellent stability over 60 h. Introduction of
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a competitive guest that was bound in the cage cavity proved that the reactions had

taken place inside the cage.

The group of Johnson took a different polymer approach and mixed a catalyst
containing ligand, a polymer containing ligand, a spacer ligand and a Pd salt to
achieve self-assembled Pdi2L24 cages being cross-linked into the polymer gel.l'22]
Two different cage catalyst, a TEMPO-based and a gold based one, were
incorporated into a polymer matrix via this route and applied in alcohol oxidation and
intramolecular ring closing reactions, respectively. The catalytic performance was
similar to their homogeneous counterparts and showed good recyclability over

multiple runs.

Conclusions and Future Perspectives

In the last decade, significant progress has been made in designing new and better
heterogeneous catalysts with a focus on SACs: single metal atoms that are directly
bound to the surface as active sites. Although encouraging progress has been made
regarding synthesis, characterization and application, the implementation of second

coordination sphere effects in these catalysts is still at an early stage.

Reasonable progress has been made towards confinement of the electronic levels
of the single metal atoms in SACs. This quantum confinement led to increased
catalyst stability and optimized binding with substrates, intermediates, and products
to increase activity and selectivity. Yet, a systematic and controlled way to tune the
oxidation state, d-band structure and orbital occupancy is missing at the
moment.l'231 Confinement of the catalyst’ surroundings (i.e. the first- and second-
coordination sphere) is another way to advance the performance of SACs. Also in
this area, progress has been made by e.g. surface doping, introducing a second
metal atom, controlling the surface facet or by using immobilized supramolecular
coordination cages. This led to advancements regarding substrate selectivity,
substrate pre-activation, transition state stabilization and cooperativity between

multiple functionalities.[124-127]
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To direct these efforts, and to develop systematic approaches for implementing
confinement effects in SACs, we need to understand the correlation between the
first- and second- coordination sphere of the catalysts and their catalytic
performance better. To move forward, these are the fundamental challenges that

need to be addressed systematically.

(i) In most SACs, there is a random distribution of atomically dispersed metals over
the support surface. This inherently raises questions about the first- and second-
coordination sphere of the metal atoms because multiple electronic and geometric
structures are possible — atomic dispersion of metals does not, per se, guarantees
uniformity in sites. As a result, the structure-activity relationships are blurred
hampering interpretation of mechanistic studies and rational design. To mitigate this
issue, defect engineering of supports or the use of regularly shaped supports may
address this issue effectively. Additionally, this could increase the maximum loading

and/or catalyst stability towards aggregation under demanding conditions.

(i) Computational studies to select promising SACs prior to synthesis or to
understand the reaction mechanism of SACs, also suffer from this irregularity issue
because simulations often assume one regular active site. Also, the model is
generally based on ex-situ analysis techniques, which may not reflect the active site

under operational conditions.

(iii) The fundamental reason for these ambiguities in catalyst structure are caused
by the technical limitations of the current microscopic and spectroscopic techniques.
Whereas aberration corrected HAADF-STEM is typically capable of visualizing the
central metal atom, it cannot determine the location of lighter atoms (N, O, P, S etc.)
that usually represent the first-coordination sphere of the metal atom. Additionally,
XAS measurements can be used to determine the metal atoms that are directly
coordinated to the central metal atom. Yet, this technique provides only average
values, has an error around 20% and an even larger error when considering the

atoms in the second-coordination sphere.[128]

(iv) The development of operando characterization techniques to study catalytic

intermediates at the catalyst surface under reaction conditions is even more
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challenging. Improvement in this direction would help to study new reaction

mechanisms and will provide valuable input for further computational investigations.

Albeit this single-atom approach is still in its infancy, let alone the implementation of

confinement effects, it shows much promise for the future of heterogenous catalysis.

Outline of the Dissertation

Inspired by the versatile approaches to control the confinement of atomically

dispersed metal sites, this dissertation will expand further on this.

In Chapter 2, we describe a molecular approach to synthesize and tune the reaction
pocket around the active site of single atom catalysts. This was done by surface
immobilization of different supramolecular cages, where the primary- and secondary
coordination sphere are controlled by ligand design. We demonstrate how reaction
mechanisms can be altered and catalytic properties can be enhanced by controlling

the surroundings of the active site.

The surface binding of the supramolecular cages described in Chapter 2 is studied
further in Chapter 3. For all the cages, we observe a decrease of one specific size
of micropores. This was correlated to the counterions being bound in the surface
micropores. Adsorption kinetics and binding isotherms were in line with this
hypothesis. With this, we establish a new and versatile mechanism for immobilizing

molecular species onto solids without to need to functionalize them.

Next to this molecular approach to induce second coordination sphere effects in
SACs, we also employed the use of crystal facets. In Chapter 4 we describe the
synthesis of Pt SACs on CeO:2 cubes, octahedra and rods that all have a different
exposed crystal facet. We show that the catalytic performance of Pt SACs differs
significantly depending on the terminal crystal facet. These catalytic trends were
explained by differences in oxygen vacancy density that influences the binding
strength of the Pt atom to the support, substrate diffusion to the Pt sites and the

degree of stabilization of reaction intermediates.
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Chapter 5 summarizes our efforts in understanding alcohol oxidation at the NiOOH
electrode. This is not trivial as the crystal phase and the surroundings are dependent
on the applied potential and the chemical environment. To address this, f-NiOOH
and y-NiOOH were selectively synthesized and used in the oxidative
dehydrogenation of three typical alcohols to study their intrinsic reactivity. -NiOOH
showed higher selectivity compared to y-NiOOH and its reaction mechanism was

thoroughly investigated.

Overall, the findings in this dissertation provide new ways to control and study the
surroundings of locally confined catalysts. The obtained knowledge will be of use in
designing improved heterogeneous catalysts to address today’s environmental

challenges by re-designing the energy and chemical sectors.
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