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Abstract

Platinum is used by many industries because of its exceptional catalytic activity,
electrochemical properties and corrosion resistance. It is widely used as a catalyst in the
chemical production, in fuel cell and electrolyser electrodes and in sensors for analytical
and medical applications. Catalysts are key to face grand technological challenges in the
fields of energy and environmental protection and to ensure a sustainable supply of

chemicals and materials.

Catalysts are shaped in many ways. Due to the high cost of platinum, most efforts are
directed towards maximizing the exposed surface area in order to increase the
utilization of the platinum itself and thus to reduce the Pt loadings. This is
conventionally achieved through reducing the size of the Pt particles to the nanoscale
by dispersing them on porous high surface area supports. For some specific
applications, and especially electrocatalysis and molecular sensing, unsupported
nanostructured platinum architectures, combining high exposed surface area with

electric conductivity, are needed.

Understanding kinetic data by relating it with structural and compositional properties
is essential for rational design of new catalysts. Gaining scientific insight when using
industrial catalysts is very difficult because of the complexity and heterogeneous nature
of such materials. They often contain a combination of phases that can vary in bulk
and surface structure, particle size, shape, chemical composition, defects, impurities,
promotors and interactions among the different phases. Usually supports themselves
are also irregular with a heterogeneous surface. Characterization is inherently
challenging for these catalysts and the active site is ill-defined. This complexity has been
the driving force for many researchers to use model catalysts. Many model studies have
been previously reported using single crystals or Pt particles on planar supports. Yet,

examples of well-characterized 3D Pt model catalysts were only scarcely reported.

The primary focus of this thesis was on the synthesis and characterization of generic
3D model platinum catalysts that can be used in kinetic investigations of many types of
reactions under practically relevant reaction conditions. Compared to planar model
catalysts, the structural complexity of such 3D model catalyst systems is more closely

related to the industrial catalysts.

A first model system was prepared by using a monodisperse, spherical alumina support
to reduce the complexity. Spherical alumina particles with a particle size of about 1 um

were synthesized by a chemical precipitation method. Using 2D and 3D electron



microscopy and ?7Al solid-state NMR, the core-shell structure of the particles was fully
characterized. The spherical alumina particles were then decorated with uniform Pt
nanoparticles (~1 nm) using the strong electrostatic adsorption method. To establish
its relevance as a model catalyst, the Pt alumina catalyst was combined with erionite
zeolite having comparable morphology to generate a bifunctional catalyst. The
suitability of such a physical mixture with a well-characterized Pt model catalyst was

demonstrated in the hydroisomerization-hydrocracking of n-decane.

The potential of atomic layer deposition (ALD) of platinum for creation of model
catalysts was investigated. ALD could even be used to introduce acid sites next to
platinum performing bifunctional catalysis with zeolites. Plasma-enhanced ALD of
Ga203 (Ga-ALD) was performed on COK-14, an all-silica zeolite that lacks acid sites.
After ALD, metal sites were introduced via Pt incipient wetness impregnation. Using
electron microscopy, Pt nanoparticles were found to be preferentially located on the
edges of the COK-14 plates. The optimum proximity between the Ga acid and Pt metal
sites resulted in high activity and selectivity surpassing other large pore zeolites.
To understand the potential of ALD for introducing metal sites in a zeolite, Pt-ALD
was performed on ZSM-5 zeolite, which resulted in finely dispersed Pt nanoparticles
of 1-2 nm. The hydroisomerization experiments confirmed Pt-ALD to be an adequate
method for introducing metal sites on aluminosilicate zeolites. This work demonstrates
how ALD-tailored materials can help in understanding the relationship between

structure and performance.

The final model system was a continuous unsupported platinum catalyst with an open
and porous structure. The structure was prepared using the hard templating concept,
consisting of filling the pores of a mesoporous template followed by removal of the
template. Pt-ALD was chosen for depositing Pt in the pores and Zeotile-4 was selected
as the template. By using Pt-ALD, the replica structure could be created over
micrometer distances. Such larger structures are valuable in electrode and sensor
applications. The structure was studied in detail with electron microscopy and
tomography. The applicability was demonstrated in the electrocatalytic hydrogen
evolution reaction (HER). Furthermore, the suitability of the structure for use in

biomedical sensors was demonstrated.
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Samenvatting

Platina wordt door veel industrieén gebruikt vanwege zijn uitzonderlijke katalytische en
elektrochemische eigenschappen en corrosiebestendigheid. Het wordt vaak verwerkt in
katalysatoren voor de chemische productie, in elektroden voor brandstof- en
elektrolysecellen en in sensoren voor analytische en medische toepassingen.
Katalysatoren zijn van cruciaal belang om grote technologische uitdagingen op het
gebied van energie en milieubescherming het hoofd te bieden en om op een duurzame

manier chemicalién en materialen te maken.

Er in een grote verscheidenheid aan katalysatoren. Vanwege de hoge kostprijs van
platina wordt vaak betracht het blootgestelde oppervlak te maximaliseren. Dit wordt
gedaan om de efficiéntie van het platina zelf te verhogen, zodat minder metaal nodig
1s. Meestal wordt dit bereikt door de grootte van de Pt-partikels te verkleinen tot
nanoschaal door ze te verdelen over poreuze dragers met een groot oppervlak. Voor
sommige specifieke toepassingen, met name elektrokatalyse en moleculaire detectie,
worden ook continue fijnverdeelde platina nanostructuren zonder drager ontwikkeld.

Zij combineren een groot specifiek oppervlak met elektrische geleidbaarheid.

Inzicht in kinetische data en het verband met structurele en compositionele
eigenschappen is essentieel voor het rationeel ontwerpen van nieuwe katalysatoren.
Dit is echter erg moeilijk bij het gebruik van industriéle katalysatoren vanwege de
complexiteit en de heterogeniteit van dergelijke materialen. Ze bevatten vaak een
combinatie van fasen die kunnen variéren in bulk- en oppervlaktestructuur,
deeltjesgrootte, morfologie, chemische samenstelling, defecten, onzuiverheden,
promotors en interacties tussen de verschillende fasen. Vaak zijn de dragers zelf ook
onregelmatig met een heterogeen oppervlak. Karakterisering is inherent uitdagend voor
deze katalysatoren en de actieve site is slecht gedefinieerd. Deze complexiteit is voor
veel onderzoekers de drijfveer geweest om modelkatalysatoren te gebruiken. Er zijn
reeds eerder modelstudies gerapporteerd op basis van single crystals of Pt-partikels op
vlakke dragers. Voorbeelden van goed gekarakteriseerde 3D Pt-modelkatalysatoren zijn

schaars.

De primaire focus van dit proefschrift lag op de synthese en karakterisering van
genericke 3D model platina katalysatoren, die gebruikt kunnen worden in kinetische
studies van  verschillende soorten reacties onder praktisch relevante
reacticomstandigheden. De  structurele  complexiteit van  dergelijke 3D
modelkatalysatoren is in vergelijking met vlakke modelkatalysatoren nauwer verwant

met de industriéle variant.
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Om de complexiteit te verminderen werd het eerste modelsysteem gemaakt met behulp
van een monodisperse sferische drager. Sferische aluminapartikels met een
deeltjesgrootte van 1 um werden gesynthetiseerd met een chemische
precipitatiemethode. Met behulp van 2D- en 3D-elektronenmicroscopie en 27Al vaste
stof NMR werd de kern-schil structuur van de partikels volledig gekarakteriseerd.
De sferische aluminapartikels werden vervolgens gebruikt als drager voor uniforme Pt-
nanopartikels (~ 1 nm) die met behulp van de sterke elektrostatische adsorptiemethode
wetden afgezet. Om de relevantie als modelkatalysator te bewijzen, werd de Pt/alumina
katalysator gemengd met erioniet-zeoliet partikels met een vergelijkbare morfologie om
een bifunctionele katalysator te creéren. De geschiktheid van een dergelijk fysisch
mengsel met een goed gekarakteriseerde Pt-modelkatalysator werd aangetoond in de

hydroisomerisatie-hydrokraking van n-decaan.

Het potentieel van atoomlaagdepositie (ALD) van platina voor het creéren van
modelkatalysatoren werd onderzocht. ALD zou zelfs kunnen worden gebruikt om zure
sites te introduceren naast platina dat bifunctionele katalyse met zeolieten uitvoert.
Plasma-versterkte ALD van Ga203 (Ga-ALD) werd uitgevoerd op COK-14, een zeoliet
die geheel uit silica bestaat en geen zure sites heeft. Na ALD werd de metaalfunctie
geintroduceerd via Pt capillaire impregnatie. Met behulp van elektronenmicroscopie
bleek dat de Pt-nanopartikels zich bij voorkeur op de randen van de COK-14-platen
hadden afgezet. De optimale nabijheid tussen de zure en metallische sites resulteerde
in een hoge activiteit en selectiviteit die andere zeolieten met grote porién overtreft.
Om het potentieel van ALD voor het introduceren van de metaalfunctie in een zeoliet
te begrijpen, werd Pt-ALD uitgevoerd op een ZSM-5-zeoliet. Dit resulteerde in fijn
verdeelde Pt-nanopartikels van 1-2 nm. De hydroisomerisatie experimenten
bevestigden dat Pt-ALD een geschikte methode is voor het introduceren van
metaalplaatsen op aluminosilicaatzeolieten. Dit werk laat zien dat op maat gemaakte

ALD materialen nuttig zijn om het verband tussen structuur en performantie te leggen.

Het laatste modelsysteem was een continue Pt-katalysator met een open en poreuze
structuur. De structuur werd vervaardigd met het harde matrijs concept dat bestaat uit
het vullen van de porién van een mesoporeuze matrijs, gevolgd door het verwijderen
van de matrijs. Pt-ALD werd gekozen voor afzetten van Pt in de porién en Zeotegel-4
werd gekozen als matrijs. Door gebruik te maken van Pt-ALD kon de replicastructuur
over micrometerafstanden worden vervaardigd. Dergelijke grotere structuren zijn
nuttig in elektrode- en sensortoepassingen. De structuur werd tot in detail bestudeerd
met elektronenmicroscopie en tomografie. De toepasbaarheid werd gedemonstreerd in
de elektrokatalytische waterstofevolutiereactie (HER). Verder werd de geschiktheid van

de structuur voor gebruik in biomedische sensoren aangetoond.
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List of abbreviations

ALD

BF

EDX

fcc
(HA)ADF
HER
(HR-)SEM
MAS NMR
MR

SEA

SMSI
S)TEM
TGA
UHV

XRD

Atomic Layer Deposition

Bright-Field

Energy-dispersive X-ray spectroscopy
Face-centered cubic

(High-Angle) Annular Dark-field

Hydrogen Evolution Reaction

(High Resolution) Scanning Electron Microscopy
Magic Angle Spinning Nuclear Magnetic Resonance
Membered Rings

Strong Electrostatic Adsorption

Strong Metal-Support Interaction

(Scanning) Transmission Electron Microscopy
Thermogravimetric analysis

Ultra-High Vacuum

X-Ray Diffraction
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List of symbols

Meaning

Isotropic chemical shift
Quadrupolar coupling constants

Asymmetry parameter

Xl

Unit

ppm

MHz
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Introduction

Platinum (Pt) is a rare element with distinctive physical and chemical properties that
are useful for many industries. The average content in the earth crust amounts to only
0.005 g/t, which is reflected in its high price.! In matketing, “platinum” products are
generally associated with wealth, prestige and exclusivity: eg platinum credit cards,
platinum music awards, platinum memberships to hotels or airlines, e#.? Yet, more than
a prestige symbol, the platinum metal itself is indispensable in many applications for
modern life. Well-known examples include automotive catalysts for exhaust
purification, sensors in medical devices and electrodes in fuel cells.3-5 It is also used in

jewels, electronics, laboratory equipment and for trading and investment.!?

In heterogeneous catalysis, platinum holds a special place. It can catalyze both oxidizing
and reducing reactions. It is resistant to corrosion, unaffected by most acids and alkalis,
thermally stable and electrically conductive.>>7 Pt is used in numerous oxidation and
(de)hydrogenation reactions providing useful chemicals and consumer products such
as pharmaceuticals, fertilizers, gasoline and plastics.>¢ Faced with grand concerns in
the fields of energy and environmental protection, there is continued interest to develop
improved catalysts for a sustainable supply of these products. The primary goal in
catalyst development is to create catalysts that selectively form desired products at high
reaction rates and that are stable under operating condtions.®? However this is a

challenging task.

Due to the high cost of platinum, most efforts are directed towards decreasing the
platinum loading through maximizing the exposed surface area. This is conventionally
achieved through reducing the size of the Pt nanoparticles by dispersing them on
porous high surface area supports.!%-12 Popular supports in catalysis are metal oxides,
activated carbons and zeolites.!3> However for use in some specific applications, usually
where electron transport or biocompatibility is important, unsupported nanostructured

high-surface area platinum catalysts are developed.!4-1¢

Typical catalysts have a very complex structure. They can contain a combination of
phases that can vary in bulk and surface structure, particle size, shape, chemical
environment, defects, impurities, promotors and interactions with the support. Usually
supports themselves are also irregular with a heterogeneous surface.!’-1? This chemical
and structural complexity was found to be imperative for the reactivity. Frequently, the
performance could be improved by optimizing physical properties such as particle size

and shape or chemical properties such as the nature of the support materials.!217



The criterion for evaluation of the catalyst’s utility is often the performance (activity
and selectivity) in a catalytic reactor, which is quantified and interpreted in terms of
reaction kinetics.?’ The basis for deriving reaction kinetics is the sequence of elementary

steps that occur during a catalytic cycle.821.22 The steps of a catalytic cycle are820.22.23;

1) Diffusion of reactants from bulk fluid phase to the external surface of the porous

catalyst particle.

2) Intraparticle diffusion of the reactants into the catalyst pores.

3) Adsorption of reactants onto the active sites on the surface.

4) Chemical reaction on the surface of the catalyst.

5) Desorption of products from catalyst surface.

0) Intraparticle diffusion of the products to the external surface of the catalyst particle.
7) Diffusion of the products from the external particle surface to the bulk of the fluid.

Each step can be rate limiting for the overall reaction process. In addition, heat transfer
can have large effects, especially for exo- or endothermic reactions.?2%2223 The term
microkinetics is used when step 3-5 are used in reaction kinetics studies.
They incorporate the basic surface chemistry of the reaction at a molecular level in
absence of heat- and mass-transfer limitations.?! Steps 1, 2 and 6,7 involve physical
transport, according to well-known diffusion laws. In cases where these steps are
included, the term macrokinetics is used.®??23 The nature of the catalyst can strongly
affect each of these steps. Kinetic models are important to consider, but are not the

subject of this doctoral research.

To improve catalysts by rational design, a fundamental understanding of the link
between the microscopic structure of the catalyst and the reaction kinetics is crucial.
From a fundamental point of view, however, the structural heterogeneity of the catalyst
implies a variety of possible active sites. The typical metal catalyst is too complex and
nonuniform to be useful for elucidation of the most meaningful structure—function
correlations. Besides the inherent difficult surface structure characterization of these
catalyst materials,!121824 experimental data are not readily interpretable. The individual
contributions of each type of influencing parameter cannot be distinguished in the
measured total activity. In addition, multicomponent diffusion and adsorption in the
porous support and the presence of temperature gradients could complicate

interpretation of changes in kinetic experiments significantly.12.18.25,
interpretati fch in kineti riments significantly.!218:25,26



To surmount these difficulties, systematic investigations with model catalysts are
performed where the complex technical catalyst is substituted by a more simplified
well-defined catalyst. The term model catalyst implies that a complex catalyst is
substituted by a more simplified system that alleviates variations in particle size, shape
and irregular defect structures of high surface area systems.?’?8 By excluding these
variations, the complexity can be significantly reduced.?’?% A wide range of model
systems with different levels of complexity has been previously reported. They range
from single crystals to well-defined nanoparticles on planar and 3D supports.
Each model system has limitations and the level of complexity should be adjusted
according to the needs and purpose of the study.?®> Traditionally single crystal surfaces
were studied with surface science techniques. A shortcoming of this approach is the

so-called pressure and materials gap.102>29-31

The pressure gap originates from the discontinuity in pressure between model and real
reaction conditions. Surface science studies are usually performed under ultrahigh-
vacuum (UHV) conditions to eliminate surface contamination. Moreover many
techniques such as electron spectroscopies demand high vacuum conditions.!”
However today, several surface sensitive techniques that work in a wide range of
pressures are available as reviewed by others.10242830.3233 The materials gap is used to
indicate that single crystal surfaces lack the complexity needed to study some important
aspects, e.g. particle size or support interaction, of the catalytic performance.’’ In order
to resolve this, models with increased complexity were developed. They were mainly
nanoparticles on planar supports.!%-3033 These two-dimensional model catalysts are
advantageous because surface science analytical tools can, due to the planarity, still be
applied.?%:33 These studies have conveyed many important insights for understanding
the catalytic performance e.g. structure sensitivity and promotor effects.!”-3! They have
contributed significantly to our understanding of catalysts at the atomic/molecular

level: namely how catalyst structure influences elementary processes at the active sites.

However the planar model catalysts are far away from the analogous industrial catalyst.
The heterogeneous nature of technical catalysts impedes direct transfer of insights
gained with ideal perfect surfaces to real world surfaces.!”3! Furthermore they cannot
be tested in realistic reactor setups. On this level, features associated with the 3D
structure of the catalyst (eg. pore structure, distribution active Pt nanoparticles on
support) and its packing in the reactor can have large effects on the catalyst

performance. It is also important to take heat and mass transfer effects into account.

Hence, in addition to atomic/molecular level investigations with planar model systems
having well-defined surfaces, these concepts should be validated at the

engineering/reactor level using 3D model catalysts. 3D model systems should be

3



developed and tested in realistic reactor conditions for meaningful kinetic data for

practical applications.

Objectives

The primary focus of the doctoral project was on creating a new group of 3D models
for platinum catalyst systems that can be tested at the reactor level. They are useful for
several types of reactions in realistic conditions. The objectives of this work are
synthesis, characterization, and subsequent catalytic reaction studies, both with
supported and unsupported model catalysts. In this doctoral study, 3D model’ refers

to the entire catalyst system, thus including platinum and the support if one is used.

To be eligible as a 3D model system, the model should have low structural complexity
with a high degree of uniformity regarding the support structure as well as the
supported active particles. Ideally, all the properties such as support structure, particle
size, shape, surface structure and location of the particles can be controlled and well-
characterized.?-3¢ In this research, electron microscopy plays an important role.
Several electron microscopy techniques, among other characterization methods, are
extensively used for imaging of the model catalysts. They provide useful information
on crystallographic structure, size, size distribution, shape and organization of the Pt
nanoparticles on the support, which is essential for understanding in model catalytic

studies.37-38

Outline of the thesis

This dissertation is divided in 4 chapters. Chapter 1 reviews Pt model catalyst systems
and presents the background and motivation of this research. The aim is to review the
materials that have been used as Pt model catalysts and to show the insights that have
been gained with these systems. In the first part, the complexity of heterogeneous
catalysis is discussed by describing technical catalyst designs and parameters exerting
influence on the performance. In the second part, common model catalyst systems,
including the synthetic routes, are described. A key conclusion is that only a few
examples of well-characterized 3D Pt model catalysts, that can be tested in realistic
reactor conditions, were reported. Chapters 2-4 contain experimental work addressing
synthesis and characterization of different 3D Pt model catalysts for various catalytic

reactions.

Chapter 2 contains the most simple 3D model catalyst: the support is spherical and
dense. It was chosen to focus on alumina spheres, because alumina is a popular catalyst

support material. 2D and 3D electron microscopy and 27Al magic angle spinning



nuclear magnetic resonance spectroscopy contributed significantly in revealing the
structure of the alumina particles. Using the strong electrostatic adsorption method, Pt
nanoparticles were deposited on the support. To establish its relevance as a model
catalyst, the Pt alumina catalyst was combined with erionite zeolite having comparable
morphology to generate a bifunctional catalyst and tested for the hydroconversion of

n-decane.

In chapter 3, the potential of atomic layer deposition (ALD) for creation of model
catalysts is demonstrated. ALD is a self-limited growth method which relies on
sequential reactions of gas phase precursor molecules and a co-reactant with a solid
surface, resulting in the consecutive depositions of (sub)monolayers. Due to the self-
limiting surface nature of the surface reactions, ALD enables exact thickness control
and exceptional conformality.?® ALD can be applied to deposit thin films of a wide
range of materials such as oxides, nitrides, sulfides and metals on various supports.'%3-
4 Furthermore, a large amount of different elements can be grown by ALD.% In
addition, due to a nucleation-controlled growth mechanism of noble metals, ALD can
be applied to deposit uniform metal nanoparticles with atomic level control of the
size.* Moreover, in comparison with “line-of-sight” deposition techniques such as
cluster beam deposition or physical vapor deposition, ALD is, due to the self-saturating
nature of the reactions, capable to conformally deposit metal nanoparticles in porous
structures with large depth to width ratio.*47:# Another advantage of ALD is that the
processes can be optimized for high-purity of the deposited material, without
contaminants and ligands.#*->! ALD has become a mainstream deposition tool in
microelectronics.*¢ Recently, it has, due to its benefits, also been considered as a
promising versatile tool for atomic scale tailoring of catalyst properties towards specific

requirements for enhanced performance.!947,5253

A great deal of earlier work on ALD been carried out to understand the mechanisms,
to find new materials and processes and to explore if ALD is well-suited for creation
of functionality in nanostructures.!%-3%41.47.53-55 In this work, the feasibility of ALD for
introducing gallium acid and Pt metal sites in zeolites was evaluated and the resulting
tailored catalysts were used as bifunctional catalysts in the hydroconversion of n-
decane. There exist many ways to introduce gallium and metal on supports, however
depositions of homogenous particles with high dispersions and high level of control by
chemical routes is a challenging task.>0>7 According to our view, ALD is highly
interesting in model catalyst research, because it offers a methodology for mitigating

particle size and compositional nonuniformities.

The ALD process that was previously used for deposition of GaxOs thin films was
applied to COK-14 zeolite, an all-silica zeolite with OKO topology. This zeolite has



plate-like morphology with a 2D pore system running in the long direction.
Without modification, COK-14 is catalytically inactive.>® Regarding Ga-ALD, different
precursor and co-reactant combinations have been explored which resulted in a wealth
of ALD procedures that are available, e.g. combination of Ga(acac)s and water or
ozone,” ((CH3)2GaNH2)3 and oxygen plasma®, Gaz(N(CH3)2)s and water®!, gallium tri-
isopropoxide (GTIP) and water6?, dimethylgallium isopropoxide (DMGIP) and water63,
trimethylgallium (TMGa) and ozone,%* and tris(2,2,6,6-tetramethyl-3,5-heptanedionato
gallium(III) (Ga(TMHD)3) and Oz plasma as reactant. The latter combination was used
in this work for introducing acid sites in an all silica COK-14 zeolite. Ga-ALD for

introduction of gallium onto zeolites has remained largely uninvestigated.

Platinum was deposited by ALD on ZSM-5. A commonly used Pt-ALD process
implements alternating purges of (methylcyclopentadienyl)trimethylplatinum
(MeCpPtMe3) vapor and Oz gas.®5-68 Besides O2 gas, also Oz plasma, O3 gas, Hz gas, Ha
plasma, N2 plasma and NH3 plasma have been used for Pt-ALD.66:67.69-71 In recent
years, Pt-ALD has been applied for catalyst design. It has been validated as a
preparation method for catalysts with highly dispersed Pt nanoparticles and narrow size
distributions. Various porous supports, such as carbon aerogel, carbon nanotubes,
mesoporous silica gel, Si nanowires, titanium nitride nanowires, MOFs, ez., were used
and tested for various (electro)chemical reactions.”-8! In the field of zeolite catalysis,
Pt-ALD has been previously applied to ZSM-5 for hydrogenation of levulinic acid to
valeric acid®? and on zeolite beta for cinnamaldehyde hydrogenation.®?> Pt was also
introduced to K-L zeolite by ALD and a high activity for n-heptane reforming to
aromatics was observed.348> Pt-ALD for preparing bifunctional catalysts for

hydrocarbon conversion has further not yet been reported.

In Chapter 4, a different approach is used. Unsupported Pt nanostructures were
synthesized by the hard templating method, consisting in deposition of platinum in the
pores of a mesoporous oxide support followed by dissolution of the template. Pt-ALD

was chosen for deposition of Pt in the pores and Zeotile-4 was the template.

Unsupported nanostructured high-surface area platinum catalysts are developed for
specific applications. Pt nanostructures with open and porous structure are ideal
candidates for applications that require both electron and mass transport.14+-1¢ They can
excel in applications as battery electrodes, fuel cells, electronic devices, electrochemical
sensors, neural stimulation electrodes and mechanical actuators.8¢-8 When used for
neural stimulation, the high surface area is highly advantageous for the signal to noise
ratio, as the impedance at the interface between electrode and tissue is inversely related
to the surface area. For bio-implantable electrode applications in general, a strong

motivation for working with unsupported porous platinum is that platinum is very

6



noble with high biocompatibility and chemical stability.8® In fuel cell applications,
unsupported platinum electrocatalysts could be beneficial in comparison with
conventional carbon-supported Pt nanoparticles. In the latter, corrosion of the support

often leads to particle detachment and loss of electrical contact.®

In recent years, the Pt-ALD technique been used for uniformly coating of templates
with porous features.”-92 For preparation of a self-supporting porous Pt replica via the
hard templating technique however, Pt-ALD has remained largely unexplored.
Impregnation with a Pt complex is a common way to infiltrate the pores of a hard
template.?>-107 Previously reported Pt replicas consist mostly of nanowire assemblies.
In this work, ALD is applied for replication of the Zeotile-4 template, which is a
mesoporous silica material with 3D accessible pores. This is an attractive strategy
because the cyclic repetition of surface saturated reactions can lead to complete filling
of the template. The method was proven suitable for synthesizing model
monofunctional Pt catalysts. The structure was thoroughly characterized in detail with
electron microscopy and tomography. The applicability of the Pt replica structure was
demonstrated in electrocatalysis for the hydrogen evolution reaction (HER) and in

biomedical sensing as microelectrode.
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1. Introduction

Industrial catalysts are not simple in terms of composition and structure.! They are
generally multicomponent systems, consisting of metal or metal alloy nanoparticles,
often with poisons or promotors, deposited on nanostructured porous
metal-oxides.>¢ In the past decades, it was found that it is this complexity that is
imperative for the reactivity. Physical properties such as particle size and shape or
chemical properties such as the nature of the support materials can have significant
influences on the activity. Other complex features such as defects, impurities and
interactions with the support can moreover considerably affect the performance.*’
When seeking more efficient catalysts, optimization of the parameters was mainly based
on empirical grounds. Hence, the precise knowledge on the active sites and interplay

between all the parameters are still not well understood.!2#

It is intrinsically difficult to relate properties of such samples to the activity because the
individual contributions of each type of influencing parameter can be masked in the
measured total activity. In an attempt to unravel the nature of the active sites, many
investigations with simpler model catalysts have been performed.® They were mainly
based on single-crystal surfaces or nanoparticles on planar supports in ultra-high
vacuum surface science experiments.»#-10 Although many important insights with
respect to the catalytic properties have been accumulated, e.g. structure sensitivity and
promotor effects, model catalysts are far away from the analogous industrial catalyst.”.1
The surfaces deviate significantly from the ideal surfaces obtained with surface-science
techniques and the measurement conditions are very different from industrially relevant
reactor conditions. Conditions at which real catalysts operate cover broad ranges of
temperatures and pressures ranging from room temperature to hundreds of degrees
Celsius and from millitorr to atmospheres.!! Therefore, it is necessary to develop more
sophisticated model systems that are closer to real world catalysts and that can be used

in relevant reactor conditions.

Platinum is widely used for a multitude of applications due to its exceptional properties
such as corrosion resistance, thermal stability and catalytic activity for many chemical
reactions. Well-known applications include automotive catalysts for exhaust
purification, sensors in medical applications and electrodes in fuel cells. It is also widely
used as a catalyst for oxidation and (de)hydrogenation reactions that are important for
manufacturing of petrochemical feedstocks and consumer products such as fertilizers,
gasoline and plastics.!>-1# Observed from an industrial viewpoint, the high cost of
platinum is a huge driving force for efficient use of the metal in new and improved

types of catalyst systems.!?
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The focus of this literature review is platinum model catalyst systems. To master the
complexity of catalyst systems, first, industrial catalyst designs and parameters affecting
the performance will be discussed. Then, common model catalyst systems will be
explained. Different model systems that are a simplified version of the complex
industrial catalyst can be defined, however planar model systems, which covers a very
broad research field, will not be described extensively. The cited examples are intended
to give an idea on commonly applied designs. The review summarizes examples of 3D
model catalysts and reveals that they remain limited. All the examples given in the
different sections are narrowed to platinum catalysts to provide an in-depth review.
The missing pieces in current model catalyst systems are discussed, as well as

perspectives for design of new model catalysts.

2. Industrial catalysts

Heterogeneous catalysts are a vital component in a wide variety of processes in the
chemical, petrochemical, biochemical and pharmaceutical industries. Since most of the
present production routes for chemicals and fuels rely on heterogeneous catalysts,

they have an immense economic impact.>16
y

Heterogeneous materials can be used in unsupported form, but numerous catalysts use
an additional material as support for the active phase.!”-!8 Unsupported catalysts,
of which the main component is the active material, are usually produced when the
components are inexpensive.%!? Typical examples of unsupported catalysts are
aluminosilicates and zeolites for cracking of petroleum fractions and alumina in the
Claus process for sulfur recovery.>1%20 Unsupported platinum is only occasionally used
in industry. An example is the platinum or platinum-alloy gauze for ammonia oxidation
in the production of nitric acid whereby a gauze is used due to the highly exothermic
reaction that requires small catalyst bed heights >2! The supported types are chosen
depending on the requirements of the chemical process. Advantages such as high
dispersion of the active phase, better diffusion through the reactor bed, better thermal
conductivity and creation of bifunctional catalysts are a few among many reasons.!8
Two Pt examples include the well-known three-way catalyst consisting of Pt — Rh — Pd
on ALO3 modified by CeO: and Pt on chlorinated Al>O3 as bifunctional catalyst for

catalytic reforming and for isomerization of petroleum fractions.>

(Co)Precipitation and impregnation/coating techniques are the most frequently applied
methods to manufacture industrial catalysts.??> Precipitation is mainly used for the
production of unsupported oxidic catalysts and for the manufacture of pure support
materials.>¢ One or more metal salts, eg. sulfates, chlorides and nitrates, are mixed in

an aqueous solution and then (co)precipitated, often as hydroxides or carbonates.
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The synthesis conditions can affect catalyst properties such as crystallinity, particle size,

porosity and composition.>

For preparation of platinum based catalysts, that because of its high cost are mainly in
supported form, impregnation is often used. The method involves impregnation of the
porous support with platinum salts. The platinum precursor ions consist ligands, such
as for example ammine for the common precursor (NH3)4PtCly, that need to be
removed. To obtain platinum nanoparticles in zero-valent oxidation state, the
impregnated and dried powder is typically converted in a calcination and/or reduction
step.?? The procedure usually results in a rather broad particle size distribution and
nonuniform dispersion, due to the lack of interaction between the platinum precursor
and the support.?32* More detailed information on the manufacturing of industrial

catalysts, as well as some other procedures can be found elsewhere.®!?

Commercial catalysts can be used as a powder, however usually they are formed into
larger shaped particles such as rings, spheres, tablets, and pellets depending on the end
use.®!? The shape and size of the catalyst particles serve to enhance the catalytic activity,
to control the mass transport properties through the catalyst bed, to influence the
pressure drop and to increase mechanical strength and durability of the catalyst
particles.® The decision to work with a particular shape and size is mainly based on the
type of reactor. Commercially available coarse granules or fine powders can be shaped
into larger bodies with the aid of binders and lubricants (e.g. stearic acid, graphite) and
then be used in fixed bed reactors.?>2¢ Spray-drying, extrusion, pelleting and granulation
are the most important methods. Generally, spray-drying results in particles ranging in
size from a few to a several hundred micrometers, while the other methods produce
particles of a few millimeters.®?” For uses in fluidized beds or liquid phase, the catalyst
is supplied as a powder.1:2>2628-31 [n some cases, usually where conventional catalyst
beds are restricting the gas flow, monoliths that consist of continuous structures with
unidirectional parallel channels of varying shapes eg. circular, hexagonal, square and

triangular, are used. So far monoliths were mainly applied in exhaust purification.6:32

In summary, many industrial catalysts consist of nanometer sized nanoparticles,
generally between 1 and 100 nm, dispersed in the pores of a high surface area
support.’>3¢ Supports with surface areas of 200 square meters per gram or more,
and materials such as alumina, silica, zeolites or carbon are frequently used.?33637
In general, the size of the support bodies varies between 10 um and 1 cm and the
morphology and porosity are usually marked on a (sub)micron scale.?3% The walls in a
monolith exhibit a porosity between 15 and 40% and have pores with an average

diameter of a few micrometers.® These scales are illustrated in figure 1.
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Figure 1. Hierarchical structure of a heterogeneous supported catalyst at various zoom-in
levels. Industrial catalysts have features marked on macro- down to nanometer scale.

To uncover the factors important for catalytic activity and selectivity, commercial
catalysts have limitations. They contain a combination of phases that can vary in
stoichiometries, bulk and surface structures, particle shapes and sizes, defects,
impurities, and interactions with the support. Usually supports themselves are also
heterogeneous.” This complexity makes characterization inherently challenging for
these materials.* Moreover, for such nonuniform samples, the contribution of each type
of influencing parameter cannot be determined from the measured total activity. It is
therefore necessary to design new experiments with simpler catalysts as model system.?
Opver the years, systematic studies with various types of well-defined model catalysts
have been used to study activity and selectivity of catalytic reactions. The main aspects,
including surface structure and support interaction, that exert influence on the

performance are summarized in the next paragraphs.

3. Structure sensitivity

3.1 Particle size

Already in the 1960s the concept of structure sensitivity has been introduced, pointing
out that the rate (and selectivity) of some catalytic reactions strongly depends on surface
defects or crystallographic planes on the surface.4-#2 In the initial definition of Boudart,
only the rate of the catalytic reaction is mentioned to be influenced by the surface
structure, however cases where the selectivity changes with structure have been
reported also. This structure sensitivity effect has been studied by investigating the size
dependency of nanoparticles and by using single-crystal planes as model catalysts.

The former approach is reasonable since the size of the particles influences the density

20



of under-coordinated atoms at corners or edges.!>3241:43 In general, the amount of kinks

and edges on the surface of the nanoparticles increases with decreasing particle size.*!

There are numerous examples of this size effect; most of these examples are
correlations with the activity. The number of examples where selectivity could be
related to size is lower.#* Starting from the 1960s, several hydrocarbon reactions over
platinum catalysts were shown to have an activity increase with decreasing particle size:
isomerization of light alkanes (<C4), hydrogenolysis and dehydrocyclization of n-
heptane to toluene.*! Particle size was also shown to influence ethane hydrogenolysis
and the regioselective hydrogenation reactions of quinoline.*>4 More recent examples
comptise oxidation of volatile organic compounds e.g. toluene oxidation on Pt/ZSM-5
47 and on Pt/CeOz catalyst,* benzene oxidation Pt/Al,O3%. Numerous examples of
the effect of size on the activity of various reactions, e.g. CO oxidation and methane
oxidation, on supported Pt catalysts are reviewed elsewhere.’’ In electro- and
photocatalytic technologies, multiple reactions display size-dependency: e.g. oxygen
reduction reaction on Pt/carbon,552 hydrogen evolution on Pt/TiO2,> hydrogen
oxidation and evolution on Pt/carbon particles,>* CO reduction on hierarchical ordered
TiO2-S10; porous material®>, e#.. In some cases, the nanoparticles with larger particle
sizes show better performance than smaller ones. This adverse effect was for example
established for the hydrogen evolution reaction on Pt nanoparticles in the 1 - 3 nm

range.>

An example of the influence of size on selectivity has been reported for n-butane
hydrogenolysis and 1,3-butadiene hydrogenation.’”- Other examples of a shift in
selectivity for platinum based catalysts include hydrogenation—dehydrogenation
reactions of cyclohexene, isomerization of n-pentane, hydrogenation of a,B-

unsaturated aldehydes and are reviewed elsewhere. 459,60

3.2 Single crystals

In analogy with the under-coordinated atoms on small particles, fundamental studies
on the single-crystal surfaces of bulk Pt have shown that high-index planes with open
structures exhibit generally enhanced catalytic activity in comparison with low-index
planes such as {111} and {100}.156! For face-centered cubic (fcc) metals like platinum;
the high-index planes, meaning that at least one of the Miller indices (hkl) is larger than
one, are open-structure surfaces. They contain a high density of atomic steps and
kinks.!>37 To illustrate this, a unit stereographic triangle as shown in figure 2, is often
used for platinum and other fcc metals. At the three vertices, the low-index planes, flat
(111), flat (100) and stepped (110) are presented. Planes inside and at the sides of the

triangle denote high-index planes with terrace-step structure.%%63 The under-
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coordinated atoms at these steps and kinks are believed to be the active sites for

breaking the chemical bonds of the reactant molecule.!>43

Pt(110)

P1(320)

PY(111) S

m sh 2n M an m 100
ZONE[017]

t(211)
b

Figure 2. Unit stereographic triangle of Pt single-crystal surfaces and the corresponding model
surface atomic arrangements. Reproduced from ref .

There are countless numbers of examples of platinum single crystal surface studies.
They have been extensively studied in hydrocarbon conversion reactions and CO
oxidation. A study by Somotjai ¢f al. revealed that steps and kinks are the catalytic sites
tor C-C, C-H and H-H bond scissions during hydrocarbon reactions. They could
establish a correlation between the activity of different crystal surfaces carrying out
dehydrogenation and hydrogenolysis of cyclohexane to benzene and n-hexane, and

surface structure/compositions.®*

Besides activity, also the selectivity is dependent on the packing of atoms on the surface,
however generalization is not simple. For example, in a study by Davis ez al., the
structure dependence of n-hexane skeletal rearrangement was investigated on five
different platinum single crystal surfaces Pt(100), Pt(111), Pt(332), Pt(13,1,1) and
Pt(10,8,7). They have different density of terraces, steps, and kinks. In the aromatization
of n-hexane to benzene, the rates and selectivities were structure dependent and highest
for platinum surfaces with high concentrations of (111) microfacets, which are present
on (111), (332), and (10,8,7). The rates of the competing reactions, isomerization, Cs-

cyclization, and hydrogenolysis, exhibited little dependence on surface structure.
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The hydrogenolysis products however were affected significantly by terrace structures.
Selective hydrogenolysis of the internal and terminal C-C bond was favored by platinum
surfaces with (100) terraces and surfaces with (111) terraces respectively.®> Also, CO
dissociation displayed structure sensitivity. It was found that CO dissociation requires
different temperatures for the different planes ranked in increasing order of Pt(100) <
Pt(557) and < Pt(111). The order is determined by the temperature at which the surface

becomes more rough with steps and kinks due to formation of platinum carbonyls.

Single crystals have also been applied in electrochemistry studies. For instance, the
structure sensitivity was also investigated for the electrocatalytic CO oxidation on Pt
single crystals: Pt(443), Pt(332), and Pt(322). The (111) terraces of these surfaces were
found to be more reactive in comparison with (110) or (100) steps.®” In the case of
ethylene glycol oxidation, a higher activity on the (110) than on the (111) electrode was
measured, however the best electrocatalytic properties have been reported for the (331)
electrode, which was ascribed to the atomic arrangement and to the stability of this
surface.®® For CO; reduction, (210) planes with the highest density of kinks in their
study, were the most active.®” Density functional theory calculations predict activities
in the following trend: (111) < (110) ~ (331) < (100) ~ (310) ~ (211) ~ (320) ~ (511)
for ethanol electrocatalytic oxidation. A high selectivity toward CO2 was only achieved
with (110) and (331) step sites.%? For other structure sensitivity effects of Pt single
crystal electrodes in reactions as methanol, ethanol, ethylene glycol and formic acid
oxidation and oxygen reduction, the reader is referred to the review by Sun and

coworkers.15

3.3 Shape of nanoparticles

It is important to note that structure sensitivity not only involves the size of the active
particles, but also comprises effects associated with distinct characteristics as their
shape and structure.*? In the past decades, tremendous progress in shape-controlled
synthesis led to different polyhedral shapes that can be produced and employed as
substitutes for metal single crystals.!1543470 Nanoparticles with controlled facets and
morphology are most frequently synthesized through colloidal methods, consisting in
reduction of a metal salt precursor with or without a stabilizing agent in solution, and
are summarized in earlier reviews.0L71.72 Various computational approaches, first mainly
based on thermodynamics, later extended with kinetic driving forces, have been used
to see which polyhedral shape the nanoparticles adopt and to predict the functional
properties.3273-7> The most stable equilibrium shape of the Pt nanoparticle changes with
the size.”%”7 For Pt nanoparticles, the relationship between shape and surface structure
is documented. Different shapes expose different crystallographic planes.!>4361

To demonstrate the different crystal planes enclosing the Pt nanoparticles, a unit
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stereographic triangle analogous to the one used for Pt single-crystals (Figure 2) is
trequently used. This is illustrated in Figure 3.37.78 For instance, a cube, octahedron and
rhombic dodecahedron expose (100), (111) and (110) surfaces respectively.!>*3
The distribution of under-coordinated sites on edges, kinks, corners and terraces is

controlled by the shape of the nanoparticle.*?

There are many examples where the presence or absence of certain crystallographic
facets associated with a particular shape, could be used to interpret the catalytic
performance of different shapes.” Detailed size- and shape-dependent catalytic
performances of metal nanoparticles may be found elsewhere.3”-> With specific regard
to Pt nanoparticles, the shape dependency has been investigated for several reactions.
An example is the reaction between hexacyanoferrate (III) and thiosulfate ions in
colloidal solution of Pt nanoparticles. The activity trend, multiarmed nanostar >
tetrahedral-shaped Pt nanoparticles > cubic nanoparticles could be correlated with the
fraction of surface atoms located on corners and edges.?%8! The effect is also known
for some heterogeneous gas-phase reactions such as the ethylene hydrogenation
catalyzed by Pt nanoparticles supported on silicon wafers and mesoporous silica.8283
The shape also affects the reactivity for the oxidation of 2-propanol by Pt nanoparticles
supported on y-Al2O3.8* Regarding the selectivity, the cis-trans isomerization of 2-
butene has been reported to vary by using different Pt nanoparticle shapes supported
on silica xerogel.3> Also for benzene hydrogenations and pyrrole hydrogenations
catalyzed by Pt nanoparticles, in the two reactions respectively supported on silicon
wafers and mesoporous silica, the selectivity is strongly influenced by the shape.86-88
The shape dependency 1is well-known in electrochemical investigations.
Examples include the oxygen reduction reaction®-?0 and oxidation of formic acid and
ethanol!-92 In summary, the synthesis of nanoparticles with open surface structures

could be a route towards tuning the selectivity and activity.
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Figure 3. The unit triangle of the stereographic projection of polyhedral Pt nanoparticles
enclosed by different crystal planes. Reproduced from ref .

4. Surface restructuring

4.1 Concept

The catalyst surface is dynamic and this complicates the study of individual
contributions on the catalyst performance significantly. Its structure changes depending
on the conditions and the active state of the catalyst can differ from the state of the
fresh as-prepared catalyst.889394 Many techniques, e¢g (Ambient-Pressure) X-ray
Photoelectron = Spectroscopy (AP-)XPS, (High-Pressure) Scanning Tunneling
Microscopy (HP-)STM, (in situ) Transmission Electron Microscope (in situ) TEM...,
were developed to study the influence of reaction conditions at higher pressures and
temperatures on the surface.?%4-97 These developments were also an incentive in the
tield of computational catalysis to move from standard descriptive models at 0 K and
low reactant concentrations (UHV) to more representative conditions.
Theoretical studies are considered to be in situ when the calculations include practical
conditions such as presence of reactant gases over a range of pressures, quasi-thermal
equilibrium between gases and catalyst surface in terms of the chemical potential and
stability of the surface under reaction conditions (eg. oxidation of metal surfaces).”®
New methodologies towards in situ modeling that account for chemical environment,

pressure and temperature comprise global optimization techniques, ab initio
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constrained thermodynamics, biased molecular dynamics, microkinetic models of
reaction networks and machine learning approaches and are summarized elsewhere.?
The in situ experimental techniques and complementary computational simulations
convey strong insight that the structure of metal catalyst surfaces is not rigid.
Effects such as chemisorption and elevated temperatures induce restructuring of the
surface.?3:96:100.101 Moreover a metallic surface has the tendency to become oxidized
under oxygen pressure or carburized under carbon chemical potential.! The first
examples presented here are Pt single-crystal studies in realistic gas pressures and
temperatures. In the second set of examples, the effect of the gaseous environment,
thermal treatment and catalytic reaction is discussed for supported Pt nanoparticle

systems.

4.2 Single crystals

In the case of platinum, considerable efforts to study the surface reconstruction under
reaction conditions have been undertaken. Reconstruction due to high temperatures or
adsorption of gases is reported for low-index surfaces as {100} 101102 {110} 103-106 and
{111}107.108 Annealing leads to faceting of the Pt(113) surface with formation of
terraces.!?” Much effort has been devoted to exploring this effect upon exposure to
certain gases. In the presence of carbon monoxide, stepped single-crystal (557) and
(332) surfaces were studied by HP-STM, AP-XPS and density functional theory (DFT)
and found to be prone to extensive and reversible restructuring at pressures above 0.1
Torr. The terraces of Pt(557) and (332) break up into nanometer-sized clusters and
return to the original morphology after removal of the CO gas.!! Restructuring due to
CO adsorption at 1.54 mbar and elevated temperatures was observed for a stepped
(557) surface with AP-STM.110 HP-STM and theoretical calculations revealed the
atomic-scale restructuring of the Pt(100) surface is induced by CO at pressures up to
several Torr. 191 In another study; density functional theory (DFT) calculations, Monte
Carlo simulations and STM were applied to a Pt(110) surface at high gas pressures and
temperatures. It was shown that CO binds strongly to under-coordinated Pt atoms,
thereby breaking the Pt-Pt bonds and forming steps on the surface.!% Besides CO, H»
has also been shown to restructure Pt single crystal surfaces as studied by STM and
sum frequency generation (SFG) vibrational spectroscopy.!!! Using SEM, DFT, X-ray
diffraction (XRD) and STM, Pt restructuring was also observed during ammonia
oxidation. The ammonia induced restructuring was further studied for single crystals
of different orientation; (533), (443), (865), and (100), Pt gauzes and Pt foil, and the
extent of restructuring relies on pressure, temperature and time.!'%113 Using theoretical
modelling, oxygen adsorption on Pt(110)1'* and NO and NHj3 adsorption on Pt(100)

surface was predicted to induce restructuring.!1>
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Another factor leading to surface restructuring is the chemical reaction (oxidation,
reduction, carbonization, ef.) between a reactant gas and a catalyst surface.
The interactions with Oz have been widely studied. The formation of bulk platinum
oxide phases and thin oxide films on the Pt(111) surfaces has been investigated by
means of ab initio thermodynamic calculations,!'¢ and with experimental techniques as
on the Pt(100).17 Oxidation of Pt(110) and Pt(332) surfaces and its effect on CO
oxidation has been studied using DFT, STM and high resolution x-ray photoemission
spectroscopy. Under oxidizing conditions the surfaces reconstruct into 1D oxide
structures that are highly active for CO oxidation.!'8 A recent study using in situ STM,
shows that upon exposure of Pt(111) to oxidizing atmosphere, single-layer surface
oxides with Pt oxide rows are formed.!” The Pt(111) surface also reconstructs upon
exposures to atomic oxygen.!? In electrochemical environments, the surface can
restructure due to, among others, the electrode potential, electrochemical adsorption
of oxygen, hydrogen, electrolyte anions and the formation of surface oxides.!?!-124
Figure 4 represents a schematic illustration of the flat surface which restructures in

realistic reaction conditions.

Reactant

Platinum surface Restructuring

1) Temperature
2) Adsorption
3) Chemical reaction

,ME

Platinum bulk structure

Figure 4. Schematic illustration of the flat surface of a platinum crystal prepared in UHV of
which the surface reconstructs in realistic reaction conditions. Factors leading to restructuring
are high temperature, gas adsorption or chemical reaction between reactant and catalyst
surface.

4.3 Pt nanoparticles

For Pt nanoparticles, exposure to gaseous environment and thermal treatment during
catalysis can lead to observable changes in size and shape.81.125-130 A large number of
studies are based on TEM techniques. For instance, using TEM, it was revealed that
upon exposure to hydrogen sulfide in hydrogen, sulfur adsorbs and induces poisoning
and restructuring of alumina supported Pt nanoparticles.!3! The effect of adsorbate and
pretreatment conditions was studied using TEM for silica supported Pt nanoparticles.
Particles mainly exposing the (111) faces were formed under reducing conditions (Hz

and vacuum). Rounded particles were formed after treatment in air at 923 K.129
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Later, in an in situ ETEM study, large faceted Pt particles prepared in solution show
reversible changes in morphology during oxidation in Oz and reduction in H> at
pressures of a few mbars.!2> Using ETEM, atomic reconstruction of {100} surfaces of
Pt nanoparticles in oxygen environment could be observed.”® Pt nanoparticles,
supported on a-AlOs, restructure and expose more undercoordinated steps, edges and
corners upon CO oxidation reaction conditions as was shown using in situ diffuse
reflectance Fourier transform infrared spectroscopy (DRIFTS).132 Step formation from
the NO reduction reaction with Hz was investigated using in situ XRD and TEM. It
was shown that Pt(110) surfaces reconstruct with extensive faceting and Pt
nanoparticles become faceted in Hz and spherical in NO.13? Pt nanoparticles, prepared
via colloidal synthesis, on a Si support were used for selective oxidation of methanol in
the gas phase. Using XPS and diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS), a size-dependent structure and oxidation state of the Pt
nanoparticles was established. This resulted in high selectivity towards formaldehyde

when the size of Pt nanoparticles was reduced to 1 nm.134

Also particle sintering and coarsening can change the crystallographic and electronic
structure.'?¢ Using kinetic Monte Carlo simulations, the movement and diffusion of a
platinum nanoparticle on different supports was studied. It changes with size,
temperature, and adhesion on the support.!3> The sintering of Pt model catalysts on flat
alumina and silica supports upon exposure to Oz and NOz gases was studied under
operating conditions using in situ indirect nanoplasmonic sensing (INPS).136
The sintering of Pt nanoparticles on a planar SiO2z and amorphous Al2O3 support was
monitored during exposure to synthetic air at 650 °C by in situ TEM.137.138
Annealing in H» at 800 °C induces sintering of Pt on planar SiOz as observed with in
situ TEM.13? Also on high surface area supports, in situ TEM can be used. Growth of
Pt nanoparticles in reducing conditions, ze. H2 atmosphere and elevated temperatures,
was revealed using the technique.# Agglomeration of Pt nanoparticles on carbon black
at high temperatures was investigated using molecular dynamics simulations.!#!
Particle coarsening was also studied using a model system of Pt nanoparticles on a
single crystal Si wafer. Atomic layer deposition (ALD) was used to exert control over
metal loading and Pt nanoparticle size and coverage. A series of samples with varying
sizes and interparticle spacings was prepared and studied under different oxygen
environments. The coarsening mechanism of the particles was studied with in situ
grazing incidence small angle X-ray scattering (GISAXS). It was found that the as-
deposited size and O: concentration were important parameters for the onset

temperature of coarsening.!4?
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Raybaud and coworkers were one of the first to describe the morphology of realistically
sized platinum clusters supported on a y-Al2O3 model which takes into account the
operating conditions. Platinum clusters of 13 atoms, which have an estimated diameter
of around 1 nm, were considered as a reasonable model for highly dispersed platinum
catalysts. The influence of hydrogen pressure on the platinum particles was investigated
by using periodic DFT calculations coupled to a thermodynamic model. They show
that the Pt clusters are prone to a remarkable structural reconstruction upon Ha
exposure. The particles reach a higher hydrogen adsorption capacity than extended
surfaces and form surface hydrides.!#? Later, in situ X-ray absorption near edge
structure (XANES) recorded in high energy resolution fluorescence detection
(HERFD) mode and density functional theory molecular dynamics (DFT-MD) of a
similar system (nanometric platinum clusters supported on the two main surfaces of y-
alumina) were used for discrimination of different morphologies of nanoparticles and
to quantify hydrogen coverage as a function of the temperature and hydrogen
pressure.'* The Pt clusters on y-Al2O3 are also prone to restructuring during the
dehydrogenation of methyl-cyclohexane reactions as was investigated using DFT-
MD % Using theoretical modeling on different Pt nanoparticles; sizes between 1-3 nm
and shapes including octahedron, cuboctahedron and cubic, the size and shape effects

on the uptake of atomic oxygen and hydrogen were investigated.!!#

In another study, H2-TPD results support the changing structure of Pt nanoclusters
during H» treatment and point out that restructuring needs to overcome activation
barriers.” Besides morphological changes, understanding the electronic structure is also
important for understanding the catalytic activity. In situ spectroscopic investigations
(XANES and extended X-ray absorption) wetre conducted for supported Pt/y-ALOs3
catalysts under partial pressures of Hz and CO as well as at different temperatures.
The data reveal a fluxional system where the changes in the electronic and metal-metal

bonding structures show adsorbate and temperature dependencies.!46

5. Support effects

5.1 Strong metal-support interaction (SMSI)

The support may play a distinct role in the overall catalytic performance. So called
strong metal-support interaction (SMSI) effects have been the subject of many
studies.>36:00.147-154 The term was first used in 1978 to explain the decrease in hydrogen
and carbon monoxide sorption on group 8 noble metals supported on TiO2 when
reduced in Hz at 500 °C.148149 SMSI effects were observed for other reducible oxides
such as V203 and Nb2Os.152155-157 Several explanations were explored after these first

observations, among which electronic and geometric effects. The latter was considered
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the main effect; ze. migration of (partially) reduced species from the support to the
metal with blocking of the active sites as illustrated in Figure 5. Nevertheless, SMSI
effects were in part ascribed to electronic effects.>26152 The effect was reported to be
less likely for less reducible oxides as SiO2 and Al2O336:158 SMSI behavior was also
observed for combinations of reducible oxides and metals deposited on SiO2 and Al2O3

supports. 156,157,159
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Figure 5. Schematic illustration of the geometric effect of the strong metal-support
interaction (SMSI). In the SMSI state, CO and H. sorption is blocked.

SMSI has been repeatedly used to designate the geometric effect with migration of
support species onto the active metal. However, more recently, SMSI has been used to
refer to the broader concept of metal support interactions inducing changes in activity
and selectivity. Generalizations are not straightforward, but SMSI can typically be
expressed as 3 major effects: the geometric effect, the electronic interaction or in a
bifunctional manner. Numerous examples, including Pt catalysts, of the 3 effects are
reviewed elsewhere.!® The change in the electronic properties of the metal catalyst is
an implication of the strong interactions between the metal and the oxide support.1¢0
For example, the electronic interactions between platinum and a ceria support have
been investigated and exploited for high catalytic activity in the water gas shift
reaction.!01,162 In the bifunctional effect, SMSI generates active sites at the boundary
between metal and support and involves migration or spillover of reaction species
either from metal or support to the edge where the chemical reactions occur.!¢0
For example, the water gas shift reaction over Pt/ TiO> catalysts occurs in a bifunctional

manner.163,164

SMSI can have a major influence on the catalyst performance. Generally, catalytic
activities of structure-sensitive reactions such as hydrogenolysis of hydrocarbons are
suppressed by SMSI. An example is metylcyclopentane hydrogenolysis on Pt/ TiO> that
has no activity after high temperature reduction treatment.'®> On the other hand, on
less structure-sensitive reactions such as dehydrogenation of hydrocarbons the effect is

smaller.152154 Modification of catalytic properties by the SMSI effect has been explored

30



for Pt nanoparticles in a number of reactions supported on different oxide supports.
Supported on TiOz, CeO2 and Nb2Os, enhanced activities and changed selectivities
have been observed in hydrogenation reactions of molecules containing carbonyl
bonds; eg  COW617  acetone!®s,  crotonaldehyde'®-172)  cinnamaldehyde!”3,
benzaldehyde!™, acetophenone!”>, acrolein'’s,... The SMSI effect on TiO2 has also
been exploited for selective hydrogenation of nitrogroups in substituted aromatic
molecules.!”” The increased performance for activating carbonyl and nitro groups can
be attributed to stabilization of the group at metal-support interface.16%:170,177-180
Upon high temperature reduction, oxygen vacancies and cationic sites are generated at
the interface. A correlation between the activity and Lewis acidity of the oxide was
found, meaning that charge transfer between the carbonyl bond and cationic sites in
the oxides occurs.167.108,180-183 The oxygen vacancies can also interact with the oxygen
atom of the group.!® Pt supported on SMSI oxides have been studied in other
hydrocarbon reactions. Supported on TiO», changed selectivities in the hydrogenolysis
of alkanes'®* and methylcyclopentane!®> were observed. For n-heptane conversion, a
high selectivity towards dehydrogenation with complete suppression of hydrogenolysis
was observed.!® A decrease in toluene hydrogenation was attributed to SMSI.18> In the
selective hydrogenation of lauric acid to n-dodecane, Pt on Nb2Os has a higher activity
than when supported on other supports.!8¢ In the hydrodeoxygenation of 1,6-
hexanediol, a high selectivity to n-hexane was ascribed to SMSI effect.'8” On ZrOo, the
SMSI effect after high temperature hydrogen treatment was required for n-hexane
conversion.!® Atomic layer deposition has been used to deposit a metal oxide
overcoating on the active material. This mimics the SMSI geometric effect and could
also enhance the stability against sintering.!8%1% For example, a titania layer on Pt
supported on StTiO3 has been used to enhance the selectivity to allyl alcohol in acrolein
hydrogenation.!” Atomic layer deposition has also been applied for improving the
SMSI effect resulting from the metal-support interface. It has been exploited for
improving of the activity for Pt on ZrC catalysts in the oxygen reduction reaction and
for Pt on CeO2 nanorods in the NO-CO reaction.!91192

Even after 4 decades of research, the origin of SMSI is being investigated.
The geometric effect has been studied by imaging the encapsulated overlayer with
transmission electron microscopy.!?>1% Using sum frequency generation (SFG)
vibrational spectroscopy and DFT calculation, the molecular and electronic interactions
were revealed in furfuraldehyde hydrogenation on Pt/TiO2!83 In an in situ infrared
reflection adsorption spectroscopy on a model TiO./Pt(111) surface, enhanced
stability and activity for CO oxidation was attributed to the encapsulated layer of
TiOx.197 Crotonaldehyde hydrogenation on Pt/TiO2 was studied using in situ sum
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frequency generation (SFG) vibrational spectroscopy.!82 XPS was used on Pt/yttria-
stabilized zirconia catalysts and confirm charge transfer from support to the
platinum.!® The electronic support effect has also been extended for Pt supported on
transition-metal carbides. Using DFT, a strong improved water gas shift reaction
activity was demonstrated.!” Small-angle X-ray scattering (SAXS), XRD and XPS was
used to understand Pt/ceria-zirconia in the reduction of NO by propene in oxidizing
conditions. The results were discussed in terms of the structural and electronic
modifications induced by the SMSI effect.?’0 The presence of S species on TiOz can
suppress the geometric SMSI effect and improve the CO oxidation ability.?0!

SMSI examples for platinum on less reducible supports such as Al2O3 or SiO; remain
much more limited. SMSI state of Pt/AlO3 with reduced CO sorption capacity has
been established by diffuse reflectance IR spectroscopic study.202 Pt/SiOz reduced at
high temperature showed an enhanced activity in propane dehydrogenation, which was

ascribed to both electron and geometric SMSI effects.?03

The examples so far, include SMSI after high temperature reduction. SMSI however
can also be introduced through a mild reduction in NaBH4 and HCHO solution.!8!
Studies regarding SMSI under high temperature oxidation conditions, however, remain
limited. SMSI between platinum group metals and hydroxyapatite on ZnO has been
established resulting in increased stability in CO oxidation. The effect was explained by
the encapsulated support, inhibiting metal leaching and aggregation.?’* LEED and STM
on FeOy/Pt was used to study the role of the encapsulation layer in the enhanced

activity in CO oxidation in oxygen lean conditions.?0>

5.2 Other support effects

Discussed above are the more traditional examples of SMSI on oxide supports.
However it is important to consider that the term can also be used in a more general
sense by comprising the influence of the support on metal dispersion, spatial
distribution, sintering and particle shape. Moreover, other supports, besides reducible
oxides mentioned in the previous section, can induce metal-support interactions.
This section briefly covers various examples, however it is not an exhaustive overview.
The aim here is to illustrate that supports can have significant influence on metallic Pt
nanoparticles. For a detailed overview the reader is encouraged to consult topical

reviews.200,207

The shape of the metal particles can change with the support. As the shape influences
the exposed crystallographic planes and the coordination number of surface metal
atoms, the effect on catalytic performance can be significant.$8207-209 In systems with

strong interactions with the support, the particles spread over the support, which results
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in flat so-called ‘raft-like’ structures.?0 Raft-like structures have been commonly
reported on «- and y-alumina.?!%212 For Pti3 clusters on y-AlOs surfaces DFT
calculations reveal that the hydroxylation of the support results in weaker metal
adhesion, which influences particle shape. On the dehydrated (100) surface, flat
particles were formed, while 3D morphologies were present on the hydroxyl groups of
the (110) surface.?!® Related to this effect, is epitaxy of metal particles on the support
surface, ze. specific orientations and morphologies of nanoparticles can be favored on
different oxide supports. By choosing a support that has strong epitaxy with platinum,
specific orientation of the nanoparticle can be stabilized.’>? An example is Pt on StTiO3
cubical nanocrystals.?!* Strong interactions between Pt and the support can also protect
against sintering.296215216 For example, reduced sintering for Pt nanoparticles on y-
AlOj3 was revealed in situ after Oz and H2O treatment via Extended X-Ray Absorption
Fine Structure spectroscopy (EXAFS) and ex situ via STEM.2!7 The stability of the
active particles can also be affected by surface poisoning during the reaction.

For example, coke on Pt nanoparticles was formed at a higher rate when supported on

Al,O3 than on Ce(),.206

Other supports besides reducible oxides can induce metal-support interactions.
In comparison however, materials as carbon, graphite and zeolites exert a much weaker
influence on the supported particles.!® Pt—Pt interactions are usually much stronger
than Pt—C interactions in carbon supports, however specific allotropes can exert larger
influences. For example, it was revealed in a computational study that Pti3 clusters on
carbon nanotube supports have higher stability than clusters on graphene.?!8
Zeolites can induce steric constraints on the morphology of the nanoparticles and its
acidity can have large effects on the electronic properties of Pt nanoparticles.208,219,220
Early studies for investigating the electronic structure of Pt nanoparticles concentrated
most on Y zeolites and the common explanation was that Pt particles were electron
deficient on acid supports.?07-221 On the contrary, basic supports such as KL zeolite
generate Pt particles with electron excess.?0” This can influence the activity of zeolite
supported Pt catalysts in different reactions e.g. benzene hydrogenation, propane and
neopentane hydrogenolysis and isomerization, and selectivity in reforming,220:222.223
For example, the turnover frequency in neo-pentane conversion on Pt/Y zeolite was
shown to change with metal-support interactions, while the selectivity towards
hydrogenolysis increases with decreasing particle size.??? By studying the trend in the
competitive toluene/benzene hydrogenation on Pt/L-zeolites with different cations
and thus varying acidity, it was shown that the support influences the Pt clusters via

electronic interactions.??!
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6. Complexity of model catalysts

6.1 Concept model catalysts

The term modelling implies that a complex catalyst is substituted by a more simplified
system, eliminating variations in particle size, shape and irregular defect structures of
high surface area systems.??>* With the industrial-grade system too complicated for
rigorous understanding; model catalysts, traditionally single crystal surfaces, were
studied with surface science techniques. A shortcoming of this approach is the so-called
materials and pressure gap.2810.3598 Single crystal surfaces lack the complexity needed
to study some important aspects.>® In order to overcome this so-called materials gap
between ideal and real catalyst systems, model catalysts with more complex features
were developed.? The pressure gap originates from the discontinuity in pressure
between model and real reaction conditions. Surface science studies are usually
performed under ultrahigh-vacuum (UHV) conditions to exclude surface
contamination and many techniques such as electron spectroscopies require high
vacuum conditions. Closing the pressure gap between atomic-scale studies in UHV and
real catalysis at pressures that are several orders of magnitude higher requires
techniques covering the entire pressure range. They must be surface sensitive
techniques that work in the presence of a gas phase. Examples include sum frequency
generation (SFG) or polarization-modulation IR reflection absorption spectroscopy
(PM-IRAS), high pressure photoelectron spectroscopy (HP-PES), environmental TEM
(ETEM), scanning tunneling microscopy at high pressure (HP-STM), high pressure X-
ray photoelectron spectroscopy (HP-XPS) in reactor cells. These techniques

themselves will not be further discussed.2.35.97,224-226

Several strategies can be considered starting from the well-defined single crystal surface
towards the industrially applied porous catalyst. Figure 6 shows some intermediates
between the two extremes. Increased complexity in comparison with single crystals is
obtained with thin films or nanoparticle arrays on planar supports. The next step to
close the materials gap is 3D model catalyst systems with well-defined and uniform
properties such as particle size, shape, surface structure and location of the Pt

nanoparticles.

Zero-dimensional (0D) model catalysts refer to nanoparticles like quantum dots or
clusters and also include nanoparticles in solution.??7.228 There are examples of
unsupported 0D particles that are used for reaction studies in liquid phase 8081125 and

gas phase 229-235, However in most studies the particles are dispersed over a support.
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Figure 6. Several strategies exist for reducing the complexity of industrial porous catalyst
systems: from single crystals to more complex 2D (planar support) and 3D model systems.

6.2 2D muodel catalysts

Traditional studies are based on single crystal or nanoparticle arrays on planar
supports.>?>»226 Using model single crystals and sum frequency generation (SFG),
Somortjai’s group could characterize several important reactions such as ethylene
hydrogenation, propylene hydrogenation and dehydrogenation, cyclohexene
hydrogenation and dehydrogenation, and carbon monoxide oxidation.$23¢ Other
examples using single crystals are mentioned above in the structure sensitivity (§3.2)
and structure restructuring paragraph (§4.2). Single crystal surfaces have provided many
meaningful insights in model studies. Nonetheless, they are an oversimplification and
neglect aspects such as defects, particle size and shape, presence of various orientations
on the active particle, particle-support interactions,... For that reason, more complex

two-dimensional and three-dimensional model catalysts are produced.3>.98,237

Two-dimensional model catalysts are useful because surface science analytical methods
can, due to the planarity and electrical/thermal conductivity, still be applied.3>226
The catalyst supports that are most commonly used are single crystals of oxides or thin
films of the oxides on metal supports.?38-240 The latter is used to avoid detrimental
problems associated with the insulating character of bulk oxides, which appears as
reduced intensity and/or resolution in techniques based on charged particle surface
probes.?*238.239 Many of the planar model catalysts are prepared by physical vapor
deposition under UHV to prevent contamination.>*?26 However the technique
produces particles with broad size distributions.*** This can be overcome by mass-
selected cluster beam deposition or atomic layer deposition.#3*241 Other preparation
methods for model systems include for instance spin-coating of metal salt solutions,
laser interference nanolithography, electron beam lithography, photolithography and
Langmuir—Blodgett methods.3>220.242 If similar wet chemical impregnation procedures
as for the production of technical catalysts are used on a planar support, the chemical

properties of the model system are closely related to the technical catalysts.>* The main
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shortcoming, however, is that structure and morphology of nanoparticles are more
difficult to control.34238 In an additional step, more complex features can be introduced

by surface modification or by addition of poisons or promoters.?

In the next paragraph, examples of 2D platinum model catalyst studies are listed.
The cited examples are not a comprehensive list, but are intended to give an idea on

commonly applied designs.

6.2.1 UHL technigues

Thin film and nanoparticle model catalysts were prepared by physical vapor deposition.
For example, Pt deposited through evaporation on Ti foils was used for studying metal-
support interactions and its influence on CO and Hz chemisorption.?*?
Sputtered platinum was used as model electrocatalyst for the oxygen reduction
reaction.?** On AlO3 supports, evaporation of Pt leads to formation of nanoparticles.
The model was used to study Oz and Hz treatment induced faceting and its effect on
hydrogenolysis of methylcyclopentane and the isomerization of neopentane.?
Nanocluster arrays deposited via electron beam evaporation on graphene on Rh(111)
was used as model catalyst for the oxidation reaction of sulfur. The intrinsic Moiré
pattern of graphene on Rh(111) served as template for narrow size distribution of the
platinum nanoclusters. Using XPS, the difference with Pt(111) and stepped Pt(355) in
the reaction kinetics were revealed and the effect of steps/edges and defects could not
be neglected in oxidation catalysis.?*¢ Platinum was deposited through physical vapor
deposition on a model planar Highly Oriented Pyrolytic Graphite support. XPS was
used to study the oxidation state and activity for ethylene hydrogenation of Pt

nanoparticles in NO2.247248

Narrow size distributions and small cluster sizes can be produced by size-selected
cluster beam deposition. This method involves three steps: preparation of gas-phase
metal clusters (eg through laser vaporization or magnetron sputtering), mass-
separation in the gas phase and soft-landing on the support. In this approach,
the number of atoms in the deposited clusters can be precisely controlled.?#%20An
example is the size dependency of CO oxidation and ethylene hydrogenation of Pt
clusters supported on thin MgO(100) films.?>1:2>2 In another study, CO oxidation on
Pt/TiO2 was studied in function of cluster morphology and reduction state of the

support.?33254

Another successful approach consists in Atomic Layer Deposition (ALD). It is based
on alternating exposures of a support to a gas-phase precursor of the chemical element
and a co-reactant.?#,255-261 ALD is characterized by self-limited surface reactions

resulting in atomic-level control, even on large surface area supports.?#1.262 Pt-ALD
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deposits nanoparticles in the first cycles according to a nucleation-controlled growth
mechanism,?41,260,262,263 Pt-ALD uses often the platinum
trimethyl(methylcyclopentadienyl) complex (MeCpPtMes) in combination with Oz as
co-reactant.41,204 Other co-reactants are Oz plasma, O3 gas, Hz gas, Hz plasma, N»
plasma and NH3 plasma.?62265-268 Moreover, through a two-step process with both Oz
and N2 gas, the morphology of the Pt nanoparticles can be tuned, which can be valuable
for creating model catalysts.?*! In a first step with Oz gas, particle coverage can be
controlled and in the second step with N2 plasma, the particle size can be varied at
constant coverage. This advantage has been exploited for creation of 2D Pt model
catalysts for the hydrogen evolution reaction.?#! The impact of other ALD process
parameters such as deposition temperature, co-reactant pressure, number of ALD

cycles and passivation gases has been studied extensively.269-272

6.2.2 Non-UHV techniques

Examples for model catalysts on planar supports using colloidal synthesis methods
were already discussed above in structure sensitivity paragraph §3.3.86-88
Colloidal platinum nanoparticles can also be deposited by spin coating. Coverage and
dispersion can be varied by concentration and spin speed. The effect of ligand removal
conditions (Hz or O2) was studied for spin coated Pt on a silicon wafer.?’? To deposit
2D arrays of nanoparticles, the colloidal Pt nanoparticles can be distributed over the
support using the Langmuir-Blodgett technique. The method consists of dispersing the
solution on a liquid surface and then compressing at a given surface pressure on an
oxide surface. 482274 Using lithography, 2D arrays with high control of particle size and
interparticle distance can be deposited.?>277 Numerous lithography examples can be
found for platinum catalysts. For example, electron beam lithography, size reduction
lithography, and nanoimprint lithography have been demonstrated to produce platinum
nanoparticles and nanowires on oxide films on SiOz and AlLO;3 supports.?’827
Patterns of Pt nanoparticles on SiO2 and CeO: have been made by electron beam
lithography in combination with lift-off techniques.?*?> Research related to lithograpy
techniques and variants thereof for model Pt catalysts is still ongoing: e.g scanning
probe block copolymer lithography?®, colloidal lithography?8!, displacement Talbot
lithography (DTL) in combination with dry-etching techniques??,...

7. 3D model catalysts

Model high surface area catalysts with a well-defined structure are unsuitable for surface
science analysis tools, but can be used for reaction kinetic studies and characterization
methods such as transmission infrared, Raman and x-ray absorption spectroscopy,

ETEM,...3*283 To reduce the complexity, the particle size, shape, surface structure and
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location of the particles must be well-characterized and uniform.83237.284 The catalyst
properties can then be varied systematically to find the correlation with the catalytic

activity and selectivity.®3

In this section, examples of 3D Pt model catalysts are reviewed. They are prepared
through solution-phase methods, although a few examples of ALD were also reported.
Most Pt deposition methods used for 2D model catalysts (planar support), eg PVD,
lithography and cluster beam deposition (§6.2) are line-of-sight techniques and not

applicable for preparation of 3D models with high surface area supports.28>286

7.1 Spherical supports

The most simple three-dimensional model system is where the porous support of the
technical catalysts is substituted by a spherical nonporous one. This nonporous powder
model catalyst can bridge between the high surface area industrial catalyst and the
planar model catalyst.?87.28 This strategy was used before to facilitate observing metal

particle size, shape and composition during TEM studies.?89-291

Spherical model supports have been previously used in a few studies to examine particle
morphology and metal-support interactions by transmission electron microscopy.
An example is Rh particles supported on nonporous SiO2 and TiO: spheres, prepared
by alkoxide hydrolysis and plasma synthesis respectively. Using TEM, the oxidation
behavior of the Rh metal particles was studied.?® In another study, palladium clusters
grown by UHV vapor deposition on crystalline Al,O3 and TiO2 microspheres were
used to study the effect of support surface preparation on particle shape.???
Furthermore, silica sphere supported cobalt catalysts were prepared using strong
electrostatic adsorption (SEA), a wet impregnation method based on strong
electrostatic interaction between precursor and surface by controlling the pH.?%? In the
study, the monodisperse nonporous silica spheres were prepared by the Stober method
and considered as model support, well-suited for a TEM study.?’! In another study,
oxide spherical supports, both commercial polydisperse silica and titania as synthesized
monodisperse Stéber particles, have been employed as powder model catalyst support.
Pt, Pd, Ag and Au nanoparticles were deposited by surface-mediated incipient wetness
impregnation, followed by a thorough structural characterization by TEM focusing on
crystallinity, lattice defects and surface stress of these metal nanoparticles.?%
With respect to in situ environmental TEM, an example of this approach using
spherical model supports is nickel particles supported on Stober silica spheres during
oxidation of methane under high conversion conditions.??’ Another example where

nonporous spheres are considered a 3D alternative of the flat model supports, is Fe
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and FeMn nanoparticles on Stéber silica. The authors demonstrated their use for

Fischer-Tropsch synthesis experiments.?%

To the best of our knowledge, model studies under realistic conditions with well-
defined Pt nanoparticles on a nonporous spherical support are missing. In one study,
nonporous spherical oxide particles were synthesized by an aerosol-based chemical
vapor synthesis (CVS) followed by sintering. Different model supports, silica, titania
and alumina nanoparticles in the nanometer and submicrometer size range were
prepared via this way. These particles were subsequently coated with Pt nanoparticles
by a chemical vapor deposition method. The model catalysts were studied with wide-
angle X-ray diffraction (WAXS or XRD) and small-angle X-ray scattering (SAXS) for
investigation of morphology and structure.?? Only one example can be considered as
a model catalyst study, although not presented as one by the authors. Gao and
coworkers used Pt nanoparticles with various sizes supported on amino-modified silica
spheres in a systematic study of the relationship between catalytic performance and Pt
particle size. A strong size effect of Pt nanoparticles on the regioselective
hydrogenation of quinoline was established.*® Spherical supports have been the subject
of a number of studies, but they are not used as model catalyst z¢. not used for structure-
activity relationships. They mainly include Pt supported on porous spheres.??7-301 Pt
nanoparticles on Stober silica spheres have been employed for testing and comparing

analysis techniques.302393

7.2 Ordered High Surface Area supports

The next step towards increasing complexity is using well-defined Pt nanoparticles
supported on regular high surface area supports. High surface area model systems are
still a reduction in complexity of real industrial catalysts, because several properties ze.,
metal particle size, surface structure, particle location within support, are well-

characterized and can be controllably varied.304

Colloidal synthesis of nanoparticles is a suitable method for control of size and shape
and thus for generation of model powder catalysts under realistic conditions.”
Several synthetic methods for solution phase synthesis of monodispersed Pt
nanoparticles supported on mesoporous oxides for three-dimensional model catalysts
have already been reported by Somorjai and coworkers.?8* The Pt particles, ranging in
size from 1 to 10 nm, were first synthesized in solution phase and then incorporated in
the support. The different solution phase methods vary in choice of reducing agents,
capping agents, reaction temperatures and solvents. Incorporation of the nanoparticles
into the pores of the high surface area mesoporous oxides is done through sonication

or direct synthesis of the oxide support around the particles. The supports were highly

39



ordered SBA-15 silica and AlxO3 and Ta2Os5 with SBA-15 like structure.?84 A schematic

illustration is given in Figure 7.

Colloidal Synthesis 1) Capillary Inclusion Result: Model Catalyst

2) Sol-Gel synthesis Support
in presence of Pt nanoparticles

+ Surfactant, silica source
Size and Shape Controlled N N

Figure 7. Schematic illustration of the preparation method of 3D model high surface area
catalyst.

Coupling synthesis of monodisperse nanoparticles with studies of catalytic
performance allows the deconvolution of the different structural properties involved
in reactions.*+72 Thorough studies using three-dimensional Pt model catalysts remain
scarce. A few studies report the use of Pt nanoparticles supported on SBA-15.
An example is the size effect of the ethylene hydrogenation and ethane hydrogenolysis.
The Pt particles were prepared by alcohol reduction and incorporated during
hydrothermal synthesis of SBA-15 or through sonication in SBA-15. It was found that
ethylene hydrogenation rates were invariant with particle size, in contrast to ethane
hydrogenolysis that shows structure sensitivity over the size range of 1-7 nm.#%
Another example by the same group involves synthesis of monodisperse Pt
nanoparticles with well-defined shapes, and thus exposed facets, for ethylene
hydrogenation. The synthesis of the Pt nanoparticles was achieved through a solution
phase synthesis with silver ions and polyvinylpyrrolidone (PVP). Incorporation of the
Pt nanoparticles in the support SBA-15 was done during the hydrothermal growth of
the support. It was found that the rates of the reaction decreased with the amount of

Ag present in the Pt nanoparticles after purification.®3

Another successful approach is based on atomic layer deposition (ALD), which can be
applied to large surface area supports. The uniform nanoparticle size and precise
control of loading that characterizes ALD, could be exploited to obtain homogeneity
required for model catalysts. Model catalysts have been created on high surface area
SrTiO3 nanocubes which are preferentially terminated by (100) facets. It was shown
that the Pt nanoparticles on these support cubes adopt the most thermodynamically
stable shape. The shape was also stable over a wide range of reaction conditions.?!4.305

A similar model catalyst (on Ba.Sr1<TiO3 nanocubes) was also used to study structure
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sensitivity and SMSI effects in the acrolein hydrogenation.’>® Model Pt nanoparticles
supported on graphene nanoplatelets, also deposited through Pt-ALD, were used for
investigation of the size-dependent performance in propene oxidation.
The performance could be related to the number of facet sites.?8> ALD has also been
applied to study the size effect of Pt nanoparticles on carbon black in ethanol

oxidation.3%6

Size-selected Pt clusters were also reported for 3D model catalysts. They were
deposited on anodized aluminium oxide (AAO), however only 28% of the deposited
clusters resides in the pores. They are tested in realistic conditions for oxidative
dehydrogenation of propane. A high activity and selectivity towards formation of
propylene over other products could be achieved. Corresponding quantum calculations
reveal that the undercoordinated Pt atoms are responsible.’?” Chemical vapor
deposition (CVD) of a Pt precursor has also been used for preparing model systems
inside zeolite supports. Chemical vapor deposition was advantageous because no
acidity is created in the reduction step. The model catalyst was used as a bifunctional
catalyst in the conversion of methylcyclopentane to study the effect of support

acidity.’"®

7.3 Other 3D models

Another strategy that was previously reported as a three dimensional powder model
catalyst, is the use of unsupported highly dispersed platinum such as platinum black.
Platinum black exposes polycrystalline facets, has a relatively high surface area and no
support effects that can hamper spectroscopic investigations.?"-311 Pt black was
investigated in n-hexane/Hs environment between 483 and 663 K, followed by Oz and
Hz exposure at 603 K. Surface composition changes with the exposed gas. Anisotropic
recrystallization, favoring the more open (220) and (311) lattice planes, was observed
upon Ha treatment.’'! Another example of an unsupported model catalyst is PtSn
powder for study of the effect of Oz and H: treatment. The model catalyst was
synthesized through direct reduction of a solution containing both H2PtCls and

SnCly using hydrazine.?!?

An alternative approach, also based on the cluster beam deposition technique, consists
in cutting up of the substrate after nanoparticle deposition. This has already been
reported for palladium nanoparticles. After deposition onto planar graphite tapes,
microdicing of the tape was used to obtain the powder. A cluster size-dependent

performance was observed in the vapor phase hydrogenation of 1-pentyne.3!3

The materials gap can also be tackled by using computational methods. For example,

DFT calculations combined with kinetic Monte Carlo simulations were used to study
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the catalytic CO oxidation of nanoparticles in the size range of 1 - 5 nm.
The simulations were based on considering all sites on a truncated octahedral
nanoparticle, which was cut in half to describe the geometry of a supported particle.
It was revealed that depending on the reaction conditions different sites dominate the
overall activity.>'* For NO reduction and oxidation, structure sensitivity (size effect)
was studied using kinetic Monte Carlo simulations over 3D model Pt nanoparticles.
The model Pt nanoparticles that were considered had sizes ranging from 2.3 to 4.6 nm
and a truncated octahedral shape.’’> The kinetics of CO oxidation on nanometer
supported catalysts in function of different facets and adsorption of reactants was
modeled employing Monte Catlo simulations.3!® The model was also used for
hydrogenation of alkenes.?'” In a DFT study of the oxidation of ethylene on Pt/MCM-
41 models, the reaction pathway and the electronic effect of the silica support was
studied. Several computational models were constructed to mimic distinct parts of the
catalyst.318 3D nanoparticle structural models could be obtained from high-precision
electron microscopy on Pt/carbon black and used in density functional theory for
investigating the oxygen binding properties of Pt catalysts.?!” 3D numerical simulations
are useful for detailed gas-phase and surface kinetics. This was demonstrated using
Computational Fluid Dynamics (CFD) for high-temperature catalytic partial oxidation

of methane over a platinum gauze.3?"

8. Summary and strategy of the research

The examples in this chapter clearly show the immense advancements that have been
made during the past 40 years with respect to connecting model catalysts and technical

real world catalysts.

8.1 Liputations planar model systens

Model systems with increasing complexity, from single crystals to nanoparticles on
planar and 3D supports, were developed to understand the main features of a technical
catalyst system. Each model system has its limitations and the level of complexity

should be adjusted to the purpose of the study.?

Most studies have been content to single-crystal surfaces and well-defined nanoparticles
with controlled size and morphology, and hence facets, on planar supports. Using these
models, fundamental insights into kinetics, thermodynamics and chemisorption were
acquired at the molecular scale. However, the complexity of a technical catalyst deviates
significantly from these well-defined model surfaces. Many industrial catalysts consist
of metal particles deposited on supports of which the pore structure is typically very

complex with pore dimensions in the (sub)micron size range. Common support
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materials are metal oxide, mixed-metal oxide and zeolite microcrystals which are usually
arranged randomly with various otientations.?336:37321  Catalysts can also have
amorphous phases on the surface of the crystalline phases. In addition, catalyst crystals
expose various crystal planes having defects such as kinks, edges and steps.3?!
Thus, these model systems lack the complexity needed to understand the catalytic
reactions on real catalyst surfaces. The heterogeneous nature of technical catalysts
prevents direct translation of these insights to real world catalysts.”-!0 Furthermore,
planar model catalysts expose only a very small amount of active sites, which makes
them less suitable for activity measurements.?> Additionally, they cannot easily be used
in real environments as reactor set-ups for catalyst testing. Effects such as poor
accessibility of active sites in the porous matrix and non-steady state kinetics in reactors
cannot be studied using these planar model systems. To overcome these issues,
developing 3D model catalysts systems, containing more features that resemble the

technical catalyst, and testing them in a catalytic reactor could be very useful.3??

8.2 Reactor level model catalyst

Planar model systems are thus very valuable for understanding of the impact of the
catalyst structure on elementary processes at the active site ze. the atomic/molecular
level. However to be industrially relevant, complementary and equally necessary is the

engineering/reactor level.

On this level, structural features including the distribution of active material in the
catalyst granule, the specific surface area, morphology and pore structure can have large
effects on the catalyst performance.’?3324 Examples of operating parameters that
influence the performance are the reactor type (fixed bed, fluid bed, ez.), temperature,
pressure, composition, flow rate and fluid management, agitation (in liquid phase batch
reactors).15832> Complicating is that, at this level, the impact of properties of both
catalyst and reactor are intertwined. Reactor level processes can affect the elementary
processes on the porous catalyst material at the molecular level.?%32¢ For example, the
overall heat and mass transport phenomena in the reactor can have an impact on local
concentrations and temperatures, which, in turn, can influence the structure and

composition of a catalyst.

Different requirements apply to catalysts that are either used in a continuous flow or
batch reactor. Catalyst in a fixed bed reactor are usually shaped in larger catalyst pellets
to minimize pressure drop. With these larger pellets, however, diffusion limitations can
exist. Batch and fluidized bed reactors generally use smaller particles so the catalyst can

be easily suspended in the reaction medium.!925.26,28-31,158
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Flow models of different levels of complexity have been reported. They range from the
simplest models based on ideal plug flow in packed bed reactors and perfect mixing in
stirred batch to more elaborate models that include complex flow patterns inside
porous media.320-327 The condition for plug flow is that the radial velocity distribution
is uniform without mixing in axial direction. Flow patterns in real reactor conditions
however, do not satisty this condition. For example, channeling might arise in a packed
bed if there are variations in the packing density. Open channels with low flow
resistance are formed and hence the local fluid velocity varies over the cross-section.”®
Another effect is formation of dead zones, ze. stagnant zones where there is no fluid

motion. Recirculation or secondary flows can also cause deviations from the ideal flow

patterns.?7

In practical applications, the catalyst is used in a chemical reactor. In catalyst design, it
is thus important to include reactor operational parameters as heat and mass transfer.
Hence, for meaningful kinetic data for practical applications, developing 3D model
systems and evaluating its global reaction kinetics in realistic reactor setups is important.

This doctoral research aims to contribute to this field.

8.3 Requirements 3D model systems

Selecting a suitable model system depends thus on the objectives of the research.
Different objectives dictate different catalyst designs. In this work, synthesis techniques
for preparation of 3D model catalyst systems that can be tested at the reactor level are
presented. In this study, 3D model’ refers to the entire catalyst system, thus including

the support if one is used.

As discussed above, there only a few reports of 3D model catalysts systems and so far,
they were mostly limited to size and shape-selected particles on channel-type supports.
Therefore, it is useful to develop 3D model catalyst systems as they hold significant
potential for understanding structure-activity relationships. Future directions should
include synthesis, characterization and reaction studies with monodispersed metal
nanoparticles supported on 3D model supports. Besides empirical research,
computational studies are very important for further correlation between model
systems and catalytic reactions at the atomic level. However this research focuses on

experimental studies.

In reflection of the problems with previous planar model systems mentioned above,
we will summarize the properties of an ideal 3D model catalyst system. An ideal model
system has a low structural complexity with a high degree of uniformity regarding the
support structure as well as the supported active particles. A model catalyst support has

a simple and well-characterized geometry. The most simple is a monodisperse
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nonporous support. The use of nonporous supports avoids complex intraparticle
diffusion.??4329 Another approach is the use of ordered porous supports of which the
structure is fully characterized. In each case, whether a nonporous or porous model
support is chosen, a precise and flexible control over all catalyst properties is essential.
These properties are for example the size of the active particles, their shape, the
presence of different facets, edges, corners, steps, poisons, promotors.*+330
Furthermore, the catalyst system should be stable over the course of the experiment
and should be reproducible.®3? For industrial purposes, metals are typically dispersed
onto materials such as alumina, silica, zeolites, activated carbon, titania, zirconia or
mixed oxides.? It would thus be very relevant to choose particles of these materials with
a spherical morphology or with ordered porosity as a model catalyst support.
Furthermore, working with well-defined unsupported high-surface area platinum
catalysts is very relevant as they are interesting for specific applications requiring both

electron and mass transport.331-333

This goal of this doctoral study was to demonstrate the significance of 3D model
platinum catalyst systems and to find preparation routes for model systems for both
supported and unsupported Pt catalysts, but with controllable properties. Well-defined
nanoparticles and supports could enable a much better understanding of a number of

important catalytic phenomena.

More specifically, this doctoral work presents 3 research directions. They are all related
to achieving the goal of controlling the size, structure and distribution of the Pt
nanoparticles. The 3 objectives are i) synthesis of a 3D spherical dense (alumina) model
support and loading it with highly dispersed Pt nanoparticles, ii) evaluation of ALD for
adding acid and metal functionality in zeolites in a controlled way and iii) finding a
flexible method for the synthesis of ordered porous self-supporting Pt nanostructures.
The latter was done by exploring ALD for replication of a mesoporous Zeotile-4
template. Zeotile-4 is an interesting choice because of the 3D pore accessibility.
The inherent properties of the ALD process can lead to complete filling of the

template.

A preliminary assessment of the performance in various model reactions is presented.
These 3 objectives are summarized in figure 8. The following chapters 2-4 report each

on one of these objectives.
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1) Spherical alumina support 2) ALD for tailoring zeolites 3) Pt-ALD on mesoporous Zeotile-4

Figure 8. Research directions of this doctoral thesis.

Different characterization methods were used in this study, but one of the most
extensively used methods was electron microscopy. In the following paragraph, the

strengths and limitations of the technique are highlighted.

9. Electron microscopy

Numerous techniques are available for characterizing catalysts, however optical or X-
ray technologies provide averaged information from a bulk volume.
Electron microscopy on the other hand, can provide local information or information
of individual supported nanoparticles, which is why the technique is indispensable in
model catalyst research.33*+335 Electron microscopy encompasses a family of techniques
such as scanning electron microscopy (SEM), transmission electron microscopy (TEM)
and scanning transmission electron microscopy (STEM). In this study, a combination
is used for a complete nanoscale investigation of the catalyst. The techniques that are
employed include SEM, bright-field TEM (BF-TEM), (high-angle) annular dark-field
scanning STEM (HAADF-STEM), selected area electron diffraction (SAED) and
electron tomography. STEM is also combined with energy dispersive X-ray
spectroscopy (EDX). Each techniques has its strengths and the decision to work with
SEM or (S)TEM depends on the scale and type of the information that is needed

(topography, morphology, structure or composition).

Electron microscopy is based on the interaction of an accelerated electron beam with
the sample, which leads to emission of various electrons, X-rays and photons,
as depicted in figure 9. Different detectors can gather different types of signals. As these
detected signals result from different mechanisms of interaction with the sample,
they contain different types of information.3’¢ When the sample is thin (< 100 nm),
the electrons will pass the sample without (elastic scattering) and with energy loss
(inelastic scattering). Elastically transmitted electrons are used by TEM and STEM to
characterize ~ the  microstructure by  imaging  and  diffraction.3363%7

Transmitted inelastically scattered electrons are used in electron energy-loss
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spectroscopy (EELS) for determination of the chemical nature of the elements,
the type of chemical bonds, and the atomic environment. X-ray photons are
characteristic of the chemical elements in the sample and are analyzed using energy-
dispersive spectrometry (EDX). An EDX can be installed in SEM, TEM and STEM.33¢

Incident beam

Backscattered
electrons Secondary electrons (SE)

(BSE) Characteristic X-rays
Auger

Cathodoluminescence
electrons\ /

Absorbed electrons <= §ample

Elastically Inelastically
scattered electrons scattered electrons
Transmitted
electrons

Figure 9. Various signals are generated upon interaction of an electron beam with a sample.

Information on size, morphology, topography and composition of a catalyst can be
readily acquired by examination with SEM. In SEM, a narrow electron beam is scanned
across the surface and the three types of emitted signals that are detected to construct
images are secondary electrons (SE), backscattered electrons (BSE) and characteristic
X-rays.’¥® SE detectors are commonly used to show the topographic structure.
Using BSE detectors, both compositional and topographical information can be
retrieved. Elements separated by only 1 unit difference in atomic number give in general
observable contrast. Furthermore by optimizing for a large depth-of-field, the three
dimensional structure of a specimen can be perceived.?® The resolution that can be
achieved in SEM is around 1 nm at best measurement conditions.>* SEM can be
combined with and EDX to analyze the characteristic X-rays which allows elemental
analysis and mapping.38341 In the case of Pt model catalysts, SEM can be very valuable
for examination of the morphology, topography and pore entrances of the support

material and to study the size, shape and distribution of Pt nanoparticles.

SEM equipped with advanced detectors and optics, namely a concentric backscattered
detector (CBS) and a through-lens detector (TLD) in immersion mode and beam
deceleration mode (BD), allows making images of improved resolution at very low
accelerating voltages (down to 500 V).338339.342343 A CBS detector can detect the
backscattered electrons at high angles.?*?> Immersion objective lenses, for which the
sample is immersed in the objective lens field, in combination with through-lens

detectors allows detection of secondary electrons for high resolution. The immersion
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mode enables better focusing of the electron beam and efficient capture of the
electrons.?** The beam deceleration mode means biasing the sample stage by applying
a negative voltage, which decelerates the beam when it arrives at the surface of the
sample.’*? The above mentioned modes of image acquisition help in visualization of
noble metal/metal oxide particles dispersed on non-conducting materials like zeolites,
without the requirements of any special sample preparation such as sputtered Au, Au-
Pd, Pt-Pd coatings. This is beneficial for understanding original features of these
materials with high accuracy and clarity.33833 However when the Pt particles are very
small, it is still difficult to visualize the particles because of the resolution limit. Also
information on the crystallinity is difficult to obtain with SEM. TEM is then a better

choice.3%

In a conventional TEM, the sample is irradiated with a static electron beam which
lluminates the entire sample at the same time. In STEM a convergent narrow electron
beam scans the sample. TEM is often used for imaging and selected area diffraction
(SAED). Bright-field (BF) and dark-field (DF) images can be constructed, which are
formed by the direct beam and scattered beams respectively.’* SAED is a TEM
technique to generate diffraction patterns. The techniques is called ‘selected area’
because the microscopist can, by use of an aperture, select the area of the sample of
which to obtain a diffraction pattern.’*® SAED is useful for investigation of the
crystallinity of the sample and to identify crystal structures and defects.330.346
Analogously to TEM imaging, STEM imaging can be done using two modes; bright-
field and (annular) dark-field, BF and ADF, which collect transmitted and scattered
electrons and only scattered electrons respectively. When the electrons scattered to the
high angles are used to form the image (HAADF), a Z-contrast image, where the
intensity depends on the atomic number of the atoms, is formed. This offers
compositional sensitivity in the image.?363#7 The interpretation of image contrast in
both SEM and TEM can be difficult. For more information of the undetlying principles
the reader is referred to textbooks.33340.347 For example, in TEM, the mechanism of

formation of contrast can change with the magnification and microscopic condition.3*>

With TEM and STEM a spatial resolution on the order of 50 pm can be realized.348:34
TEM is highly suitable for imaging crystal structures and for examining crystal size,
morphology, crystal orientation, crystal defects, surface structures,... However, the
images are only 2D projections and care should be taken when deriving 3D structural
information from TEM.3%30 However, for individual Pt nanoparticles either on or
inside a support, distinguishing Pt particles with small diameter (< 2 nm) can be
problematic. For such systems, STEM in (HA)ADF mode is superior to visualize the
particles.’* Using HAADF-STEM, even 0D individual metal atoms or clusters could
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be located within the zeolite pores or on oxide supports.?>1352 Another great advantage
of STEM is that it reduces the interaction between sample and beam, which results in
less sample damage. This is beneficial for STEM-EDX. State-of-the-art aberration

corrected EDX-STEM can accomplish elemental mapping at atomic resolution.?*>

TEM and STEM conventionally yield only two-dimensional (2D) projections of three-
dimensional (3D) samples.?®. Electron tomography can be used for 3D imaging of the
sample.?>3 The technique is based on recording and combining of multiple 2D (S)TEM
images acquired along different tilt angles and then a mathematical algorithm is used
for alignment and reconstruction of the 3D structure.33>35* With this technique the
interior of the sample can be computed. This can be useful when examining particles
with core-shell structures or for location of supported particles in porous supports.3+>
Elemental mapping as EDX or EELS collected with sample tilting can also be used for

3D reconstruction of materials.335

10. Conclusions

Literature reveals how valuable model platinum catalysts can be for progressing in the
understanding of reaction mechanisms and active sites at the molecular scale.
Shape-controlled synthesis of platinum metal single nanocrystals and model 2D
platinum crystal planes have enabled investigation of structure sensitive catalysis and
description of ensemble effects of active sites on catalytic activity and reaction
selectivity. While these fields of research have been very successful, there has been less
progress in the real world heterogeneous catalysis using extrudates carrying trace
amounts of platinum because of the complex porosity and composition. Bridging the
gap between the world of 0D and 2D investigations and the 3D real world catalysts is
needed in order to be able to transfer knowledge and scientific insight from one field
to the other. In this work such attempt is made by creating supported as well as non-

supported 3D Pt catalysts using original synthesis approaches.
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v- and 6-alumina are popular catalyst support materials. Using a hydrothermal
synthesis method starting from aluminum nitrate and urea in diluted solution
spherical core-shell particles with uniform particle size of about 1 pym were
synthesized. Upon calcination at 1000 °C, the particles adopted a core-shell
structure with y-alumina core and §-alumina shell as evidenced with 2D and 3D
electron microscopy and 27Al magic angle spinning nuclear magnetic resonance
spectroscopy. The spherical alumina particles were loaded with Pt nanoparticles
with an average size of 1 nm using strong electrostatic adsorption method.
Electron microscopy and energy dispersive X-ray spectroscopy revealed a
homogeneous platinum dispersion over the alumina surface. These platinum
loaded alumina spheres were used as model catalyst for bifunctional catalysis.
Physical mixtures of Pt/alumina spheres and spherical zeolite particles are
equivalent to catalysts with platinum deposited on the zeolite itself facilitating

investigation of the catalyst components individually.

Introduction

Heterogeneous catalysts are generally very complex materials consisting of multiple
components. Many catalysts consist of metal nanoparticles deposited on porous metal
oxides.'=? Deriving intrinsic kinetic data from kinetic experiments on heterogeneous
catalysts is complicated by the involvement of multicomponent diffusion and
adsorption in the porous matrix and the presence of temperature gradients.’-¢
This complexity motivates the use of model catalysts for investigating reaction
mechanisms and kinetics.>* One approach consists of using single-crystal surfaces and
nanoparticles on planar supports in ultra-high vacuum surface science experiments.3+7.8
This approach generated important insight in catalysis, e.g. molecular description of
active sites and reaction intermediates, and it revealed structure sensitivity and
promotor effects. The translation of these surface science concepts to real world fully
formulated catalysts is not trivial.®” Dense, spherical support particles of which the
surface can be loaded uniformly with the active metal phase may bridge between the
two research fields. Examples of this type of model catalysts are Rh, Co and Ni particles
on SiOz spheres and Pd on Al2Oj3 spheres.!-13 Monodisperse silica particles made with
the Stober process, have been used as model catalyst support for Pt, Pd, Ag and Au

nanoparticles.!4

Alumina is commonly used as catalyst support, next to adsorbent, ceramic, abrasive
and filter.!>1” Many particle shapes such as rods, fibrous structures, flakes and spheres
have been reported.'20-26 Alumina spheres can be synthesized using sol—gel processes

and hydrothermal procedures, from micro-emulsion, or using spray drying, spray
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pyrolysis or via other ways.2127-3> Among the methods, precipitation is a simple, fast
method suitable for upscaling.’%37 The sphere sizes are in the range from nanometre to
millimetre. The interior can be hollow, porous or dense. Only rarely documented are
spheres with a core-shell architecture, with core and shell being a different alumina
phase. The original alumina phase is converted upon calcination in transition alumina
phases, and ultimately the fully dehydroxylated most stable a«-alumina phase is
obtained.? The transformation is influenced by the starting material, the particle size,

relative humidity, alkalinity, heating rate, pressure and bed depth.®

Alumina spheres can be prepared in various ways. Submicrometre particles were
obtained by polymerization using acetic acid 30 and lauric acid.*’ Larger microspheres
with size from 500 to 1500 pm and mesoporous alumina spheres of 2 mm diameter
have been obtained by combination of drop-generation and sol-gel methods.?’-3
Chitosan has been used as porogen.*! The sol-emulsion-gel method comprises gelation
of an emulsion of an aqueous sol and organic reagents, with or without surfactant.4>-44
Similarly, mesoporous alumina spheres with nonuniform size distribution of 100-200
nm to several wm have been synthesized using the microemulsion method.?
Controlled hydrolysis of aluminum alkoxides is an alternative method.*
Hydro-/solvothermal processes have also been frequently applied.21:46-48 Precipitation
by thermal decomposition of urea is another common approach.!6.19.2649-53
The obtained alumina particle sizes vary from 200 nm to 120 um. An alternative route
to spherical alumina particles with diameters of 0.3 to 1.7 um is direct thermal
decomposition of aluminum isopropoxide.!” Heating aluminum generates spherical
particles with size between 5-100 nm.>* Spray pyrolysis can also be used for spherical
particles.?15-58 Mesoporous spheres have been obtained in organic solvents in the
presence of an amphiphilic triblock copolymer.5%¢" Hollow spheres having a permeable
shell composed of aggregated nanoplatelets/nanopatticles have been prepated using
hydrothermal and solvothermal methods.¢-%3 Sizes of up to a few micrometer were
obtained in presence of urea and/or trisodium citrate.!5.28:62.64-67 Spray pyrolysis has
been used to prepare nanosized hollow alumina nanospheres with a porous shell.%
Hard templating is another method for synthesis of porous hollow spheres.®-7!
Sol-gel chemistry has also been applied for synthesis of hollow spheres.”73 In another
procedure, hollow alumina spheres and solid spheres were synthesized with water in oil
in water (W/O/W) emulsions.”* In a synthesis departing from AI(NO3); in
water/acetone solution, by adjusting the reaction time the properties of the obtained

alumina spheres were tuneable from uniformly solid to core—shell and hollow.%!

In the present work core-shell spherical alumina particles were synthesized via alumina

precipitation with urea followed by calcination up to 1000 °C to provoke the
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transformation to transition alumina. The synthesis of alumina spheres with urea
precipitation is challenging because pH, nature of salts and bases, and their addition
sequence matter and need to be meticulously controlled. #5152 Perfectly spherical
particles with narrow size distribution have been rarely reported, and the
characterization of obtained core-shell particles remained limited. Here the presence of
core-shell structures is investigated using (scanning) transmission electron microscopy
and electron tomography. The transition alumina phases were identified and quantified
using 27Al magic angle spinning (MAS) nuclear magnetic resonance (NMR)
spectroscopy.’? The core-shell alumina particles were used as support for platinum.
Deposition of Hz2PtCls precursor by strong electrostatic adsorption on the alumina
surface in acidic conditions followed by reduction with hydrogen leads to high
dispersion and uniform platinum deposition. The platinum loaded core shell particles
were used as hydrogenation-dehydrogenation catalyst and admixed with acid erionite
zeolite agglomerate particles of similar size to prepare bifunctional catalysts.
The platinum loaded core-shell alumina particles were found useful for investigating

bifunctional catalysis and the positioning of Pt metal with respect to zeolite acid sites.

Experimental

Preparation of the alumina spheres

All chemicals and reagents were analytical grade and used without further purification.
1.065 g aluminum nitrate (AI(INO3)3.9H20, Chem-Lab) was dissolved in 1000 g MilliQ)
water in a 11 Schott bottle. 0.4757 g ammonium sulfate (RPL, UCB) and 6.006 g urea
(Sigma-Aldrich) were sequentially added. The mixture was vigorously stirred at room
temperature. When dissolution was complete, the bottle was sealed and transferred to
an oven at 90 °C. The precipitation of the alumina particles was provoked by the
temperature-induced decomposition of urea which increased the pH.>%7>7¢ The bottle
was left 24 h in the oven. After cooling to room temperature, the suspension was
centrifuged and successively washed with deionized water, ethanol (technical grade) and
deionized water. The wet precipitate was dried at 60 °C for 12 h. Finally, the resulting

powder was calcined in air at 1000 °C for 4 h with a ramp rate of 2 °C/min.

Preparation of erionite geolite

The erionite zeolite was synthesized according to a modified procedure reported by Lee
et al’” The synthesis mixture was prepared using tetraecthylammonium hydroxide
solution (Aldrich, 35% by weight in water), aluminum-sec-butoxide (Fluka analytical),
Ludox AS-40 colloidal silica (Aldrich), hexamethoniumbromide (Sigma) and potassium
chloride (Chem-Lab). The first step of the gel preparation consisted of dissolution of
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0.988 g aluminum-sec-butoxide in 43.88 g tetracthylammonium hydroxide solution.
19.27 ¢ of Ludox was subsequently added dropwise and under stirring.
After homogenization, 5.82 g hexamethoniumbromide was added to the mixture, and
next to it a solution of 0.8735 g potassium chloride in 29.16 g water. The gel was stirred
at room temperature for 24 h. The gel was then transferred to a 120 mL stainless steel
autoclave. The autoclave was placed in an oven at 100 °C and agitated by tumbling for
14 days. The solid product was recovered by centrifugation at 12,000 rpm, washed with
deionized water and dried overnight at 60 °C. The zeolite powder was subjected to 2
consecutive ion exchanges in 0.5 M ammonium chloride (Chem-Lab) solution (1 g of
zeolite in 100 ml solution) under reflux conditions for 4 h each. Finally, the zeolite
powder was calcined at 550 °C for 8 h with heating rate of 1 °C/min to obtain the acid

form. Further characterization of this zeolite is provided in supplementary information
(Figure S1 and S2).

Platinum deposition

A strong electrostatic adsorption method’®7 adapted from Zecevic ¢f /.8 was used for
Pt deposition on the alumina spheres. First, 0.5 g of the alumina powder was suspended
in 152 ml of MilliQQ water and stirred for 1 h. Then, a 0.1 M HCI solution was added
dropwise until a pH of 2.6 was reached. An amount of H2PtCls:6H2O (Aldrich) salt
was dissolved in 16.9 ml MilliQ water, corresponding to 1 wt% of Pt of the alumina
support. This solution was added dropwise to the alumina suspension under stirring.
After 3 h of stirring, the sample was filtered and washed with deionized water and dried
at 60 °C. The sample was then reduced under hydrogen flow at 600 °C for 3.5 h with
a ramp rate of 5 °C/min. For preparation of erionite zeolite containing 1 wt% platinum,
incipient wetness impregnation with Pt(NH3)4Clz (Alfa Aesar) complex was performed.
0.0186 g platinum tetraamine complex was dissolved in 0.9424 g of MilliQQ water and
then 0.100 g of zeolite was added to 0.0980 g of this solution. The slurry was mixed
thoroughly by hand and dried overnight in an oven at 60 °C. The sample was pretreated
at 400 °C (5 °C/min): first an oxidation for 1 h under oxygen flow, followed by

reduction for 1 h under hydrogen flow.

Electron microscopy

High resolution scanning electron microscopy (HR-SEM) images were obtained on a
Nova NanoSEM450 (FEI, Eindhoven). Using carbon tape, the powder samples were
mounted on aluminum stubs and directly imaged without any further sample
modification. Bright-field TEM (BF-TEM) and high-angle annular dark-field scanning
TEM (HAADF-STEM) were performed using JEOL ARM200F electron microscope
operated at acceleration voltage of 200 kV. Images in high-angle annular dark-field
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scanning TEM mode (HAADF-STEM) and energy-dispersive X-ray spectroscopy
(EDX) elemental maps were acquired using a probe-corrected FEI Titan? operated at
300 kV and equipped with a four-quadrant EDX detector (Super-X). TEM samples
were prepared by dispersing the powder in 2-propanol and placing a few drops of the
solution onto the copper TEM grids covered with lacey carbon film (Pacific Grid
Tech). Tomographic tilt series were acquired over a £75° angular arrange with a 3° step
interval using Fischione Model 2020 tomography sample holder. After aligning the
images in the tilt series by a cross-correlation based algorithm, 3D reconstructions were
obtained using expectation maximization (EM) method as implemented in ASTRA

Toolbox.8!

Nitrogen physisorption
N2 physisorption isotherms were recorded on a Micromeritics TriStar 3000 instrument

at liquid nitrogen temperature. The sample was pretreated at 400 °C in N2 flow for 12

h before measurement.

X-ray diffraction
Powder X-ray diffraction was performed on a STOE STADI P Combi diffractometer

with focusing Ge(111) monochromator (Cu Kol radiation) in transmission geometry
with 140°-curved image plate position sensitive detector (IP PSD) with an internal IP
PSD resolution of 0.03°.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed using a TA instrument Q500 under

N2 flow with a heating rate of 5 °C/min.

27 Al solid-state NMR

27Al magic-angle spinning (MAS) NMR experiments were carried out on a Bruker 500
Avance III spectrometer operating at 11.74 T, with 27Al Larmor frequency of 130.52
MHz. The alumina sample was packed in a 4 mm zirconia rotor and spun in triple-
resonance 4 mm MAS probe up to a rotation frequency of 15 kHz. A radio-frequency
(RF) pulse of 125 kHz strength with a flip-angle of 15 degree was used to record the
27Al spectrum. 'H decoupling at RF strength of 60 kHz was achieved by robust SW-
SPINAL sequence.8? 1024 transients were collected with a recycle delay of 2 s. The 27Al
chemical shifts were referenced against 1M solution of aluminium nitrate (at O ppm).

The spectral decomposition was carried out with the help of DMFit program.83
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Catalysis

Bifunctional catalysts were prepared by combining the zeolite powder with the Pt-
loaded alumina spheres and by Pt loaded on zeolite powder diluted with inert alumina
coated silica spheres. The mixing of powders was done at equal weight ratio.
The catalysts are denoted as Pt-AlO3/ERI and Pt-ERI/Al2Os. In Pt-Al2O3/ERI Pt is
located on the alumina component, whereas in Pt-ERI/ALOs3, Pt is located on the
zeolite . The powder mixtures were compressed to pellets with diameters between 125
and 250 um. n-Decane (Acros) hydroconversion was performed in high-throughput
fixed-bed continuous-flow reactor.8485 50 mg of catalyst was loaded in the microreactor
tubes with an internal diameter of 2 mm. The reactor was operated at a total pressure
of 0.45 MPa and a molar ratio of Hz to n-decane of 214. The space time at the reactor
entrance, W/F, was 1.400 kg s mol~'. Before the reaction, the catalyst was pretreated
at 400 °C under hydrogen flow for 2 h. The reactor was cooled to 120 °C and n-
decane/H> mixture admitted. The reaction temperature was increased stepwise with 5
°C. Reaction products were sampled at the reactor outlet after equilibration at a given
temperature for 1 h. Reaction product analysis was achieved using an automated online
GC equipped with a non-polar capillary column (HP-1, Agilent) and flame ionization

detector.

Results and discussion

HR-SEM, TEM and STEM images of the uncalcined alumina particles are shown in
Figure 1. The particles had spherical morphology with typical diameters of 0.98 - 1.20
um. Small amounts of impurities with irregular shape and elongated features were also
present (Figure 1c upper left corner). Most of the particles exhibited a perfect spherical
shape with a denser shell region, which can be observed in the HAADF-STEM image
of an individual particle (Figure 1d). TEM and HAADF-STEM images revealed the

presence of a denser shell region with thickness of about 100 nm.
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Figure 1. Electron microscopic characterization of the precursor spheres (a) HR-SEM (b-c)
TEM and (d) HAADF-STEM image.

To reveal the phase of the core-shell precursor particles, 27Al solid-state NMR
experiments were performed (Figure 2). The 27Al MAS NMR spectrum exhibits three
distinct signals. According to literature, the isotropic chemical shifts (3iso) in the range
between 60 to 80 ppm, 30 to 50 and -20 to 20 ppm can be assigned to tetra-, penta-
and hexa-coordinated Al sites, respectively. The uncalcined precursor was mainly
composed of hexa-coordinated Al, typical of crystalline aluminum hydroxide and
oxyhydroxide phases. The tetra- and penta-coordinated Al are characteristic of an

amorphous phase.?

100 80 60 40 20 0 20 -40 60 -80
2771 5 (ppm)

Figure 2. ”’Al MAS NMR of the uncalcined alumina precipitate.
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The thermal transformation was investigated by thermogravimetric analysis (Figure 3).
The significant weight loss upon heating is due to dehydroxylation and elimination of
residual nitrate, if any.*> Around 950 °C, there was a step in the weight loss where after

the weight remained almost constant. The total weight loss corresponded to ca. 36.5%.

100
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Figure 3. TGA curve of the precipitated Al spheres

TEM and STEM revealed that despite the significant weight loss upon calcination
(Figure 3), the particles showed little shrinkage upon calcination at 1000 °C (Figure 4).
The size of the calcined spheres was ranging from 0.96 to 1.18 um. The shell underwent

shrinkage up to ¢z. 80 nm after calcination.

The internal structure of the spheres was revealed by electron tomography.
The tomography experiment was performed on 2 individual particles. Figure 5 shows
2D slices and cuts through the 3D reconstructions of the particles. Movies of the 3D
reconstructions can be found in the supplementary information (supplementary movie
S1 and S2). Figures 5a and b show a particle with a dense shell and a less dense core,
whereby the shell and core are separated by a void. In the center of the core, a denser
part can be discriminated. In the 3D reconstruction of the second particle (Figure 5¢
and d) the void between core and shell is absent and the central dense core has a smaller

size.
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Figure 4. (a) HR-SEM (b) TEM and (c-d) HAADF-STEM image of the calcined alumina
spheres.

Figure 5. (a,c) Orthoslices and (b,d) cuts through 3D visualizations of HAADF-STEM
tomographic reconstructions of two alumina particles after calcination at 1000 °C
(supplementary movies S1 and S2).
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Between the temperatures of dehydroxylation of the aluminium (oxy)hydroxides and
the alpha-alumina transformation, a number of transition alumina structures are
formed. Typical temperatures that are reported are between 450 and 700 °C for p-AlOs3
and 750 °C — 900 °C for 6-Al,Os. Further increasing of the temperature to 1000 °C and
1100 °C can lead to 6-AlOs and a-Al2Os3 respectively.??86.87 Prediction of the phases
based on the transformation temperature is difficult as it can vary significantly with the
starting material, the particle size, relative humidity, alkalinity, heating rate, pressure and
bed depth.3%8 For example, mechanical grinding of p-ALO; lowers the temperature
needed to reach a-ALOj. From ground p-AlLOs3, a temperature of 600-800 °C resulted
in a mixture of y-Al2O3 and a-Al2O3, while from the unground sample, a temperature
of 1000 °C led to 6-Al203388 In this study, 1000 °C was used as calcination temperature
and these phases, ze. p-Al2O3, 5-ALO3, -Al,O3, a-Al,O3, or a mixture thereof, can thus
be expected.

The nature of the transition alumina phases of the calcined core-shell particles was
investigated using 2’Al solid-state NMR. 27Al MAS and 3QMAS NMR spectra of the
alumina spheres are shown in Figure 6. The 3QMAS experiment rendered high-
resolution in the ?’Al spectrum. Seven different aluminum species were identified.
The 27Al spectrum shows two distinct sets of peaks centered at around chemical shifts
of 12 ppm and 70 ppm corresponding to hexa and tetra-coordinated sites,
respectively.®” The 27Al NMR spectrum was decomposed using the information from
the 3QMAS experiment and the fitting parameters (chemical shift i, quadrupolar
coupling constants Cq, asymmetry parameter 7q and relative fractions of the phases)
are presented in Table 1. The identification of the alumina phases based on solid-state
NMR parameters was carried out using the strategy published in a recent review.?
36% of the calcined alumina sample is attributed to §-alumina, 46% to y-alumina, and

17% to amorphous phase. About 1% of the alumina is present in an «-alumina phase.

The amorphous phase in the calcined sample detected with NMR was considered to be
present outside of the core-shell particles. It was assumed to be present in the
extraneous material observed after synthesis (Figure 4b). This leads to a composition
of the core-shell particles of 55% y-alumina, 43% &-alumina, and 2% o-alumina phase.
Based on the particle diameter and the shell thickness averaged over 5 particles and
measured with HAADF-STEM, volume fractions of the shell and core were estimated
at 40% and 60%, respectively (as explained in the supporting information). From the
phase composition according to NMR and the volumetric composition according to
HAADF-STEM, it appears that the shell could consist of 8-alumina, and the core of y-
alumina. This interpretation is consistent with the contrast in (S)TEM images (Figures

4 and 5). The sequence of formation of transition alumina phases at increasing
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temperatures corresponds to p-AlbO3 — 6-Al,O3 — 0-Al,O3 — a-Al,O3.% The density
of the phases increases in this order. The shell has the highest intensity in HAADF-
STEM, in agreement with the presence of the J-Al2O3 , while the core is less dense and
composed of y-Al2O3. The a-alumina is assumed to be present as islands on the surface
of the particles. The formation of w«-alumina requires the highest temperature.
In calcination processes, a-alumina grows from the surface towards the core of the
particle.5389-91 A schematic representation of the proposed composition of the core-

shell alumina particles is shown in Figure 7.
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Figure 6. (2) Al 3QMAS and (b) MAS NMR of the calcined alumina spheres (1000 °C).
The blue and red lines respectively correspond to the experimentally obtained and simulated
spectrum. The other colors (marked a-g) show the individual simulated signals.

Table 1. Al solid-state NMR simulation parameters (chemical shift 8i., quadrupolar coupling
constants Cq and asymmetry parameter 7)q) of the alumina phases. The letters correspond to
the NMR signals in Figure 6.

CQ (MHz)  &iso (ppm) n, ACS (ppm) Sites Assignment Content (%)
(a) 4.20 14.50 0.42 0.00 AlOs 6-alumina 36
(b) 4.40 79.50 0.70 0.00 AlO4
(c) 5.58 13.50 0.61 8.95 AlO¢ y-alumina 46
(d) 5.42 69.40 0.61 5.30 AlO4
(e) 7.16 10.95 0.61 16.70 AlO¢ amorphous 17
() 7.90 63.30 0.61 3.50 AlO4
(g) 1.88 9.18 0.00 0.00 AlO¢ a-like islands on the 1
surface
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Figure 7. Schematic arrangement of transition alumina phases in the core-shell alumina
particles.

The porous structure and texture of the particles were investigated with N2 adsorption
porosimetry. Nitrogen adsorption-desorption isotherms, t-plot and the corresponding
pore-size distribution curves of the sample after calcination at 1000 °C are included in
the supplementary information (Figure S3). The Brunauer—Emmett—Teller (BET)
specific surface area estimated by using the multipoint BET method using the
adsorption data in the relative pressure range of 0.05-0.1 was 76 m2/g. This value is too
large for spherical particles measuring around 1 micrometer. The corrugated external
surface observed in SEM and TEM (Figures 4 and 5) and the presence of mesopores
with diameters from 6 and 20 nm and a volume of 0.12 ml/g explains the larger surface

area.

The core-shell alumina particles were loaded with platinum using the strong
electrostatic adsorption of chloroplatinate on the protonated surface.”®8 Figure 8 e-f
shows a typical EDX elemental map of an individual alumina sphere loaded with
platinum. The distributed Pt signal indicates that Pt particles are homogeneously
spread. Figure 8 a-c displays high magnification HAADF-STEM images of the Pt
loaded alumina spheres. The images confirm the high dispersion with Pt particles
isolated from each other and uniformly distributed on the support. The size of the Pt
particles was estimated at about 1 nm. The imaging revealed the limited penetration of
the platinum into the particles. This size range of the Pt particles corresponds to the
size of highly dispersed Pt catalysts supported on alumina used experimentally and
industrially, and its location on the outer surface eliminates the potential occurrence of

diffusional limitation of the catalyzed reaction.?>-98
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Figure 8. (a-c) High magnification HAADF-STEM images of the Pt decorated alumina
spheres. (d) HAADF-STEM image and EDX elemental mapping of (e) Al and (f) Pt on an
individual alumina sphere, proving the uniform distribution of the Pt nanoparticles on the
alumina support.

To reveal the relevance of the platinum-loaded core-shell alumina particles, the spheres
were combined with powder of acid erionite zeolite with a similar spherical morphology
and size (Figure 9). Such combination of a platinum catalyst with an acid zeolite can
serve as bifunctional catalyst for isomerization and hydrocracking of hydrocarbons.
Pt was also deposited on the ERI zeolite and mixed with inert material (alumina coated
silica spheres). Figure 9 c-f shows the ERI spheres after Pt deposition. The Pt
nanoparticles are homogeneously distributed and have sizes in the range from 1.6 nm

to 7.7 nm.

n-Decane is a model molecule which often has been used to evaluate the bifunctional
catalytic properties of zeolites.”-19 The physical mixture of acid zeolite with Pt loaded
core-shell alumina, and the zeolite loaded with platina, diluted with inert spheres were
loaded in a fixed bed continuous flow reactor, having in both cases the same amount

of acid zeolite and platinum.

Combining the Pt-loaded alumina spheres with a zeolite was done in order to provide
acid sites that are required in bifunctional hydroconversion catalysts. The erionite
zeolite was chosen because of its spherical morphology. In the bifunctional conversion
of n-decane, n-decane is first dehydrogenated on the metal site. Protonation of alkene
intermediates on acid functions leads to alkylcarbenium ions that undergo
isomerization and cracking reactions. The isomerized and cracked carbocations are

then finally desorbed from the acid sites and hydrogenated on the metal site.80%.100,104,105
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The kinetics and the sequence of reactions depends on the diffusion of intermediates
between acid and metal sites and hence optimizing the distance between the sites is
very important. Recently it was shown that closest proximity between metal and acid
sites can be disadvantageous for selectivities.?” When Pt is located on the alumina
spheres, the metal function is more distant from the acid sites in the zeolite in
comparison with Pt located on the zeolite with metal-acid sites in more intimate

contact.

Figure 9. (a, b) HR-SEM image of the erionite zeolite. (c-f) HAADF-STEM image of the Pt
loaded erionite spheres at different magnifications.

The two catalysts were equally active as the decane conversion versus reaction
temperature coincided (Figure 10). Decane is converted to branched skeletal isomers,
and cracked products. Also the yield of isomers and cracked products on both catalysts
were very similar. These results reveal that the platinum-loaded core-shell alumina
spheres are suitable for investigations of bifunctional catalysis. Acid zeolites can be
admixed with Pt/alumina spheres and evaluated without the need of loading the
platinum on the zeolite itself. This is advantageous because high Pt dispersions using

conventional impregnation methods is difficult to achieve on a zeolite.!% Furthermore,
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the platinum loaded core-shell alumina particles can serve as model catalysts for
investigating the spatial organization of the two sites in further studies. The Pt/alumina

spheres could be combined with any zeolite and used as a bifunctional model catalyst.

A detailed analysis of the C10 skeletal isomers was made as shown in Figure 11 and 12.
On both catalysts, the monobranched isomers were the primary reaction products
(Figure 11). Di- and tribranched isomers can only be formed consecutive to

monobranched products.?-100,105,107
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Figure 10. (a) n-decane conversion against reaction temperature on two catalysts: physical
mixtute of platinum-loaded core-shell alumina and acid etionite zeolite (Pt/Al,Os + ERI) and
platinum-loaded acid etionite zeolite diluted with ALOs spheres (Pt/ERI + ALOs3; (b) yield of
isomerization (closed symbols) and cracked products (open symbols) against n-decane
conversion over both catalysts.

The evolution of the distribution of the methylnonanes was comparable for the two
catalyst mixtures (Figure 12). Among the four methylnonane isomers, 2-methylnonane,
3-methylnonane, 4-methylnonane were formed in similar amounts. They were formed
preferentially in comparison with 5-methylnonane. On zeolites without shape selective
effects, alkylcarbenium ion chemistry predicts low amounts of 2-methylbranched
nonanes, comparable to the amount of 5-methylbranched isomers.”%197 The higher
amount of 2-methylnonane in comparison with 5-methylnonane can be interpreted as

an indication for steric restrictions of bulky transition states in the pores of a zeolite.

87



#mono emulti

a b

100 ) 100 )
80 | 80 |

< 9

> 60 = 80 |

2 =

B b5

o o

[}] o]

(7)) w

0 L L L L 1 1 L 1 L J L L L L L L )
0 50 100 0 50 100

Conversion (%) Conversion (%)
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Figure 12. Distribution of methylnonane skeletal isomers obtained on (a) Pt/ALO; + ERI (b)
Pt/ERI + AlLOs,

Table 2 summarizes three product characteristics of the n-decane test that can be used
to reveal the pore structure of a zeolite. The numerical values indicate whether there
are deviations from the ideal hydrocracking mechanism and can be used to probe steric
constraints in the pores as well as pore-mouth catalysis.?”-10%.105 The steric restriction 1s
also reflected in the refined constraint index (CI"), which is defined as the product ratio
of 2-methylnonane and 5-methylnonane at 5% isomerization yield (Table 2).9%-101
Without steric restrictions, the CI* index is expected to be equal to one. 12-membered
ring (MR) zeolites typically have CI* values between 1.0 and 2.2. Higher CI” values are
found for 10-MR zeolites with constraints for isomerization. For cage zeolites
limited by 8-MR rings, CI" values overlap between those of the 12-MR and 10-MR
zeolites.??-101 A value of 2.5 has been reported for the erionite zeolite.!% The second
parameter, Ze. the relative quantities of ethyloctanes in the monobranched feed isomers
at 5% isomerization conversion, is zero for zeolites with 10-MR pores.” The third

parametet, the yield of isopentane expressed in mol/100 mol n-decane cracked at 35%
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cracking yield is larger than 35 for 12-MR zeolites.!?” Combination of the three product

characteristics classifies the zeolite among the 8-MR cage zeolites.

Table 2. Product characteristics of the n-decane bifunctional conversion.

Pt/Al20s + ERI Pt/ERI + Al,O3 Assignment
Cl" 2MC9/5MC9 at 5% isomerization 1.8 2 12-MR or 8 MR + cage
% ethyloctanes in monobranched
7.8 4.6 12-MR pore or 8 MR + cage
isomers at 5% isomerization
isopentane  (mol/100 mol C10
15 12 10 MR or 8 MR + cage

cracked) at 35% cracking

Cracked products (C4, C5 and C6) are grouped into branched and linear fragments and
its relative amounts at 35% hydrocracking yield are summarized in Table 3.
The composition obtained on the 2 catalysts is comparable. Linear isomers dominate
in these fractions, which means the molecules undergo substantial cracking. We note
that methane and ethane, which can only be ascribed to hydrogenolysis, were also
tormed. This can be explained by the easy accessibility of the Pt metal being located at
the external surface in combination with the limited accessibility of the acid sites in the

pores of the zeolite.”

Table 3. Composition of C4, C5 and C6 cracked product fraction at 35% hydrocracking yield.
Branched and linear products are denoted here as i and n.

Pt/Al>Os + ERI Pt/ERI + Al2Os

i n i n
ca 45 55 43 57
C5 36 64 33 67
C6 34 66 28 71

Conclusions

Spherical 1 um sized core-shell alumina particles with a narrow size distribution were
synthesized by the urea based precipitation method. Electron microscopy and
tomography reconstruction were used to characterize the core-shell nanostructure of
the calcined particles and to locate the transition alumina phases quantified with 27Al
NMR spectroscopy. The particles have §-alumina shell with small islands of a-alumina,
and y-alumina core. This organization reflects the temperatures that were reached in

the calcination process, being higher outside than inside. Homogeneous loading of
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uniformly sized Pt nanoparticles on the alumina core-shell particles was obtained by
strong electrostatic interaction of chloroplatinate precursor with the protonated surface
of the particles, limiting the penetration of the platinum inside the particles.
The excellent accessibility of the Pt particles was confirmed in bifunctional catalysis
experiments; in the isomerization and hydrocracking of n-decane a same catalytic
performance was obtained with platinum on alumina spheres admixed with acid zeolite
and acid zeolite loaded with platinum itself. It reveals the potential of the core-shell

alumina spheres to serve as model catalyst support.

Supporting Information in appendix 1.
XRD and Nz sorption data: Figure S1-S3
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Atomic Layer Deposition (ALD) is a vacuum technology serving the deposition
of a small number of atoms on surfaces. Its use in catalysis is growing. Here we
explored the use of ALD for introducing acid and metal sites in zeolites for
performing bifunctional catalysis. Plasma-enhanced ALD involving cyclic
exposures of the sample to tris(2,2,6,6-tetramethyl-3,5-heptanedionato) gallium
(Ga(TMHD)3) vapor and O plasma (Ga-ALD) was used for introducing acid
sites. Interestingly, Ga-ALD was found to cause a preferential deposition of Pt
nanoparticles on the edges of the COK-14 crystal plates, in contrast to previously
published results on AlI-ALD. Benefiting from the optimum proximity between
the Ga acid and Pt metal sites, it is shown here that Ga-ALD is a way to
introduce sufficient acidity in all-silica zeolite COK-14 for obtaining
bifunctional catalytic behavior. Hydrogenation-dehydrogenation activity in
bifunctional catalysts is typically provided by trace amounts of platinum
dispersed on the zeolite. Pt-ALD was applied for finely dispersing platinum on
ZSM-5 zeolite. The Pt-ALD involved alternating exposure to
trimethyl(methylcyclopentadienyl) platinum (IV) (MeCpPtMes) precursor and
ozone. Pt-ALD method proved to be an efficient way to uniformly disperse ultra-
small Pt nanoparticles onto the zeolite. The bifunctional catalytic behavior of
ALD-functionalized zeolites was confirmed in the hydroconversion of n-decane

model molecule.

Introduction

Atomic Layer Deposition (ALD) is a self-limited growth process that is characterized
by alternating exposures of a support to a volatile precursor of the chemical element
and a co-reactant.!8 The conversion of the precursor to the desired phase can be done
by hydrolysis, oxidation or reduction, ez.> ALD can be used to deposit thin layers of
oxides, nitrides, sulfides and metals on various supports.!-8 Advantages imparted by the
self-limiting surface chemistry in each cycle, are the outstanding thickness control,
uniformity and conformality.”?! Beside flat surfaces, ALD can be used for
functionalizing porous materials for specific catalytic applications.!:.'! Moreover, by
making use of the initial island growth mode often observed for metal ALD processes,

ALD can be applied to deposit metal nanoparticles instead of films.27?

Hydroconversion reactions of hydrocarbons require bifunctional catalysts having two
types of catalytic sites, #7z. metal and acid. Noble metals provide the (de)hydrogenation
function, while the acid function catalyzes isomerization and cracking reactions via

alkylcarbenium ion chemistry.!213 In this catalysis, the spatial arrangement of the two
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types of active sites and their intimacy is critical.'>13 The control over the ALD

deposition can be used for customized synthesis of complex catalysts.”

Introduction of acid sites in nanoporous materials by ALD through sequential exposure
to trimethylaluminum (TMA) precursor and HO (Al-ALD) has already been
demonstrated.1111415 This Al-ALD process has first been applied to ultrastable Y
zeolite and ordered mesoporous Zeotile-4 silica material.! The beneficial effect of
Al-ALD on the catalysts was revealed in the isomerization and hydrocracking of
n-decane.’® Using Al-ALD, all-silica zeolite COK-14 was rendered active in
isomerization and hydrocracking.!® Enhanced activity upon application of Al-ALD has
also been demonstrated for desilicated ZSM-5.11

Gallium containing zeolites, with gallium incorporated in the framework or deposited
as separate oxide phase have been widely investigated. Ga-based zeolites, mostly ZSM-
5, have been reported to be active for alkylation, isomerization, and disproportionation
of aromatics, which are acid catalyzed reactions.!'” Gallium-loaded ZSM-5 zeolite
catalyst has been used for the dehydrogenation of propane!®, ethane!® and for the
aromatization of n-butane?’. Furthermore, gallium-loaded ZSM-5 catalyst performs the
reduction of NOx by methane and higher hydrocarbons.?'-2> Incorporation of gallium
in zeolites is usually achieved by wet chemical methods such as impregnation and ion
exchange.!” Chemical vapor deposition (CVD) of GaCls resulting in the formation of
GaO™ ions and Ga20s3 particles in ZSM-5 has been demonstrated.??> ALD of GaxO3
(Ga-ALD) has previously been applied for depositing thin films. Different precursor
and co-reactant combinations have been explored and a wealth of ALD procedures are
available, e.g. the combination of Ga(acac)s and water or ozone,? ((CH3)2GaNHb»)3 and
oxygen plasma?>, Gax(N(CH3)2)¢ and water?, gallium tri-isopropoxide (GTIP) and
water?’, dimethylgallium isopropoxide (DMGIP) and water?s, trimethylgallium (TMGa)
and  ozone,? and  tris(2,2,0,6-tetramethyl-3,5-heptanedionato  gallium(III)
(Ga(TMHD)3) and Oz plasma as reactant.’ Ga-ALD for introduction of gallium onto

zeolites has remained largely unexplored.

Pt-ALD is also relevant to bifunctional catalysts. Pt-ALD is attractive to catalysis
because nanoparticles are formed instead of a continuous layer according to a
nucleation-controlled growth mechanism.?7 Islands are formed during the first cycles.”
Pt-ALD has the advantage to provide atomic-level control and to enable production of
well-defined nanoparticles with narrow size distributions.?3! The most frequently
applied  Pt-ALD  process uses  trimethyl(methylcyclopentadienyl)platinum
(MeCpPtMes) as precursor and Oz as co-reactant.>32 Besides Oz gas, also Oz plasma,
O3 gas, H> gas, Ho plasma, N2 plasma and NH3 plasma have been described for

Pt-ALD 313336 Co-reactants with relatively short lifetimes such as O3 gas and plasma
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enhance the conversion of the precursor at deposition temperatures below 300 °C.3-33.37
The choice of the co-reactant will have an impact on the Pt nanoparticle morphology
as it influences the nucleation and island growth behavior.2 Oz gas provokes stronger
lateral growth compared to N2 plasma, due to a higher tendency for diffusion-driven
coalescence processes.? The impact of other ALD process parameters such as
deposition temperature, co-reactant pressure and number of ALD cycles is well

documented.38-40

In recent years, Pt-ALD has been applied for catalyst design. Pt-ALD was applied in
hard template replication for obtaining a hydrogen evolution electrocatalyst for water
electrolysis.*! A Pt electrocatalyst for electro-oxidation of ethanol and for the hydrogen
evolution reaction has been created by Pt-ALD on TiO2 nanotubes.*> Another example
in electrocatalysis is the synthesis of Pt nanotubes by coating of an anodized aluminum
template for polymer electrolyte fuel cell electrodes.*> Pt nanoparticles on carbon
aerogels were prepared to achieve high catalytic activity for the oxidation of CO.#
Pt nanoparticles on carbon nanotubes were prepared for hydrolysis of ammonia
borane,* and for proton-exchange membrane fuel cells.® Pt catalysts confined in Al2O3
nanotubes with an ultrathin coat of Al2O3;, made by sequential Al- and Pt-ALD on
carbon nanocoils followed by removal of the carbon template, have improved activity
for hydrogenation of 4-nitrophenol.#’” Another example is Pt nanoparticles on a
polymeric (polyacrylonitrile (PAN)) nanofibrous web which has been shown to have a
good activity for the reduction of 4-nitrophenol to 4-aminophenol.#® Pt-ALD on
p-type Si nanowire was used for photoelectrochemical water reduction.®® Pt-ALD has
also been applied to MOFs such as MIL-101 and used for the hydrogenation of
olefins.®0 In the field of zeolite catalysis, Pt-ALD has been applied on ZSM-5 for
hydrogenation of levulinic acid to valeric acid> and on zeolite beta for cinnamaldehyde
hydrogenation.>> Pt-ALD has also been applied into K-L zeolite and an excellent
activity for n-heptane reforming to aromatics was observed.>*>* Pt-ALD for preparing

bifunctional catalysts for hydrocarbon conversion has further not been reported.

In this work, we investigate the suitability of ALD for introduction of both acid and
metal sites in zeolites. The obtained catalysts were evaluated in n-decane isomerization
and hydrocracking. Inspired by the approach of AI-ALD for introduction of acid sites,
we attempted activation of all-silica COK-14 zeolite by Ga-ALD using Ga(TMHD)3
precursor and Oz plasma. Without modification, the COK-14 loaded with platinum is
inactive in n-decane hydroconversion, owing to a lack of Bronsted acid sites.!¢
An increase in activity would confirm the efficacy of the Ga-ALD process.
COK-14 possesses 10- and 12-membered ring intersecting channels, which renders it

highly interesting for (selective) catalysis in reactions of industrial relevance.>>->8
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Pt-ALD is applied for depositing Pt nanoparticles on acid ZSM-5 zeolite using the low-
temperature MeCpPtMes/Os ALD process.* ZSM-5 zeolite with a three-dimensional
10-membered ring pore system has been chosen as zeolite support. This is considered
an appropriate choice because it has been widely used in several petrochemical

reactions due to its high catalytic activity and shape selective properties.>-64

Experimental

Preparation of catalysts

All silica zeolite COK-14 (OKO topology) was synthesized according to a reported
protocol® which involves treatment of as-synthesized IM-12 zeolite (UTL topology) in
12 M HCI solution (VWR Chemicals) in proportions of 50 g HCl solution for 1 g of
IM-12 at 95 °C for 48 h followed by filtration, washing with distilled water and drying
at 60 °C.

Atomic Layer Deposition of Ga;Os on to COK-14

Ga-ALD was carried out in a home built cold wall ALD chamber using the
Ga(TMHD); and Oz plasma process.>’ For each deposition, 300 mg of COK-14
powder was loaded in the ALD reactor and kept at 200 °C under vacuum for 2 h.
Ga(TMHD)3- vapor and Oz plasma were alternately introduced to the ALD chamber
at pressures of ¢a. 1 Pa. Twenty cycles of ALD were performed, each cycle comprising
exposure to Ga(TMHD)s for 30 s, evacuation under vacuum, and exposure to Oz
plasma for 20 s followed by evacuation. The sample is further named Ga-ALD-COK-
14.

Platinum incipient wetness impregnation on Ga-ALD-COK-14
Creation of bifunctionality to the Ga-ALD-COK-14 was realized by introducing 0.5

wt% platinum by incipient wetness impregnation using aqueous solution of
Pt(NH3)4Clo. Then the zeolite impregnated with the Pt complex was filled into
microreactor tubes made of quartz. The sample was subjected to an oxidation via
heating at 400 °C under O2 followed by reduction using H» at the same temperature.
The sample after Pt deposition is denoted as Pt-IW-Ga-ALD-COK-14.

Pt-ALD on ZSM-5
Commercial NH4-ZSM-5 zeolite (CBV 8014 Zeolyst) was used to perform Pt-ALD.

The commercial ZSM-5 was calcined in static air at 550 °C and is denoted as parent
ZSM-5. Pt-ALD was carried out in a home built cold wall ALD chamber, using an
ozone-based Pt-ALD process.>* The Pt precursor used for ALD was
trimethyl(methylcyclopentadienyl) platinum (IV) (MeCpPtMes). 400 mg of parent
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ZSM-5 sample was loaded in a molybdenum sample cup, placed on the heated copper
block. The sample heated to 200 “C was allowed to outgas and thermally equilibrate for
at least 1 h under vacuum. A static exposure mode was applied during both ALD half-
cycles. The pulse time of the MeCpPtMes precursor was 10 s, after which the valves to
the pumping system were kept closed for another 20 s, resulting in a total exposure
time of 30 s. The same pulse time and exposure time were used for the O3 also. During
the precursor and reactant exposures, the pressure in the chamber increased to ¢a. 50
Pa and 100 Pa, respectively. Twenty cycles were performed. The as-deposited sample
was named as AD-Pt-ALD-ZSM-5. The as-deposited sample was then exposed to
oxidation reduction atmospheres (O2/Hyz) in the quartz reactor tubes at 400 °C and
referred to as Pt-ALD-ZSM-5. For comparison purposes, the same Pt loading, ze. 0.7
wt% platinum as determined using X-ray fluorescence measurements, was introduced
via incipient wetness impregnation of Pt(NH3)4Clz to a part of parent ZSM-5 zeolite
followed by oxidation reduction at 400 °C. This sample was named as Pt-IW-ZSM-5.

Characterization

X-ray fluorescence (XRF) was performed using a Mo X-ray source (at an angle of 45°
with sample surface) and a silicon drift detector placed at an angle of 52° with the
sample surface. The fluorescence signal was integrated over a period of 100 s.
Quantification of Pt-content of the zeolites was performed by subjecting zeolites
impregnated with different amounts of Pt to XRF measurements. Plotting XRF counts
against Pt content yielded a linear calibration curve. The successful deposition of Ga20O3

was confirmed by XRF measurements.

High resolution scanning electron microscopy (HR-SEM) images were made using a
Nova NanoSEM450 (FEI Eindhoven). Zeolite powder was mounted on Al stubs and
imaging was performed without any further sample modification. HR images were
obtained at very low voltages (<2 kV) by employing a Concentric Backscattered (CBS)
detector combined with beam deceleration. Transmission electron microscopy (BF-
TEM) and annular dark-field scanning transmission electron microscopy (ADF-STEM)
was performed with a probe-corrected transmission electron microscope (ARM200F
cold-FEG, JEOL) operated at acceleration voltage of 200 kV. The samples were
prepared by dispersing the powder in 2-propanol and placing a few drops of the
solution onto the copper TEM grids covered with lacey carbon film (Pacific Grid
Tech).

N2 physisorption isotherms were measured on a Micromeritics TriStar 3000 instrument
at liquid nitrogen temperature. The sample was pretreated at 150 °C in N flow for

12 h before measurement.
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Powder X-ray diffraction was performed on a STOE STADI P Combi diffractometer
with focusing Ge(111) monochromator (Cu Kal radiation) in transmission geometry
with 140°-curved image plate position sensitive detector (IP PSD) with an internal IP
PSD resolution of 0.03°.

Catalytic tests

Hydroisomerization and hydrocracking tests were carried out in a high-throughput
reactor with automated online gas chromotography for product analysis. 50 mg of
catalyst was loaded in quartz microreactor tubes with an internal dimeter 2 mm.
n-decane hydroconversion was carried out over the catalysts at 0.45 MPa pressure.
The Hz/n-decane molar ratio in the feed was 214 and the space time, W/F, was 1400
kg s mol.

Results and discussion

Catalytic activation of COK-14 with Ga-ALD
COK-14 is an all-silica zeolite with thin plate crystal morphology. SEM images reveal

the typical dimensions of the plates of several micrometers and thicknesses around 100
nm (Figure 1). The plates generally exhibit rather smooth surfaces with surface terraces.
Without modification, COK-14 is catalytically inactive.!¢ In the past, COK-14 has been
activated using AI-ALD.

Figure 1. HR-SEM images of COK-14 zeolite.
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Ga-ALD was performed to introduce acidity. Subsequently, the sample was loaded with
platinum by impregnation with Pt(NH3)4Cl> solution followed by oxidation and
reduction to spread platinum particles over the zeolite. The dispersion of Pt particles
on the Pt-IW-Ga-ALD-COK-14 sample was investigated via HR-SEM (Figure 2).
Interestingly, Pt particles were preferentially positioned at the rim of the zeolite crystals
and also at some irregularities and terraces on the surface of the plates (Figure 2).
In COK-14, the zeolite micropores run in two directions, both parallel to the plane of
the crystal. Only the borders of the plates give access to the intracrystalline pore system.
According to SEM (Figure 2) Pt particles are located preferentially close to pore

entrances, which is further confirmed by TEM (Figure 3).

Figure 2. (a-f) HR-SEM of Pt-IW-Ga-ALD-COK-14 catalyst revealing the distribution of Pt
particles.

In previous work on activation of COK-14 through alumination with aluminum
1sopropoxide during milling and AI-ALD, the Pt nanoparticles were uniformly spread
over the plates.!%> In that work, a thin layer of alumina was spread over the entire
surface, serving as anchoring point for Pt nanoparticles. Figure 4 shows SEM images
of COK-14 after AI-ALD and Pt IW, prepared as reported in ref 6. The Pt particles
were distributed uniformly on the external surface of the zeolite crystals. In Ga-ALD,
SEM images suggest such anchoring points are missing on the large surfaces of the
plates. For elemental mapping of the distribution of Ga using energy dispersive X-ray
spectroscopy in scanning transmission electron microscopy (STEM-EDS), the loading
was below the detection limit. N2 physisorption performed after Ga-ALD and Pt

impregnation showed no notable difference in the total BET surface area and total pore
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Chapter 3

volume when compared to parent COK-14. This suggests that the catalyst preparation
steps, Ga-ALD and Pt impregnation, induced no pore blocking. XRD confirmed

structural stability of the catalyst after catalyst preparation and reaction.

Figure 3. TEM of Pt-IW-Ga-ALD-COK-14 catalyst revealing the distribution of Pt
particles.

Figure 4. HR-SEM of COK-14 after AI-ALD and Pt IW.
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In bifunctional catalysis, the platinum metal particles catalyze dehydrogenation of
alkanes to alkenes, which upon adsorption on Bronsted acid sites become
alkylcarbenium ions which undergo skeletal rearrangements and 3-scission reactions.
Isomerized and cracked alkylcarbenium ions are desorbed from the acid sites and thus
obtained alkenes are hydrogenated on the metal sites. As a result, because of the
presence of large amounts of hydrogen, all reaction products are saturated. This is

summarized as a schematic (Figure 5).

physisorption N\ (dE)-protonaticin

P e
\ NN branching
(de)-hydrogenation Wy, —* alkyl shift
metal sites |__._._._ acid sitesw
A A
AT
)\/\/{:\ / N PO
NN
o~ -
3-scission
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P a Ve e NE BV
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Figure 5. Scheme of reactions in the hydroisomerization and hydrocracking of n-decane on
a bifunctional catalyst.
Hydroconversion of n-decane over Pt-IW-Ga-ALD-COK-14 catalyst was performed
in a fixed bed reactor with stepwise increasing temperature at constant contact time.
The conversion of n-decane is plotted against reaction temperature in Figure 0a.
Parent siliceous COK-14 loaded with platinum is inactive in n-decane hydroconversion
under these reaction conditions, owing to a lack of Brensted acid sites.! Ga-ALD
rendered COK-14 active (Figure 6a). The onset temperature of catalytic activity was
220 °C and full conversion of n-decane was reached at 320 °C (Figure 6a). In a previous
publication, COK-14 activated with Al-ALD showed a very similar n-decane
conversion curve, with conversion setting in around 205 °C and reaching completion
around 310 °C. 16 In the modification with aluminum, it was found that a very low
concentration of strong Bronsted acid sites, retaining pyridine at 200 °C of 5 umol/g
was sufficient to reach such activity.!® The present results show that such traces of
acidity can also be introduced using Ga-ALD. The penetration of the metalorganic
Ga(TMHD); precursor in the micropores of COK-14 is expected to be very limited,

and deposition most likely occurs on the external surface and near the pore openings.

A normal alkane like n-decane undergoes skeletal branching as primary reaction.
The more branchings introduced, the more the molecule is sensitive to cracking via §3-

scission of alkylcarbenium ions. Skeletal isomerization and cracking are consecutive
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reactions. Consequently, the yield of skeletal isomers from n-decane plotted against
conversion of the feed passes through a maximum. High yields of feed isomers are
indicative of a well-balanced bifunctional catalyst.!? The yield of Cio skeletal isomers
and cracked products is presented in Figure 6b. A maximum isomerization yield of ca.
70% was achieved at ca. 80% conversion, which is quite high compared to other large
pore zeolites, like ultrastable Y zeolite, which do not surpass 60% isomerization yield
in n-decane hydroconversion under similar reaction conditions.®-% The remarkable
activity and selectivity for hydroconversion of n-decane in ALD-modified samples can
be explained by the optimum proximity of acid sites and Pt metal sites, both located at

the edges of the crystals exposing the micropore openings.!?
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Figure 6. (a) n-decane conversion against reaction temperature on Pt-IW-Ga-ALD-COK-14
and (b) Cyo isomerization yield (closed symbols) and cracking products yield (open symbols)
against n-decane conversion.

Among the isomers, monobranched Cio isomers and multi-branched Cioisomers were
formed in consecutive reactions (Figure 7a). In the reaction product fraction of
monomethyl branched isomers, 3-methylnonane and 4-methylnonane were
preferentially formed initially (Figure 7b). Kinetic suppression of 2-methylnonane
formation is characteristic of alkylcarbenium ion chemistry in absence of shape

selectivity, while this isomer is preferentially formed in medium pore zeolites such as
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ZSM-22 and ZSM-5.67.70 The refined constrained index (CI°) calculated from the ratio
of 2-methylnonane to 5-methylnonane yield at 5% n-decane conversion, probes the
presence of shape selectivity. CI° of COK-14 modified with Ga-ALD was 1.1, which
is a typical value for large pore zeolites.”-7? Similar CI° values were obtained with COK-
14 samples activated with AI-ALD and with aluminum isopropoxide. 1656 COK-14 has
a pore system with intersecting 10- and 12-membered ring channels. Apparently, the
catalytic activity is concentrated in the largest micropores and the smaller channel
system does not contribute. It seems difficult to introduce acid sites using ALD in 10-

MR pores, as observed eatlier for Silicalite-1, a siliceous zeolite with MFI framework

type.”

Hydrocracking to lower molecular weight products is a consecutive reaction to
isomerization. The yield of cracked products according to carbon numbers at 35%
hydrocracking is depicted in Figure 7c. This distribution of yields of cracked products
divided according to carbon number on molar basis is fairly symmetric, showing that
molecules are cracked only once. The formation of some C1, C2, C8 and C9 products
can be explained by hydrogenolysis on the platinum metal. It confirms the catalyst has

an excess of noble metal compared to acidity.

109



100

—— mono
a) —@— multi
g 804
s
= 604
=
2
=
7] 40
(m]
20+
0L : r r : .
0 20 40 60 80 100
L Conversion (%)
£ I =
0 40 —@-3M
@ —A—4M
s —¥-5M
o
£ 304
>
=
et
=
c2
o
c
o
S 10-
b=
|-
v T T T T T
g 0 20 40 60 80 100
Conversion (%)
T 604{¢c
% ) .,_,..-Jlﬁ..__‘.
© 50 -
(3]
S 40
Q
S 304
E
S 20-
=
© 10
E
z o " —n
2
> C1 C2 C3 C4 C5 C6 C7 C8 C9

Carbon number

Figure 7. (a) Distribution of Cy skeletal isomers according to the number of branchings in n-
decane hydroconversion on Pt-IW-Ga-ALD-COK-14; (b) Distribution of methylnonane
isomers against n-decane conversion ; (c) Molar yields of carbon number fractions per 100 mol
of n-decane cracked at 35% n-decane hydrocracking
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Catalytic activation of ZSM-5 with Pt-AILD

The use of Pt-ALD for preparing bifunctional catalysts was explored on another type
of zeolite: ZSM-5. The parent commercial ZSM-5 sample with Si/Al atomic ratio of 40
was in NHg¢-form. The sample was subjected to 20 ALD cycles using MeCpPtMe3
precursor and ozone (O3). The final Pt content of the sample, estimated with XRF,
amounted to 0.7 wt%. HR-SEM of the as-deposited sample (AD-Pt-ALD-ZSM-5)
showed hardly any presence of Pt on the smooth surfaces of the aggregated zeolite
crystals at magnifications around 350 k (Figure 8a). When observed under annular dark-
field STEM (ADF-STEM) at three times higher magnification, uniform and
homogeneously dispersed Pt particles on the zeolite particles were visualized. In Figure
8b and c, bright dots represent Pt particles and the grey area presents the zeolite.
These Pt particles were in the size range of 1-2 nm. For catalytic testing, pretreatment
at higher temperature is needed to desorb ammonia from the acid sites. A typical
pretreatment is by oxidation with molecular oxygen and reduction with hydrogen at
400 °C. The sample, referred to as Pt-ALD-ZSM-5, showed the presence of Pt
nanoparticles in HR-SEM as well as ADF-STEM. Figure 9 a-d reveals the presence of
dispersed Pt particles having sizes larger than the as-deposited sample. The size of Pt
particles on Pt-ALD-ZSM-5 sample is in the range of 2-4 nm. The coarsening of ALD-
grown Pt nanoparticles induced by oxidation and reduction treatments was investigated

before by Solano ef al7*

For comparison, parent ZSM-5 was loaded with platinum using incipient wetness
impregnation of Pt(NH3)4Cl> complex, followed by oxidation and reduction at 400 °C.
The sample was named Pt-IW-ZSM-5. HR-SEM, TEM and ADF-STEM (Figure 10)
revealed rather inhomogeneous deposition of Pt with large particle sizes up to 15-20

nm.
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Figure 8. (a) HR-SEM and ) 'ADE-STEM of as—deosited AD-Pt-ALD-ZSM-5 samples
at different magnifications. (a) at 350k and (b,c) at 1000k and 2000k.
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Figure 9. (a) HR-SEM and (b,c,d) ADF-STEM of Pt-ALD-ZSM-5 samples at different
magnifications (a) at 350k and (b) 800k (c,d) at 1500k.

Figure 10. HR-SEM of Pt-IW-ZSM-5 samples at different magnifications of (a) 100k and (b)
200k. (c) TEM image at 12k and (d) ADF-STEM image at 200k on similar regions as shown
in (a-b).
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Two different configurations of detectors were used to study the position of the
nanoparticles in the ZSM-5 zeolite. STEM images using ADF detectors probing the
entire particles are shown in Figure 11a and 11c. Figure 11b and 11d show images
obtained using secondary electrons (SE) detectors to reveal the surface topography of
the sample. Visibility of Pt nanoparticles in the SE image indicates they are on or very
near the surface. Nanoparticles were observed to move and agglomerate upon beam
exposure, as shown in Figure 12. Movement and coalescence has been observed before
for platinum clusters deposited on a thin single crystalline y-ALOj; film grown by
oxidation of NiAl(110) and for Pt particles prepared by colloidal methods on an

amorphous carbon grid.”>7¢

The characterization with electron microscopy revealed Pt-ALD to be superior to

impregnation for dispersing platinum on this commercial ZSM-5 zeolite sample.

Figure 11. (a,c) ADF-STEM of the as-deposited AD-Pt-ALD-ZSM-5 and Pt-ALD-ZSM-5
and (b,d) Secondary electron images (SEI) images of the same crystals respectively.
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1t scan 2" scan 3 scan

Figure 12. ADF-STEM of Pt-ALD-ZSM-5 in three consecutive scans showing migration
and clustering of Pt particles under the influence of electron beam.

n-Decane isomerization and hydrocracking was performed on bifunctional ZSM-5
catalyst activated with Pt-ALD and incipient wetness impregnation. Pt-ALD-ZSM-5
was slightly more active than Pt-IW-ZSM-5 as it converted more n-decane at the same
reaction temperature (Figure 13a). Pt-ALD-ZSM-5 also exhibited a slightly higher
hydroisomerization yield compared to Pt-IW-ZSM-5 (Figure 13b). ZSM-5 is a medium-
pore zeolite which exhibits shape selective effects in
hydroisomerization/hydrocracking of long-chain n-alkanes.67.7%.77-7 One pronounced
shape selectivity effect is the preferential formation of 2-methylnonane among the
monomethylbranched skeletal isomers of n-decane (Figure 14). The sample prepared
with Pt-ALD showed a higher selectivity for 2-methylnonane compared to the incipient
wetness impregnated sample and the refined constraint index, CI° was higher, #7z. 9.9,

compared to 7.2.
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Figure 13. (a) n-decane conversion against reaction temperature on Pt-IW-ZSM-5 and Pt-
ALD-ZSM-5. (b) Isomerization yield (closed symbols) and cracking yield (open symbols)
against n-decane conversion on the same catalysts.

The molar distribution of cracked product yields according to carbon numbers (Figure
15) displays the characteristic “M” shape, with a suppression of central cracking of the
C10 molecules into C5 fragments. This was similar for the two catalysts. Among the
cracking patterns, formation of C4 and C6 prevailed over formation of C5 fragments
and C3 plus C7 fragments. These n-decane isomerization and hydrocracking
experiments confirmed that Pt-ALD is an adequate method for loading platinum on

aluminosilicate zeolites for performing bifunctional catalysis.
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Figure 15. Carbon number distribution of cracked products at 35% n-decane
hydroconversion on Pt-IW-ZSM-5 (black) and Pt-ALD-ZSM-5 (red).
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Conclusions

ALD is an efficient tool to create catalytically active acid sites and to deposit finely
dispersed platinum on zeolites. Ga-ALD, using Ga(TMHD)3; and Oz plasma, is shown
to introduce acid sites in COK-14, an all-silica zeolite that originally lacks acid sites.
Gallium was most likely deposited on the external surface and edges of the zeolite
particles and created preferential sites for platinum deposition at the edges.
This resulted in optimum proximity of metal and acid sites, which was beneficial for
the activity and selectivity in the hydroconversion of n-decane. The maximum
isomerization yield of ¢a. 70% exceeds that of other large pore zeolites. Pt-ALD using
MeCpPtMes and ozone was applied to engineer Pt sites on ZSM-5 zeolite and resulted
in finely dispersed Pt nanoparticles of 1-2 nm. After heat treatment under oxidation
and reduction conditions, the Pt nanoparticles were in the range of 2-4 nm due to
thermal sintering. The Pt-ALD-ZSM-5 sample has been proven to be an excellent
catalyst for n-decane hydroisomerization. A ZSM-5 catalyst with Pt deposited via
incipient wetness impregnation was equally active and selective. The ALD method
demonstrated here can be extended to many other catalysts of academic and industrial

significance.
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3D porous nanostructured platinum
prepared using atomic layer
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A robust and easy to handle 3D porous platinum structure was created via
replicating the 3D channel system of an ordered mesoporous silica material
using atomic layer deposition (ALD) over micrometer distances. After ALD of
Pt in the silica material, the host template was digested using hydrogen fluoride
(HF). A fully connected ordered Pt nanostructure was obtained with
morphology and sizes corresponding to that of the pores of the host matrix, as
revealed with high-resolution scanning transmission electron microscopy and
electron tomography. The Pt nanostructure consisted of hexagonal Pt rods
originating from the straight mesopores (11 nm) of the host structure and linking
features resulting from Pt replication of the interconnecting mesopore segments
(2-4 nm) present in the silica host structure. Electron tomography of partial
replicas, made by incomplete infilling of Zeotile-4 material with Pt, provided
insight in the connectivity and formation mechanism of the Pt nanostructure by
ALD. The Pt replica was evaluated for its potential use as electrocatalyst for the
hydrogen evolution reaction, one of the half-reactions of water electrolysis, and
as microelectrode for biomedical sensing. The Pt replica showed high activity
for the hydrogen evolution reaction and electrochemical characterization
revealed a large impedance improvement in comparison with reference Pt

electrodes.

Introduction

Platinum nanostructures exposing large surface area are required for miniaturized
sensing and electronic devices.! The synthesis of platinum nanostructures is challenging
as the high surface energy of platinum metal favors low rather than high specific surface
area. Platinum nanoparticles with desired size and shape can be obtained via colloidal
chemistry approaches using capping agents to achieve steric or electrostatic
stabilization.>? These nanoparticles can be fixed at surfaces or assembled to generate
larger features. An early means to achieve porous platinum nanostructures is
de-alloying, whereby the less noble metal is selectively leached from a bimetallic alloy
via an electrochemical or chemical process.1*> Another strategy for achieving platinum
nanostructures makes use of the soft templating approach where surfactant
self-assembly generates ordered platinum structures constituting walls separating
regular voids holding the soft template such as e.g. a lyotropic liquid crystal (LLC) phase
of octaethylene glycol monohexadecyl ether®’ or diblock copolymer8-10.
Various morphologies were prepared by electrochemical or chemical reduction of the
platinum precursor and removal of the surfactant.”? Synthesis of porous platinum with
large mesocages using electrodeposition templated by poly(styrene-b-ethylene oxide)

block copolymer has been demonstrated.!? Platinum nanoballs, containing 50-80 nm
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mesodomains of connected nanowires, were generated by use of giant hexagonal

mesophases with cetyl trimethyl ammonium bromide as soft template.’

Another efficient methodology to realize mesostructured Pt is hard templating, which
is based on the deposition of the metal in the pores of a mesoporous oxide matrix
followed by dissolution of the hard template to liberate the metallic replica.l
Electrodeposition of platinum in the pores of anodic aluminum oxide (AAO) templates
resulted in solid nanowires with diameters according to the AAO pore size.ll-14
Deposition on the walls of AAO pores resulted in the formation of hollow platinum
nanotubes. An alternative attractive robust hard template is ordered mesoporous
silica.1.15-17 Replicas of many ordered mesoporous silica matrices have been reported,
most appearing like networks of polycrystalline nanowires.!®-2* Olive shaped porous Pt
metal bodies of 150 to 230 nm with an internal structure of interconnected Pt nanorods
were created using SBA-15 template.?> Formation of single-crystal platinum nanorods
by glycol-assisted one step vacuum impregnation of SBA-15 template was reported.
Depending on the Pt precursor concentration, either individual nanorods or
interconnected nanorod bundles were obtained.?0 Gyroid Pt nanowire networks were
obtained by replication of the pores of MCM-48.%7 The double gyroid structure of KIT-
6 was replicated to form an inverse gyroid structure with average particle sizes of 50

nm to a few hundred nanometers.17-28

Impregnation of a Pt complex in the pores of a hard template followed by chemical or
electrochemical reduction and template dissolution is the most common pore
replication method.117,29-33,18-2428 Photoreduction is an alternative to (electro)chemical
reduction.’>10 Atomic Layer Deposition (ALD) is a technique which proved its
efficiency in introducing metal and metal oxides into mesoporous silica matrices,3*-3
but ALD of platinum for the creation of porous nanostructures has scarcely been
reported. For instance, nanostructured films composed of Pt/Ir nanowires (~ 70 nm
diameter) via ALD into AAO membrane have been reported.’” In that study, after ALD
of Pt and Ir, the AAO membrane was epoxy-bonded to a polycarbonate substrate
whereafter the hard AAO template was etched in alkaline solution to liberate the Pt/Ir
film. Also alow temperature ozone-based Pt-ALD process was demonstrated, by which
anodized alumina pores with an average diameter of 23 nm and mesoporous silica films
with a much smaller average pore diameter of 4 nm could be coated conformally.38
Applying the same process on ordered multi-walled carbon nanotubes followed by
removal of CNTs created a 3D network of self-supporting Pt nanowires.?
Further, ALD was used to investigate the growth of Pt nanostructures on highly
ordered pyrolytic graphite model carbon surface forming laterally aligned Pt

nanowires.40
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Nanostructured platinum materials fire the imagination of designs for tailor-made metal
catalysts, electronics, non-linear optics and magnetic devices.*! Efforts are reported in
literature where the purpose of making a Pt replica was mainly to reveal the pore
architecture of the hard template material, as Pt nanostructures are conveniently imaged
via electron microscopy.'®20 The existence of connecting micropores between
mesopores of SBA-15 material was revealed using a Pt replica.?* Platinum nanowires
and nanoparticles templated on FSM-16 and HMM-1 have been tested for the
preferential oxidation of CO in Hz excess, which is important in fuel cells, where trace
amounts of residual CO can poison the electrodes. A high activity and selectivity has
been reported for the nanowires and particles in FSM-16.16 Moreover, a high catalytic
performance for the water gas shift reaction has been demonstrated on Pt wires
templated inside FSM-16 pores.*? Pt nanowires made in AAO membranes have been
reported to function well in hydrogen peroxide detection.!! Nanowire arrays, fabricated
using the electrochemical deposition of PtCu alloy nanowires onto AAO templates
followed by de-alloying of the Cu component, have been investigated for ethanol
electro-oxidation, a half-reaction of ethanol fuel cell.#3 Skeletal Pt nanostructures,
prepared through the chemical reduction by ethylene glycol vapor of a Pt precursor in
presence of (NH4)2COs3, exhibit high activity for the electrochemical oxidation of

methanol.#4

Reported Pt nanostructures are mostly nanowire assemblies, made using channel type
host matrices. Also with the current methods it appears very difficult to replicate the
hard porous template over lengths exceeding a micrometer. Such larger structures are
desired for electrode and sensor applications. Here we report the fabrication of large
skeletal platinum structures by replication of an ordered mesoporous 3D mosaic
structure called Zeotile-4. It is formed by tiling of pre-fabricated rectangular silica
particles, designated as nanoslabs (4 x 8 x 2 nmJ), in a hexagonal pattern.*>+’
The unique skeletal 3D porous mosaic Pt structure was confirmed with electron

tomography. Electrochemical characterization revealed exceptional properties.

Experimental

Synthesis of Zeotile-4

Zeotile-4 powder was synthesized following a recipe reported in ref 4. This involved
the preparation of a clear solution of silicalite precursors otherwise called silica
nanoslabs and combining it with Pluronic 123 followed by aging at high temperature.
The clear solution was prepared by mixing tetra-ethylorthosilicate (TEOS) with
tetrapropylammonium hydroxide (TPAOH) under vigorous stirring facilitating the
hydrolysis of TEOS. Then water was added to the suspension and stirred for another
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24 h. The molar ratio of TEOS : TPAOH : H>O was maintained to be 25 : 9 : 400. 18
g of this clear solution was added to 9 g HCI (5M) and mixed with 24 g of aqueous
Pluronic P123 solution (10 wt%) which has been already acidified using 8 g of 5 M HCL.
The mixture was kept at 95 °C for 96 h in a polypropylene bottle. The solid precipitate
formed was recovered, washed, dried and calcined at 350 °C for 12 h using a heating

ramp of 0.5 °C min-!.

Atomic Layer Deposition
Pt-ALD was carried out in a home built cold wall ALD chamber.3® The powder sample

was loaded in a molybdenum sample cup, which was then transferred into the ALD
reactor through the load-lock and was placed on a heater block. The sample was then
allowed to outgas and thermally equilibrate for at least 1 h under vacuum. The solid
MeCpPtMes precursor (99% Strem Chemicals), kept in a stainless steel container, was
heated above its melting point (30 °C), and the delivery line to the chamber was heated
to 60 °C. Argon was used as a carrier gas for the Pt precursor. O3 was produced from
a pure Oz flow with an OzoneLabTM OL100 ozone generator, resulting in an O3
concentration of 175 pg ml-l. A static exposure mode was applied during both ALD
half-cycles. The pulse time of the MeCpPtMe3 precursor was 10 s, after which the
valves to the pumping system were kept closed for another 20 s, resulting in a total
exposure time of 30 s. The same pulse time and exposure time was used for the O3
also. For the creation of the full replica (Fig. 3), the MeCpPtMes precursor exposure
was repeated 3 times for one O3 exposure during each ALD cycle. For the creation of
the micron-long mesoporous Pt tubes (Fig. 6), only one precursor pulse was applied
during each ALD cycle. In both cases, 250 ALD cycles were applied. During the
precursor and reactant exposures, the pressure in the chamber increased to ¢a. 0.5 mbar
and 1 mbar, respectively. After ALD, the silica of the host material was digested using
0.5 M HF solution at 60 °C for 3 h to create the Pt replica.

HR-SEM
HR-SEM images of all samples were obtained on a Nova NanoSEM450 (FEI,

Eindhoven). The powder samples were mounted on aluminium stubs using carbon tape

and directly imaged without any further sample modification.

STEM/ tomography

HAADF-STEM images, eclectron tomography series and selected area electron
diffraction (SAED) patterns were acquired by using an aberration corrected 'cubed' FEI
Titan electron microscope operated at 200 and 300 kV. Electron tomography series
acquisition was performed in STEM mode by using a Fischione model 2020 single tilt
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tomography holder. The series was reconstructed by using the simultaneous iterative

reconstruction technique (SIRT) implemented in the Inspect3D software from FEL 4849

NN physisorption

N2 physisorption measurements were performed on a Quantachrome Autosorb-1.
The samples were pretreated at 120 °C under vacuum for 12 h. The Nz adsorption

isotherms were analyzed using Brunauer—Emmett—Teller (BET) and #plot methods.

Synthests of hydrogen evolution electrode

N-type silicon wafers (Cemat Silicon, 4” unpolished) with a thickness of 525-575 um
were used as substrates for the Pt deposited Zeotile-4. RCA cleaning was performed
and followed by a wet oxidation at 1100 °C for 2 h which resulted in an insulating layer
of SiOz. Thin film layers were sputtered with a Balzers BAE 370 sputtering tool.
A Ti/W (Ti10Woo target, 99.95%) was sputtered at 2 x 103 mbar and 150 W for 1 min
as an adhesion layer for the platinum metal. Pt (Pt target, 99.95%) was then sputtered
at 100 W for 3 min under Ar atmosphere at 2 x 10-> mbar. Subsequently a conducting
wire was soldered on the electrode by use of silver paint (RS, US) and the contact was
sealed with epoxy coating (Hysol 9466, Henkel). Geometric surface areas were
determined by making a picture of the electrodes and using the software Image] to
calculate the area. Prior to deposition, the substrate was cleaned in milliQQ water and
ethanol. To make a catalyst ink, the powder with Pt (0.0114 g) was dispersed in 2 ml
ethanol with 0.0209 g polyvinyl alcohol (Sigma-Aldrich) and 30 ul Nafion solution (5%
Quintech). The solution was intensively vortexed to become a homogenous solution.
The replica was deposited on precleaned platinum support by use of a micropipette.
6 times 5 ul was pipetted on the surface. The electrodes were then air-dried for 60 *

10 min.

Electrocatalytic activity for the hydrogen evolution reaction

Current-voltage curves were recorded without IR compensation at ambient
temperature using a VersaSTAT 4 potentiostat (Princeton Applied Research) in a one-
compartment electrochemical cell with electrolyte content of approximately 600 ml.
Experiments were performed in 0.5 M H2SO4 and the electrolyte (Fisher Scientific,
95%) was diluted at 0.5 M concentration using Milli-Q water (18 M2 cm). A platinum
ring setved as auxiliaty electrode and an Ag/AgCl (3M KCI saturated with AgCl,
Radiometer Analytical) was used as reference electrode. Scan rate was set at 2 mV s-!

and H» was purged through the solution prior to measurements to saturate the solution.
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Fabrication of multi-electrode array

A multi-electrode array of flat circular test electrodes with 0.019 cm? surface area was
tabricated by lithography on a glass substrate. A two-layer lift-off resist layer (LOR10B
+ S1818) was applied by spin coating and patterned by UV contact lithography and
development in 0.26N NaOH. 10 nm thick TiW adhesion layer and a 120 nm thick Pt
layer were sputtered with a Balzers BAE 370 sputtering tool, after which the remaining
lift-off resist was removed in N-methylpyrrolidone. Next, a 5 um thick film polyimide
(Dupont PI-2611) was applied by spin coating and cured at 350 °C to serve as insulation
layer. A reactive ion etch using a thick ma-p 1275HYV resist layer as mask, was used to
open the polyimide layer, thereby releasing the platinum layer and defining the size and
shape of the electrodes.

The tubular Pt Zeotile-4 replica was dispersed in demineralized water at a concentration
of 3 wt% and mixed by sonication. The resulting suspension was deposited on the test
electrodes (heated to 90 °C to accelerate drying) by micropipetting 1 pl drops five times
per electrode. The resulting layer was then annealed for 5 hours at a temperature
between 250 and 575 °C (in Ar from 450 °C on, to protect the polyimide from

oxidation).

Impedance and charge injection capacity of multi-electrode array

Testing was performed in phosphate buffered saline water (Invitrogen Gibco, pH 7.2)
using a platinum counter electrode and an Ag/AgCl electrode (3M KCl saturated with
AgCl, Radiometer Analytical) as reference. The readout electronics consisted of a
Solartron SI 1255 frequency response analyser and a SI 1287 electrochemical interface.
For impedance testing, a 0.1 V amplitude sine waveform was scanned between 0.1 and

1MHz. For cyclic voltammetry, a scan rate of 100 mV s-! was employed.

Results and discussion

Zeotile-4 is an ordered mesoporous material with parallel straight channels in hexagonal
arrangement, interconnected systematically via slit-like voids left open between the
stapled nanoslabs. The architecture of this nano-mosaic has been demonstrated eatlier
by electron tomography.#’ Zeotile-4 synthesis starts with the preparation of a
suspension of nanoslabs from tetraethylorthosilicate (TEOS) and tetrapropyl
ammonium (TPA) hydroxide.#> Mesostructuring of the nanoslabs subsequently is
achieved using triblock copolymer, Pluronic P123 surfactant. The organics are

conveniently removed by calcination to evacuate the pores.
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Chapter 4

Zeotile-4 particles were investigated by scanning electron microscopy (SEM).
Hereby, a concentric backscattered detector, combined with beam deceleration at
accelerating voltages down to 500 V was used. The particles were found to adopt an
hexagonal cylindrical morphology, with typical sizes of 2-3 um by 0.5-1 um (Fig. 1).
The systematic presence of two types of pore openings is revealed: (1) openings of ~11
nm in an hexagonal arrangement observed at the end and ascribed to the apertures of
straight mesopores running according to the long direction of the particles and (ii)
sideways perforation ascribed to the termination of the slit pores. A movie in the ESI

shows the idealized topology of Zeotile-4 and the resulting replica (ESI Movie 1).

|l

50nm

Figure 1. HR-SEM images of calcined Zeotile-4 sample: (a and b) lateral view showing the
presence of slit like entrances allowing sideways access to the porosity and (c) axial view which
presents hexagonally ordered mesopores of ~11 nm. HAADF-STEM images of calcined
Zeotile-4 particles: (d) lateral view and (e and f) view perpendicular to the main mesopores
(~11 nm) at different magnifications. Overlaid is the schematic of Zeotile-4 structure, (top)
the lateral view and (bottom) the axial view.

Zeotile-4 hard template with its 3D mesoporosity is particularly suited for ALD, as
demonstrated previously for TiO; deposition.3%47 In this work, Pt-ALD was performed
on Zeotile-4 powder using alternating exposure to (methylcyclopentadienyl-)

trimethylplatinum (MeCpPtMes) vapor and Os gas at 200 °C.® Large precursor
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exposures were used to enhance the deposition in the inner portions of the Zeotile-4
material (see Methods Section). After 250 ALD cycles, the silica of the Zeotile-4 host
material was dissolved using 0.5 M HF solution at 60 °C for 3 h to liberate the Pt replica.
HAADF-STEM imaging confirmed the uniform dispersion of Pt on the Zeotile-4
powder particles (Fig. 2a). Fig. 2b shows an HR-SEM image of the Pt replica after
dissolution of the hard template material. Comparison of Fig. 2a, where the silica matrix
is still present, with Fig. 2b confirmed that the as-deposited structure is retained after
removal of the template. Fig. 2c and d show the orthoslices of the tomography
sequences (ESI Movies 2 and 3). The successful replication of the porous structure
over micron lengths is demonstrated by the HR-SEM images in Fig. 2 e and f.
BET-analysis of the N2 physisorption isotherms yielded a specific surface area of 20 m?
¢!, confirming the formation of an open, accessible interior void structure. Values of
53 m?g! and 38 m?g! have been obtained respectively with unsupported Pt-nanowire
networks based on a soft template,? and with inverse gyroid structures templated from
KIT-6.17 The Pt replica of Zeotile-4 was quite robust and survived mechanical
processes like sonication, indicating firm connectivity of the rods and struts of the Pt
nanostructure. No visible changes of the Pt morphology were observable in SEM after

annealing of the Pt structure.
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Figure 2. (a) HAADF-STEM image of Zeotile-4 filled with Pt and (b, e and f) HR-SEM
images of Pt Zeotile-4 replica at different magnifications. (c and d) Orthoslices of tomography
sequences of the Pt replica (ESI Movies 2 and 3). Overlaid is the schematic of Pt replica
structure, (top) the lateral view and (bottom) the axial view.

HAADF-STEM images of the Pt Zeotile-4 replica (Fig. 3) allowed a more detailed
characterization of the morphology of the obtained Pt nanostructure. The plan view
images in Fig. 3a and b revealed the formation of Pt rods along the long direction of
the Zeotile-4 template as a consequence of the successful ALD filling of the straight
Zeotile-4 mesopores with Pt. Moreover, these images evidenced the arrangement of Pt
struts connecting the main rods. The cross sectional view of the Pt replica in Fig. 3c
provided confirmation of the hexagonal shape of the Pt rods and of the overall
hexagonal organization originating from the pore arrangement in the Zeotile-4
template. The diameter of the Pt rods of the replica and the pores of the silica host

material were identical, »iz. 11 nm (Fig. 1f).
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Figure 3. HAADF-STEM image corresponding to (a and b) plan view of the replica showing
the struts of Pt and (c) cross-section of Pt replica after removing the silica with HF indicating
the conservation of organization.

To explore the matching of the embedded platinum nanostructure and the Zeotile-4
template, both phases need to be mapped during a same tomography series.
Unfortunately, due to the large difference in atomic number for Pt and Si it was not
possible to map the silica of Zeotile-4 by HAADF-STEM when the material is filled
with Pt. Therefore, powder particles with reduced Pt loading via ALD were
characterized with HAADF-STEM tomography. This study (Fig. 4) revealed the
formation of Pt aggregates, owing to the nucleation-controlled growth mode of the
Pt-ALD process.’® Fig. 4a and b present two different orientations of the volume

rendering of the 3D reconstruction, and Fig. 4c shows a slice though the reconstruction.
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In Fig. 4a, the hexagonal organization of Zeotile-4 (red color) is recognized. Aggregates
of Pt which are highlighted by a bright and yellow color are localized at different places.
In this orientation the main channels of Zeotile-4 are interspaced with stacks of
nanoslabs with slits in between them. Many of the smallest aggregates such as those
shown by the white arrows, are observed inside the stacking of nanoslabs, indicative of
Pt nucleation on the accessible nanoslab surfaces inside the small slits. Other small
aggregates are localized in the large hexagonal pores created by the nanoslab
organization, indicating that platinum particle growth can also start at the sides of the
nanoslabs. Large aggregates such as those highlighted with black circles in the Fig. 4a,
are systematically located in the main channels. From the view in perpendicular
direction (Fig. 4b) it is also clear that these aggregates are elongated in the direction of
the pores. A movie is available in the ESI, observing one large aggregate seen under
different orientations (ESI Movie 4). The orthoslice shown in Fig. 4c corresponds to a
real section in the center of the sample. The lower contrast corresponds to the silica of
Zeotile-4 and the highest contrast to the aggregates of Pt. Since it does not correspond
to a projection, the orthoslice confirms the location of the large aggregates of Pt in the
large channels of zeotile-4. Based on these results, we propose the following nucleation
and growth mechanism for the Pt-ALD process in Zeotile-4 material. The presence of
small Pt aggregates within the stacking of the slabs and along the walls of the main
channels suggests that the nucleation of Pt particles can start anywhere on a nanoslab
surface, and even more likely on the largest surface, which means inside the nanoslab
stacking. Nucleation in the slit-like openings seems not be hindered by the limited size
(2 to 4 nm) compared to the large straight channels (~11 nm). However, continued Pt
deposition gives rise to bigger agglomerates that need larger space and only fit in the
main channels of Zeotile-4. When the silica is removed by HF treatment in order to
obtain the replica, rods of Pt grown in the main channels are held together by platinum
struts formed by virtue of the nucleation of Pt nanoparticles in the nanoslab stacks.
The robustness of the Pt replica is explained by this growth mechanism where there

are no boundaries between Pt grown in the two types of pores.
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Figure 4. (a and b) Volume rendering of the tomography reconstruction displayed along two
directions. White arrows show the small aggregates of Pt localized between the slabs and black
circles highlight large aggregates of Pt localized in the main mesopores. The black arrow
indicates the direction along which the second orientation (b) is visualised. (c) Orthoslice
showing localization of the large aggregates of Pt in the mesopores of the Zeotile-4.
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Figure 5. HR-SEM of Pt Zeotile-4 replica created via less time of exposure of the Pt
precursot.

This growth model is further supported by High Resolution STEM on a completely
filled sample (Fig. 6b and c). It can clearly be seen that the platinum replica is composed
of partially coalesced nanocrystallites, which presumably nucleated initially on the silica
surface and grew during subsequent ALD cycles. Owing to the mild conditions of ALD
with temperatures not higher than 200 °C the nanocrystallites did not fully merge into
one solid structure but preserved their almost spherical habit. According to the
corresponding electron diffraction these nanocrystallites are randomly oriented and do
not show any significant alighment with respect to the original pore direction of the
Zeotile, which also indicates the original orientation of each crystallite is preserved after
nucleation, growth and coalescence with neighboring Pt particles. Interestingly the
nanoparticles are stable in the porous silica matrix for at least 2-3 years and after silica

removal, observed to be stable for months of storage at ambient conditions.
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Figure 6. (a) HR-SEM of Pt Zeotile-4 replica. (b and ¢) HR-STEM of similar regions as shown
in (a). (d) and inset in (b) show the electron diffraction patterns of (c) and (b) respectively.
Small insets show contrast enhanced Fourier transforms with tentative assignment of the
respective crystal facets of the regions indicated in (c).

In previous work on TiO2-ALD in Zeotile-4 powder particles, the TiO2 deposition was
concentrated in the rim of the Zeotile-4 particles by decreasing the exposure time of
the Ti-precursor.’® This could be understood based on the diffusion limited nature of
the ALD process which leads to the progressive penetration of deposition fronts in all
directions of the Zeotile-4 material with increasing exposure time. This property was
exploited to create micron-sized mesoporous Pt tubes, which could be of interest for
application. The penetration depth of the Pt precursor was limited by applying an ALD
protocol with a three times shorter exposure time for the Pt precursor. The obtained
Pt nanostructures liberated after silica dissolution in SEM had a nanoscopic appearance
similar to the full replica (Fig. 5). The large void in the middle of the replica confirmed
the limited penetration depth of the ALD process in this instance. SEM (Fig. 5b and c)
evidenced the creation of Pt tubes of ¢z. 2 um by 0.5 um with a wall of thickness 150
nm and an inner diameter of ~200 nm. The wall thickness of the tube reflects the
platinum deposition depth in the Zeotile-4 particles.’¢ The presence of an open channel
in the center of mesoporous Pt structure could be very beneficial to enhance the
accessibility of the inner surfaces of the Pt structure. Using the diffusion-limited nature
of ALD, the diameter of the open channel can be precisely tuned by changing the Pt

precursor exposure time.

To illustrate the applicability of the Pt replica structure, proof-of-concept experiments
were performed, being the application in electrocatalysis for the hydrogen evolution
reaction (HER) and in biomedical sensing as microelectrode. Electrocatalysis is

expected to take advantage of the large surface area offered by the Pt structure.
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The activity of the Pt electrode was investigated for the HER, one of the half-reactions
of water electrolysis. To date, platinum is acknowledged as the most active HER catalyst
with lowest overpotential.>-52 Nanostructuring is a way to reduce the platinum content
of electrodes.’*->3 A Pt electrode was prepared by depositing Pt deposited-powder on
a 2.1 cm? flat platinum support viaz dropcasting (80 ug cm2). All electrochemical
measurements were performed in 0.5 M HoSOg4 at room temperature (21 °C) using a
one-compartment three-electrode electrochemical cell. Fig. 7 shows the HER activity

of the bare platinum support in comparison with the Pt-coated electrode.

The nanostructured Pt occluded in the Zeotile matrix has a significant catalytic activity
towards the HER. Compared with the flat Pt support, the Pt replica coated electrode
exhibits a higher current density and this was achieved with a loading of Pt on Zeotile-
4 of ca. 80 ng cm representing ca. 55 pg cm-2 platina. Typical loadings for the cathode
side vary between 0.5 and 1 mg cm-2.54 The platinum replica coated electrode requires
an overpotential of 120 mV necessary to drive the current density to 10 mA cm2, which
is 45 mV less than for the flat Pt support. This significant enhancement indicates a very
high mass activity of the Pt nanostructure. Furthermore the electrode showed a stability
as seven cyclic voltammograms were recorded and the hydrogen evolution current

density shows negligible change.

Single-crystal model experiments and computational studies revealed (electro)catalytic
activity to be strongly dependent of atomic organization at the surface.>>>
Close-packed low-index crystal planes such as (111) and (100) planes exhibit lower
reactivity in comparison with (110) planes and planes with higher indices.5-% Increased
reactivity was observed by the presence of steps, kinks and defects on these more open
crystal surfaces. The mild temperature (200°) of the Pt-ALD process as well as the
structure being composed of partially coalesced nanoparticles might explain why less
stable crystal facets, like (100) are preserved (Fig. 6). For very small Pt-nanoparticles it
is known that energetically less stable faces than (111) can be expressed to minimize

exposed surface by assuming an almost spherical rounded shape.!

In literature, colloidal synthesis has been applied for platinum particle synthesis with
high index facets.®26> Nanosized cubes, tetrahedra and octahedra have been
obtained.>%* Using multi-walled carbon nanotube support, Pt nanoparticles with
higher fractions of high-index facets have been synthesized.%> Electrochemical methods
have been used for synthesis of particles with high-index facets by starting from
conventional Pt nanocrystals and subjecting them to square-wave voltammetry.%0
After colloidal synthesis methods, ligands must generally be eliminated prior to use as

electrocatalyst and this often results in altered size and shape. In this respect,
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impregnation of a template with a precursor, followed by gas- or liquid phase reduction

is easier, but size and dispersion are more difficult to control.®>
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Figure 7. Cyclic voltammograms of the bare platinum support and Pt Zeotile-4 coated
electrode. The potential (V/RHE) is the potential of the working electrode with respect to the
reversible hydrogen electrode. The current density (mA cm™) is normalized to the geometric
surface area. Scan rate was set at 2mV s™.

The hierarchical nature of the Pt nanostructure is expected to be beneficial to electrode
impedance at relevant frequencies and charge injection capacity, two parameters that
are important in the design of neural stimulation and recording implants. Pt replica
powder was used to fabricate a platinum microelectrode. A planar platinum multi-
electrode array of which each electrode has an area of 1.9 mm?, was fabricated using
standard lithography and thin film deposition techniques. Glass was used as substrate.
Above, Pt was sputterdeposited and the microelectrodes were structured in a lift-off
process. The process is detailed in the Methods section. An amount of 15 ug of Pt
replica powder was deposited from suspension by micropipetting on each 1.9 mm?
electrode, followed by heat treatment. Inspection by SEM confirmed the replica
structure was preserved. Impedance spectroscopy and cyclic voltammetry in phosphate
buffered electrolyte (pH 7.2) were used to assess performance and to compare to other
Pt electrodes. Impedance spectroscopy (Fig. 8a) shows that deposition of Pt replica
reduces impedance in the low frequency (capacitively-dominated) part of the spectrum
with three orders of magnitude. It had at least 5 times lower impedance than porous
platinum electrodes based on platinum black from literature that were prepared via

electroplating. This confirms the vastly enlarged accessible surface area. 67-6

Cyclic voltammetry is used for determining the charge injection capacity, which is the
time integral of the current at a certain sweep rate. Such a measurement on the 1.9 mm?
Pt replica coated electrode showed 230 times increased charge storage capacity

compared to flat Pt support (Fig. 8b). This leads to the conclusion that Pt replica of
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Zeotile is a promising material for the fabrication of sensitive platinum electrodes, with
potential biomedical applications such as neuro stimulation. Existing technologies
include the use of porous platinum,®”-68 porous iridium oxide (deposited as such or
electrochemically created in a smooth layer by anodization),”® TiN,%.7!1 carbon-based
electrodes such as CNTs"? or conductive polymer based electrodes such as PEDOT73.
Platinum replica of Zeotile-4 realized via ALD adds a new promising method.

10 4

uncoated

6] — coated
10" 4

10" 10° 10 10° 10° 10* 10°
Frequency (Hz)

150

uncoated b
—— coated

-

(=]

(=]
L

o
o
| I

&
(=]
L

current density (mA/cm?)

i

-100 T g T . T . T ¥ T ¥ T ¥ T
10 05 00 05 10 15 20

E (V/IAgAgCI)

Figure 8. (2) Impedance spectra of Pt electrode (0.019 cm” surface area) with and without Pt
replica deposited. Deposition of the Pt replica reduces the impedance in the low frequency
region. (b) Cyclic voltammetry was performed at 100 mV s™'. The potential is calibrated against
the Ag/AgCl reference electrode and current density is normalized to geometric surface area.
Charge storage capacity was increased by a factor of 230.

Conclusions

Synthesis of interconnected hexagonal Pt nanorods by replicating the voids of a
mesoporous Zeotile-4 template using atomic layer deposition was achieved. The Pt
nanostructure measuring typically 2-3 um by 0.5-1 um consists of hexagonal Pt rods,
matching with the straight pores of Zeotile-4 and linking features ascribed to Pt

replication of interconnecting slits. The unique skeletal 3D porous mosaic Pt structure
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was confirmed with electron tomography. We developed a method that can replicate
the hard porous template over lengths exceeding a micrometer, which is convenient for
electrode and sensor applications. This structure has been shown to have a high activity
for the hydrogen evolution reaction and to be promising for low impedance coatings
for neural recording and stimulation electrodes, due to its large impedance
improvement and high charge injection capacity. These enhanced properties could be
attributed to the three-dimensional, ordered, mesoporous structure with large surface
area, which can offer advantages in a wide range of applications. Future efforts can be

devoted to the replication of other Zeotiles and mesoporous silica thin films.46.74
Acknowledgements

This work was supported by the Flemish government through long-term structural
funding (Methusalem) to J.A.M. and FWO for a research project (GOA5417N). J.D.,
T.A. and F.C. acknowledge Flemish FWO for a post-doctoral fellowship. S.B.
acknowledges funding from ERC Starting Grant COLOURATOMS (335078).

144



References

10

11

12

13

14

15

16

17

18

Y. Xu and B. Zhang, Chem. Soc. Rev., 2014, 43, 2439-2450.

B. Escobar Morales, S. A. Gamboa, U. Pal, R. Guardian, D. Acosta, C. Magana
and X. Mathew, Int. |. Hydrogen Energy, 2010, 35, 4215—4221.

Z. Peng and H. Yang, Nano Today, 2009, 4, 143—-164.
M. Oezaslan, M. Heggen and P. Strasser, |. Aw. Chem. Soc., 2012, 134, 514-524.

S. Tominaka, M. Shigeto, H. Nishizeko and T. Osaka, Chen. Commun., 2010, 46,
8989-8991.

G. S. Attard, J. M. Corker, C. G. Goltner, S. Henke and R. H. Templer, Angesw.
Chemie Int. Ed. English, 1997, 36, 1315-1317.

G. S. Attard, P. N. Bartlett, N. R. B. Coleman, J. M. Elliott, J. R. Owen and J.
H. Wang, Science, 1997, 278, 838—840.

S. C. Warren, L. C. Messina, L. S. Slaughter, M. Kamperman, Q. Zhou, S. M.
Gruner, F. J. DiSalvo and U. Wiesner, Science, 2008, 320, 1748—1752.

G. Surendran, L. Ramos, B. Pansu, E. Prouzet, P. Beaunier, F. Audonnet and
H. Remita, Chem. Mater., 2007, 19, 5045-5048.

Y. Yamauchi, A. Sugiyama, R. Morimoto, A. Takai and K. Kuroda, Angen.
Chemie - Int. Ed., 2008, 47, 5371-5373.

D. Ruan, F. Gao and Z. Gu, J. Electrochem. Soc., 2014, 161, 666—671.

Y. Su, H. Liu, Z. Yan, M. Feng, J. Tang and H. Du, Electrochim. Acta, 2015, 164,
182-186.

S. Garbarino, A. Ponrouch, S. Pronovost, . Gaudet and D. Guay, Electrochen.
commun., 2009, 11, 1924—1927.

L. Liu, E. Pippel, R. Scholz and U. Gosele, Nano Lett., 2009, 6876—6877.

Y. Sakamoto, A. Fukuoka, T. Higuchi, N. Shimomura, S. Inagaki and M.
Ichikawa, J. Phys. Chem. B, 2004, 108, 853—858.

A. Fukuoka and M. Ichikawa, Top. Catal., 2006, 40, 103—109.

Y. Doi, A. Takai, Y. Sakamoto, O. Terasaki, Y. Yamauchi and K. Kuroda,
Chem. Commaun., 2010, 46, 6365-6367.

R. Ryoo, C. H. Ko, M. Kruk, V. Antochshuk and M. Jaroniec, J. Phys. Chem. B,

145



19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

2000, 104, 11465-11471.
C. H. Ko and R. Ryoo, Chen. Commmun., 1996, 1, 2467-2468.
F. Kleitz, S. H. Choi and R. Ryoo, Chen. Commmun., 2003, 2136-2137.

H. J. Shin, R. Ryoo, Z. Liu and O. Terasaki, J. An. Chem. Soc., 2001, 123, 1246—
1247.

H. J. Shin, C. H. Ko and R. Ryoo, |. Mater. Chem., 2001, 11, 260-261.

Z. Liu, Y. Sakamoto, T. Ohsuna, K. Hiraga, O. Terasaki, C. H. Ko, H. J. Shin
and R. Ryoo, Angew. Chemie - Int. Ed., 2000, 39, 3107-3110.

A. Galarneau, H. Cambon, F. Di Renzo, R. Ryoo, M. Choi and F. Fajula, New J.
Chem., 2002, 27, 73-79.

H. Wang, M. Imura, Y. Nemoto, S.-E. Park and Y. Yamauchi, Chen. - An Asian
/., 2012, 7, 802—808.

H. Liu, D. Ma and X. Bao, Dalton Trans., 2009, 1894—1896.

O. Terasaki, Z. Liu, T. Ohsuna, H. J. Shin and R. Ryoo, Microsc. Microanal.,
2002, 8, 35-39.

H. Wang, H. Y. Jeong, 1. Masataka, I.. Wang, I.. Radhakrishnan, N. Fujita, T.
Castle, O. Terasaki and Y. Yamauchi, J. Aw. Chem. Soc., 2011, 133, 14526—
14529.

Y. Song, R. M. Garcia, R. M. Dorin, H. Wang, Y. Qiu, E. N. Coker, W. A.
Steen, J. E. Miller and J. A. Shelnut, Nano Lett., 2007, 7, 3650-3655.

Y. Han, J. M. Kim and G. D. Stucky, Chen. Mater., 2000, 2068—20069.

A. Fukuoka, T. Higuchi, T. Ohtake, T. Oshio, J. I. Kimura, Y. Sakamoto, N.
Shimomura, S. Inagaki and M. Ichikawa, Cherns. Mater., 2006, 18, 337—-343.

B. C. Yang, H. Sheu and K. Chao, Ady. Funct. Mater., 2002, 300, 143—148.

X.-J. Guo, C.-M. Yang, P.-H. Liu, M.-H. Cheng and K.-]. Chao, Cryst. Growth
Des., 2005, 5, 33-36.

C. Detavernier, J. Dendooven, S. Pulinthanathu Sree, K. F. Ludwig and J. A.
Martens, Chem. Soc. Rev., 2011, 40, 52425253

S. P. Sree, J. Dendooven, T. I. Koranyi, G. Vanbutsele, K. Houthoofd, D.
Deduytsche, C. Detavernier and J. A. Martens, Catal. Sci. Technol., 2011, 218—

146



36

37

38

39

40

41

42

43

44

45

46

47

48

49

221.

S. P. Sree, J. Dendooven, J. Jammaer, K. Masschaele, D. Deduytsche, J. D.
Haen, C. E. A. Kirschhock, J. A. Martens and C. Detavernier, Chen. Mater.,
2012, 24, 2775-2780.

B. D. J. Comstock, S. T. Christensen, J. W. Elam, M. J. Pellin and M. C.
Hersam, Ady. Funct. Mater., 2010, 20, 3099-3105.

J. Dendooven, R. K. Ramachandran, K. Devloo-Casier, G. Rampelberg, M.
Filez, H. Poelman, G. B. Marin, E. Fonda and C. Detavernier, . Phys. Chem. C,
2013, 117, 20557-20561.

S. Deng, M. Kurttepeli, S. Deheryan, D. J. Cott, P. M. Vereecken, J. A.
Martens, S. Bals, G. van Tendeloo and C. Detavernier, Nanoscale, 2014, 6,
6939-6944.

H. Lee, S. H. Baeck, T. F. Jaramillo and S. F. Bent, Nano Lezt., 2013, 13, 457—
463.

A. Chen and P. Holt-hindle, Chen. Rev., 2010, 110, 3767-3804.

A. Fukuoka, N. Higashimoto, Y. Sakamoto, M. Sasaki, N. Sugimoto, S. Inagaki,
Y. Fukushima and M. Ichikawa, Catal. Today, 2001, 66, 23-31.

X. Zhang, W. Lu, J. Da, H. Wang, D. Zhao and P. a Webley, Chezz. Commun.,
2009, 195-197.

N. K. Gopalan, S. Zhang, D. Du, P. Li and J. Ouyang, ChemCatChemn, 2015, 7,
422-4206.

C. E. A. Kirschhock, S. P. B. Kremer, J. Vermant, G. Van Tendeloo, P. A.
Jacobs and J. A. Martens, Chem. - A Eur. ]., 2005, 11, 4306—4313.

J. A. Martens, J. W. Thybaut, . F. . Denayer, S. P. Sree, A. Aerts, M. F.
Reyniers, V. Van Speybroeck, M. Waroquier, A. Buekenhoudt, I. Vankelecom,
W. Buijs, J. Persoons, G. V. Baron, S. Bals, G. Van Tendeloo, G. B. Marin, P.
A. Jacobs and C. E. A. Kirschhock, Cazal. Today, 2011, 168, 17-27.

S. Bals, K. J. Batenburg, D. Liang, O. Lebedev, G. Van, A. Aerts, J. A. Martens
and C. E. a Kirschhock, J. An. Chem. Soc, 2009, 131, 4769-4773.

B. Goris, T. Roelandts, K. J. Batenburg, H. Heidari Mezetji and S. Bals,
Ultramicroscopy, 2013, 127, 40—47.

W. van Aarle, W. J. Palenstijn, J. De Beenhouwer, T. Altantzis, S. Bals, K. J.

147



50

51

52

53

54

55

56

57

58

59

60

01

62

63

64

65

Batenburg and J. Sijbers, Ultramicroscopy, 2015, 157, 35-47.

W. Liu, E. Hu, H. Jiang, Y. Xiang, Z. Weng, M. Li, Q. Fan, X. Yu, E. I. Altman
and H. Wang, Nat. Commun., 2016, 7, 10771.

A. Kiani and S. Hatami, Int. . Hydrogen Energy, 2010, 35, 5202—5209.

D. V. Esposito, S. T. Hunt, A. L. Stottlemyer, K. D. Dobson, B. E.
McCandless, R. W. Birkmire and J. G. Chen, Angew. Chemie - Int. Ed., 2010, 49,
9859-9862.

Y. Cao, Y. Yang, Y. Shan, C. Fu, N. Viet Long, Z. Huang, X. Guo and M.
Nogami, Nanoscale, 2015, 7, 19461-19467.

M. Carmo, D. L. Fritz, J. Mergel and D. Stolten, Int. |. Hydrogen Energy, 2013,
38, 4901-4934.

M. T. M. Koper, Nanoscale, 2011, 3, 2054-2073.

E. Skulason, V. Tripkovic, M. E. Bjorketun, S. Gudmundsdottir, G. Karlberg, J.
Rossmeisl, T. Bligaard, H. Jonsson and J. K. Norskov, |. Phys. Chem. C, 2010,
114, 18182—18197.

J. H. Barber and B. E. Conway, |. Electroanal. Chem., 1999, 461, 80—-89.

N. M. Markovi¢, B. N. Grgur and P. N. Ross, J. Phys. Chem. B, 1997, 101, 5405—
5413.

C. Burda, X. Chen and R. Narayanan, Chez. Rev., 2005, 105, 2-5.
B. E. Conway and B. V Tilak, Electrochim. Acta, 2002, 47, 3571-3594.

L. C. Gontard, R. E. Dunin-Borkowski and D. Ozkaya, . Microsc., 2008, 232,
248-259.

S. E. F. Kleijn, S. C. S. Lai, M. T. M. Koper and P. R. Unwin, Angew. Chensie -
Int. Ed., 2014, 53, 3558-3580.

J. M. Petroski, Z. . 1. Wang, T. . C. Green and M. A. El-Sayed, J. Phys. Chem. B,
1998, 102, 3316-3320.

Y. Xia, Y. Xiong, B. Lim and S. E. Skrabalak, Angew. Chemie - Int. Ed., 2009, 48,
60-103.

Y. T. Kim, K. Ohshima, K. Higashimine, T. Uruga, M. Takata, H. Suematsu
and T. Mitani, Angew. Chemie - Int. Ed., 20006, 45, 407—411.

148



66

67

68

69

70

71

72

73

74

N. Tian, Z.-Y. Zhou and S.-G. Sun, J. Phys. Chem. C, 2008, 112, 19801-19817.

S. A. Desai, J. D. Rolston, L. Guo and S. M. Potter, Front. Neuroeng., 2010, 3, 1—
5.

A. Notlin, J. Pan and C. Leygraf, Biomol. Eng., 2002, 19, 67-71.

W. Franks, I. Schenker, P. Schmutz and A. Hietlemann, IEEE Trans. Biomed.
Eng., 2005, 52, 1295-1302.

S. F. Cogan, J. Ehrlich, T. D. Plante, A. Smirnov, D. B. Shire, M. Gingerich and
J. F. Rizzo, in Conf Proc IEEE Eng Med Biol Soc., 2004, vol. 6, pp. 4153—4156.

J. D. Weiland, D. J. Anderson and M. S. Humayun, IEEE Trans. Biomed. Eng.,
2002, 49, 1574-1579.

E. W. Keefer, B. R. Botterman, M. I. Romero, A. F. Rossi and G. W. Gross,
Nat. Nanotechnol., 2008, 3, 434—439.

K. A. Ludwig, J. D. Uram, J. Yang, D. C. Martin and D. R. Kipke, ]. Nexra/
Eng., 2000, 3, 59-70.

S. P. Stee, J. Dendooven, D. Smeets, D. Deduytsche, A. Aerts, K. Vanstreels,
M. R. Baklanov, J. W. Seo, K. Temst, A. Vantomme, C. Detavernier and J. A.
Martens, J. Mater. Chem., 2011, 21, 7692.

149



Chapter 4

150



General conclusions and
perspectives

This study was intended to demonstrate the significance of 3D model platinum catalysts
for kinetic studies under reaction conditions that are relevant for industrial practice.
It was an attempt to bridge the materials gap in model catalyst systems between ideally
characterized quantum dots and model 2D surfaces, and the 3D materials used in
electro- and heterogeneous catalysis. The aim was to provide a comprehensive study
integrating synthesis, characterization and kinetic evaluation to offer the scientific

community 3D model systems.

Despite the large variety of techniques that are available to prepare Pt model catalysts,
well-defined 3D model catalysts, that were investigated under realistic reactor
conditions, have only been reported sparsely. A review of the literature revealed the
materials gap between the well-characterized 0D nanoparticles synthesized in solution,
the 2D model surfaces exposing various crystal planes of Pt metal and the real world
catalyst extrudates supporting a platinum phase used in industrial heterogeneous
catalysis. The art in model catalyst design is to adapt the design according to the needs
and objectives of the research, which can be understanding at the atomic/molecular
level or the engineering/reactor level. This work adds to the progress that has been

made on connecting model catalyst and complex real-world catalysts.

The focus of this doctoral work was on synthesis techniques for preparation of 3D
model catalyst systems that can be tested at the reactor level. In this study, ‘3D model’
refers to the entire catalyst system, thus including the support if one is used. The 3D
models can be useful for acquiring insights in the interplay of kinetics, diffusion and

hydrodynamics.

The most important property characterizing an ideal 3D model catalyst was defined as
uniformity. This applies to the support structure as well as the supported active
particles. The most simple 3D model catalyst is a monodisperse nonporous support,
because intraparticle diffusion is then avoided.!? Another approach is the use of
ordered porous supports of which the structure is fully characterized. In each case,
whether a nonporous or porous model support is chosen, a precise and flexible control

over all catalyst properties is desired.

This doctoral work presents 3 research directions. They are all related to achieving the
goal of controlling the size, structure and distribution of the Pt nanoparticles.

The model catalyst systems that have been synthesized and investigated are:
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Pt nanoparticles supported by alumina spheres, Pt nanoparticles supported by zeolites
and a Pt porous unsupported nanostructure. In this work three different approaches
were successfully followed to construct model catalysts: (i) synthesis of uniform
spherical dense alumina particles; (ii) deposition of platinum via atomic layer deposition
and (iii) hard replication of ordered mesoporous silica material. Electron microscopy

techniques have contributed significantly in the characterization of the model catalysts.

Alumina is a very popular catalyst support material. A first model catalyst was obtained
by synthesizing uniform spherical alumina particles without pores, such that platinum
nanoparticles are deposited solely on the outer surface of alumina and thus all have the
same environment. The urea based precipitation method was successfully used to create
spherical 1 um sized alumina particles with a narrow size distribution. The thickness of
the shell was 80 nm. Using 2D and 3D electron microscopy and 27Al magic angle
spinning nuclear magnetic resonance spectroscopy, the core-shell structure was fully
characterized. The different phases recognized with electron microscopy and
tomography reconstruction could be related to the transition alumina phases quantified
with 27Al NMR spectroscopy. The particles have §-alumina shell with small islands of
a-alumina, and y-alumina core. Perfectly spherical particles with narrow size
distribution have been rarely reported before and in comparison with other reports in
literature, we performed a more detailed characterization of the obtained particles with
assignments of the phases present in the particles. In future work, the hydrothermal
method could be explored for precise control of size, porosity and phases of the
alumina particles by tuning parameters as reactant concentration, time, hydrothermal
treatment temperature and calcination conditions. Depending on the calcination

temperature, the phase present at the surface can be tuned.

Strong electrostatic interaction of the chloroplatinate precursor with the protonated
surface of the alumina particles, followed by drying and reduction with Ha flow, was
used to deposit Pt nanoparticles. As evidenced in HAADF-STEM, this procedure
generates an excellent dispersion of 1 nm sized Pt nanoparticles. The Pt nanoparticles
are homogeneously distributed on the alumina surface and have narrow size
distribution. The accessibility of the Pt nanoparticles was demonstrated in bifunctional
catalysis experiments. A same catalytic performance was reached with platinum located
on alumina spheres admixed with acid zeolite and acid zeolite loaded with platinum
itself in the isomerization and hydrocracking of n-decane. This work exemplifies the

potential of studying core-shell alumina spheres in model catalyst studies.

(S TEM 2D-projection images were Insufficient to understand the core-shell
structure of the alumina particles and electron tomography was needed. It revealed

essential information on the internal structure of the alumina particles Ze. core-shell
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structure instead of hollow spheres. Moreover in HR-TEM, it was difficult to image
the small Pt nanoparticles on the micrometer sized alumina spheres. Therefore, STEM-
based high-angle annular dark-field imaging was used to visualize the nanoparticles.
A much clearer contrast was obtained which allowed determination of the size and
distribution of the small Pt nanoparticles. Similar to TEM, the interpretation of the
observed contrast becomes challenging in thicker regions ze. the center of the alumina
particle. Therefore additional analysis of the Pt-alumina particles by EDX spectroscopy
was performed, which provided evidence that the Pt nanoparticles were

homogeneously distributed.

Detailed characterization of the Pt nanoparticle structure itself was not yet achieved.
The simple geometry of this support with Pt nanoparticles located on the external
surface could be advantageous for observing the metal particles in profile by HR-
TEM.3-5 Moreover the model catalyst was now only demonstrated in combination with
a zeolite as a bifunctional catalyst. The spherical support could also be useful for
creation of monofunctional Pt catalysts and tested for other reactions as well. It would
also be interesting to investigate the strong electrostatic adsorption method and other
methods for preparation of different Pt nanoparticles sizes and shapes for obtaining
structure-function relationships. And finally, the spherical support strategy could also

be extended to other popular catalysts supports such as silica.

Another achievement of this work was the uncovering of the potential of ALD as a
technique for preparing model catalysts. Platinum was successfully deposited on
zeolites and made catalytically active. The ambition was even higher and the idea was
to create catalytically active acid sites in addition to the platinum sites using ALD.
Two examples of Pt-based catalysts with emphasis on electron microscopy
characterization were presented. The catalytic properties were examined by studying

hydroisomerization and hydrocracking of decane.

In the first example, Ga-ALD, using Ga(TMHD); and O3 plasma, was used on COK-
14, an all-silica zeolite, followed by Pt deposition via incipient wetness impregnation
with Pt(NH3)4Clo. Ga-ALD for introduction of gallium onto zeolites had remained
largely unexplored. In this work, it was shown that Ga-ALD is an efficient tool for
introduction of trivalent elements in the silicate framework generating acid sites and
most likely also sites for anchoring Pt precursors. SEM revealed preferential location
of the Pt nanoparticles on the edges of the zeolite particles. The consequent optimum
proximity of metal and acid sites was highly beneficial for the catalytic performance.

The maximum isomerization yield of ca. 70% surpassed that of other large pore zeolites.
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In the second example, Pt-ALD with MeCpPtMes and ozone was applied for
incorporation of Pt nanoparticles on ZSM-5 zeolite. To give a comprehensive
description of the catalyst, the structural information obtained from ADF-STEM was
supplemented with topology information by secondary electron imaging.
Finely dispersed Pt nanoparticles of 1-2 nm were achieved with Pt-ALD. After heat
treatment under oxidation and reduction conditions, HAADF-STEM revealed a
change in size. It is thus essential to include characterization of the samples after
treatment, because as-deposited samples may not be representative of the active form
of the catalyst. It was also observed that small Pt nanoparticles (~1 nm) move under
the electron beam to form larger Pt particles. In TEM-related studies, it is thus
important to consider the morphology changes of particles induced by irradiation of
the electron beam. The Pt-ALD-ZSM-5 sample has been proven to be an excellent

catalyst for n-decane hydroisomerization.

In conclusion, ALD has been demonstrated to be an effective way for tuning zeolites
as model catalyst material. Highly dispersed nanoparticles with narrow size distribution
can be deposited uniformly on the support. In future work, the technique can be
created to prepare a series of model catalysts with increasing Pt nanoparticle size at a
constant coverage as demonstrated on a flat support in ref ¢. Moreover, variation of
ALD parameters can be used to control the concentration and position of acid and
metal nanoparticles with respect to the catalyst support, which will help in our
understanding of bifunctional catalysts. ALD holds, due to its ability to precisely
control catalyst features, along with a large choice of elements that can be deposited,

significant potential for designing catalysts for virtually any chemistry.

Hard templating in combination with ALD was found to be an elegant way for creating
a stable porous 3D nanostructure. Using this approach Pt replication of Zeotile-4,
a hierarchically ordered mesoporous silica system, was successful over micrometer
distances. After dissolution of the silicate scaffold, a free standing nanomosaic of Pt
nanoparticles was obtained. A full replication of the pores of the Zeotile-4 template
over micrometer lengths was possible through use of the Pt-ALD process with
MeCpPtMes and ozone. TEM and STEM images of the platinum replica obtained after
dissolution of the Zeotile-4 template show that the resulting structure consisted of
interconnected hexagonal Pt nanorods. The open accessible structure of the Pt replica
was confirmed by BET-analysis of the N2 physisorption isotherms which yielded a high
value, 20 m? g, for the specific surface area. With electron tomography, the structure
was thoroughly characterized. This structure had a high activity for the hydrogen
evolution reaction. Moreover it is highly promising for use in coatings for neural

recording and stimulation electrodes, due to its low impedance and high charge
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injection capacity. These enhanced properties could be attributed to the three-
dimensional, ordered, mesoporous structure with large surface area. The replica shows
unprecedented structural properties in terms of stability and robustness. As evidenced
with SEM, the high surface area structure was preserved up to temperatures of 500 °C
and after electrochemical reactions. Moreover the Pt nanostructure is unique in terms
of the micrometer lengths. Such larger structures are useful in electrode and sensor

applications.

This replica method using ALLD could be considered a generic approach for synthesis
of well-defined Pt catalysts with uniform structure and can easily be extended to other
metals as well. In future work, other Zeotiles and mesoporous silica thin films could be
replicated for specific applications. For application in model catalyst studies, the replica
method could be helpful for synthesizing model particles with systematically altered
properties. If the synthesis is then supplemented with a full characterization of the
structure as demonstrated here, it enables understanding the effect of structure on the

performance.

In summary, a new collection of well-defined 3D model Pt catalysts was successfully
prepared and characterized. The specific goal of creating uniformity in the catalyst
system was achieved. Uniform alumina spheres could be coated with homogeneously
distributed Pt nanoparticles. Another approach was ALD, which proved to be an
efficient tool for fine-tuning the homogeneity in the sample. Moreover the Pt
nanoparticles exhibited the ideal size and excellent dispersions were reached.
The desired flexible control over all catalyst properties such as size and shape of the Pt
nanoparticles could be further explored in future work. The kinetic experiments in
various reactions (hydroisomerization, hydrocracking, hydrogen evolution reaction)
reveal the value of these model catalysts for reaction kinetic studies. The approaches
presented in this thesis (dense alumina support spheres, ALD and hard replication) can

provide as a guideline and inspiration for design of other model metal catalysts.

Using the knowhow gained in this doctoral work, a variety of 3D model catalyst systems
is available. In future work for instance, combining the strategies presented in the
different chapters can yield interesting catalysts. The spherical supports as discussed in
chapter 2, namely the alumina and erionite spheres, can be loaded with Pt using the Pt-
ALD process discussed in chapter 3. The Pt/alumina spheres can be combined with

various zeolites and used as a bifunctional zeolite.

As discussed above, 3D model catalyst systems should be tested at the reactor-level.
In this work, preliminary reactions were performed. In future work, a detailed analysis

of the kinetics of these catalysts obtained in relevant reactor conditions is needed to
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address the important issues specifically related to operation in a reactor. These are
both structural features of the catalyst, such as the distribution of active material in the
catalyst granule, morphology and pore structure, as well as operating parameters such

as mass and heat transfer, pressure, flow rate and fluid management.27-?

In future work, the flexibility of the ALD process can also be exploited for controlling
the position of Pt nanoparticles with respect to various catalyst supports. This is useful
for investigations of the influence of the spatial distribution of the active material in
catalyst particles in many reactions. For example, in a porous material with sufficiently
large pores, ze. larger than the effective diameter of the MeCpPtMes molecule of ~0.96
nm!0, different diffusion times of the Pt precursor in an ALD cycle, could enable Pt
nanoparticles being located solely on the exterior rim of the catalyst or in the interior
and exterior of particles.? At the reactor-level, uniform spreading of active material in
catalyst pellets is not always the best catalyst. This may vary depending on the
hydrodynamics, diffusion and kinetics of the reaction. Pellets with the active metal
concentrated in a layer inside the pellet, but at a definite distance from the pellet surface
have been reported to show superior performance.? In the investigation of this effect,
combination of atomic-resolution spectroscopy (EDX or EELS) with tomography
could help in revealing the 3D structure with the location of the imbedded particles.!!.12
Although STEM-HAADF tomography can reach atomic resolution in 3D due to
improvements of instrumentation and reconstruction algorithms, identification of the

spatial distribution of Pt particles in the support is still difficult.

Furthermore, it would also be relevant to use 7z situ (S)TEM experiments, at elevated
temperatures and/or in gas phase. The technique would enable direct visualization of
the nanoscale behavior of the Pt nanoparticles in reaction conditions and provide a

direct link between structure and performance.!3-1
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Appendices

Supporting information of chapter 2

Characterization of the ERI zeolite

The powder XRD pattern of the as-synthesized product obtained after 14 days of
crystallization at 100 °C is given in Figure S1. The XRD pattern corresponds to the

calculated pattern for ERI structure type according to IZA Structure Commission.!

As-synthesized

Intensity (a.u.)

Calculated using IZA

0 10 20 30 40 50 60
Angle 26 (°)

Figure S1. XRD pattern of the as-synthesized erionite zeolite and the calculated pattern in the
International Zeolite Association (IZA) tabulation.'

The ERI spheres are also characterized by nitrogen physiorption. The isotherm is a
reversible Type I isotherm (shown in Fig S2) and proves the material contains
micropores.? The BET surface area, calculated with the multipoint BET method using
the adsorption data in the relative pressure range of 0.05-0.32, amounts to 468 m?/g.
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Figure S2. Nitrogen adsorption-desorption isotherm of the erionite zeolite spheres after
ammonium exchange and calcination at 550 °C.
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Characterization of the alumina spheres
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Figure S3. (a) Nitrogen adsorption-desorption isotherm (b) corresponding t-plot and (c) BJH
pore size distributions for the alumina spheres after calcination at 1000 °C. For the t-plot, the
intercept of the lower linear curve represents the microporous volume. The nitrogen
adsorption volume at the relative pressure of 0.967 was used to determine the total pore
volume because no linear curve could be fitted in the high statistical thickness region. The pore
size distribution was derived from the adsorption branch by using the BJH method and shows
a broad size distribution of mesopores between 6 and 20 nm.

161



References

1 C. Baerlocher and L. B. McCusker, Database of Zeolite Structures,

http:/ /www.iza-structure.org/databases/.

2 M. Thommes, K. Kaneko, A. V Neimark, J. P. Olivier, F. Rodriguez-reinoso, J.
Rouquerol and K. S. W. Sing, Pure Appl. Chem., 2015, 87, 1051-1069.

162



List of publications

1. Sreeprasanth Pulinthanathu Sree, Jolien Dendooven,f Lisa Geerts,* Ranjith K.

Ramachandran, Elsa Javon, Frederik Ceyssens, Eric Breynaert, Christine E. A.
Kirschhock, Robert Puers, Thomas Altantzis, Gustaaf Van Tendeloo, Sara Bals,
Christophe Detavernier and Johan A. Martens, 3D porous nanostructured platinum
prepared using atomic layer deposition, Journal of Materials Chemistry A, 2017, 5,
19007-19016. (*Joint first author)

2. Lisa Geerts, Salvatore Cosentino, Ting-Wei Liao, Anupam Yadav, Pin-Cheng Lin,
Vyacheslav S. Zharinov, Kuo-Juei Hu, Alessandro Longo, Lino M. C. Pereira,
Didier Grandjean, Jan Rongé, Peter Lievens and Johan A. Martens, Highly Active
Oxygen Evolution Reaction Model Electrode based on supported Gas-Phase NiFe
Clusters, Catalysis Today, 334, 59-67.

3. Tom Bosserez, Lisa Geerts, Jan Rongé, Frederik Ceyssens, Sophia Haussener,

Robert Puers, Johan Martens, Minimization of Ionic Transport Resistance in
Porous Monoliths for Application in Integrated Solar Water Splitting Devices,
Journal of Physical Chemistry C, 2016, 120, 38, 21242-21247.

4. Frederik Ceyssens, Sreeprasanth Pulinthanathu Sree, Lisa Geerts, Johan Martens,
Robert Puers, In-situ growth of platinum with hierarchical porosity for low
impedance biomedical microelectrode fabrication, Procedia Engineering, 168, 20106,

1122 — 1126.

5. Tom Bosserez, Jan Rongé, Lisa Geerts, Christos Trompoukis, Johan A. Martens,
Integrated solar hydrogen devices: cell design and nanostructured components in
liquid and vapour phase water splitting, In Nanotechnology in Catalysis:
Applications in the Chemical Industry, Energy Development, and Environment
Protection, eds. Marcel Van de Voorde and Bert Sels, 2017, Chapter 34, 907-938,
Wiley-VCH Verlag GmbH & Co. KGaA.

6. Jolien Dendooven, Ranjith K. Ramachandran, Eduardo Solano, Mert Kurttepeli,
Lisa Geerts, Gino Heremans, Jan Rongé, Matthias Minjauw, Thomas Dobbelaere,
Kilian Devloo-Casier, Johan A. Martens, André Vantomme, Sara Bals, Giuseppe
Portale, Allesandro Coati, Christophe Detavernier, Independent tuning of size and
coverage of supported Pt nanoparticles using atomic layer deposition, Nature
Communications, 2017, 8,1074.

163



7. James Redfern, Lisa Geerts, Jin Won Seo, Joanna Verran, Lubomira Tosheva, Lik

Hong Wee, Toxicity and antimicrobial properties of ZnO@ZIF-8 embedded

silicone against planktonic and biofilm catheter-associated pathogens, ACS Applied
Nanomaterials, 2018, 1, 4, 1657-1665.

164



