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Abstract
Catalysts, which are often nano-sized metal nanoparticles, are of vital importance in largescale production of fuels and chemicals, in energy conversion processes and in efforts to
develop sustainable sources of energy. Physical and structural properties of these metal
nanostructures such as their morphology, shape, size and inter-particle distance play a
significant role in their performance. Moreover, the catalyst support material such as metal
oxides like alumina and titania, which stabilizes the catalysts, may also take part in the
reaction. This interaction between the catalyst and its support is also crucial. In the quest to
improve the performance of existing catalysts, to find new catalytic materials and to
understand the underlying mechanisms behind heterogeneously catalysed reactions, welldefined model systems with control over these properties are required. The model systems
have to be characterized in situ, under reaction conditions, using novel and existing
techniques such that the support-structure-activity relationship can be elucidated.
With advancements in surface science techniques, model catalyst studies have evolved from
investigations of single crystal surfaces of metals to thin metallic films and metals-on-metal
oxides. Large ensembles of metal nanoparticles on a support are technologically relevant and
are the most commonly investigated model systems. Chemical synthesis methods to obtain
such metal nanoparticles dispersed on the high-surface-area supports result in poorly-defined
shape, composition and size, or do not have a long-range order. Therefore, the understanding
of how these catalysts function remains poorly understood. This can be overcome by
developing model catalysts using top-down nanofabrication.
Chapter 1 presents a review of earlier efforts to employ nanolithography methods like electron
beam lithography (EBL), photolithography and colloidal lithography for the creation of such
highly tunable catalytic model systems, with discussions on the strengths and limitations of
different strategies. One way of investigating the mechanisms behind realistic catalysts is
using model systems with arrays of ordered, densely packed and uniform sub-20 nm particles
spread over a large area (~ a few square centimetres). These can then be characterized with a
good signal-to-noise ratio using classical tools such as X-ray photoelectron spectroscopy
(XPS), X-ray diffraction and transmission electron microscopy. Conventional lithography
techniques, such as photolithography, cannot result in sufficiently small particle sizes,
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whereas EBL is a low-throughput method and not suitable for large area patterning. This
chapter also briefly presents the scope of the thesis.
Chapter 2 describes the methods used in the thesis. The working principle of experimental
techniques used to prepare and characterize the catalytic model systems is presented along
with a brief overview of the computational tools.
Chapter 3 presents a novel and effective lithographic approach for fabricating high-resolution
and large-area nanoparticle arrays as model catalytic systems using extreme ultraviolet
(EUV) interference lithography at the Swiss Light Source. A comparative study of different
interference schemes and fabrication strategies in order to obtain ordered nanoparticles has
been performed, with a discussion of their advantages and disadvantages. To achieve large
area and high uniformity of patterns resulting in nanoparticles, achromatic Talbot lithography
(ATL) was adopted for EUV exposures. This required development of a novel strategy to
fabricate masks, which are diffractive transmission gratings, using EBL and nickel
electroplating. The designed masks are highly efficient and require a minimal number of
lithographic steps, which increases the yield and throughput of fabrication. Step-and-repeat
exposures using EUV-ATL enabled very high throughput fabrication of large arrays of
ordered nanoparticles down to 15 nm feature size with a periodicity of 100 nm. The
nanoparticles were spread over an area of multiple cm2 in less than a few minutes, yielding a
particle density of about 1010 particles/cm2.
To advance studies on metal-on-metal oxide model catalysts, Chapter 4 describes a novel way
to move away from studying large ensembles of nanoparticles by probing lithographically
prepared nanoparticles at the single-particle level. In-situ single nanoparticle spectromicroscopy is demonstrated to study individual iron nanoparticles of nine different lateral
dimensions from 80 nm down to 6 nm, fabricated on the same support using EBL. The
particles are probed simultaneously, under the same conditions, during redox reactions using
X-ray photoemission electron microscopy (X-PEEM). This elucidates the size effect during
the early stage of oxidation, yielding time-dependent evolution of iron oxides and the
mechanism of the inter-conversion of oxides in nanoparticles. Fabrication of such welldefined systems, followed by visualization and investigation of singled-out particles
eliminates the ambiguities emerging from having dispersed nanoparticles, does not require
high-throughput fabrication techniques and, most importantly, allows studies on multiple
sizes simultaneously, which is not possible with chemical synthesis methods and classical
characterization tools. The study reveals a significant increase in the initial rate of oxidation
with decreasing size, but the reactivity per active site basis and the intrinsic chemical
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properties of the particles remain the same. This advance of nanopatterning, together with
spatial-resolved single-nanoparticle X-ray absorption spectroscopy (XAS) paved the way to
apply this development to investigate the mechanism of hydrogen spillover, a critical
phenomenon in heterogeneous catalysis.
Hydrogen spillover is the surface migration of hydrogen atoms from the catalyst onto and
over the catalyst support. Discovered in the 1960s, it has since been a widely controversial
subject and evidence of its occurrence is disputed. It is mostly accepted that hydrogen
spillover occurs on a reducible support like titania and ceria; however, there are numerous
conflicting studies about whether it occurs on nonreducible supports like alumina and silica.
In addition, there is no clear study in either type of supports of a spatial extent of hydrogen
spillover, i.e. the distance from the metal catalyst at which the spillover effect is relevant. It is
also unclear if a remote species away from the metal catalyst can be hydrogenated via
hydrogen spillover. Direct unambiguous experimental proof of hydrogen spillover’s existence
does not exist due the lack of well-defined model systems and the inability to observe the
effect directly. Chapter 5 contributes to answering these questions about spillover on alumina
and titania supports. EBL is used to create a model system with pairs of platinum and iron
oxide nanoparticles placed close to each other with an accuracy of one nanometer. Singleparticle in-situ X-ray absorption spectromicroscopy was done in the X-PEEM to visualize the
effect of hydrogen spillover, by quantifying the extent of reduction of iron oxide particles due
to the spillover of hydrogen from a platinum catalyst onto the support. A distance dependence
of hydrogen spillover is experimentally visualized, and the hydrogen diffusion and migration
mechanisms are elucidated by DFT calculations. On titania, an equal extent of reduction of all
iron oxide particles as well as a uniform partial reduction of the support is seen irrespective of
the distance from platinum. On alumina, evidence of hydrogen spillover is observed only for
an inter-particle distance below 15 nm with increasing amount of reduction, as the different
particles are closer to each other and there is no spillover effect beyond this distance.
Chapter 6 gives a more detailed investigation of the alumina and titania supports. The
restricted spillover on alumina is mediated by three-coordinated aluminium centers, which
also interact with water. Previous theoretical studies had indicated that the surface of alumina
depends on its extent of hydroxylation, but experimental identification of this has not been
achieved. While monitoring the Al K edge XAS during the vacuum annealing of the alumina
substrate, the effect of dehydroxylation on the water coverage of alumina is understood. The
availability of the three-coordinated aluminium centers increases with temperature, with a
maximum at 873 K, and phase transitions occurs above this temperature. In the case of titania,
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spillover occurs via coupled proton-electron transfer which reduces remote iron oxide
nanoparticles, but it is unclear if this transfer would also occur if a submonolayer of titania
would cover a surface. In other words, is hopping of the proton-electron pair from one
reduction center to another possible? The earlier study on the spillover effect on titania is
extended to a submonolayer coverage of titania deposited on alumina. This coverage is
obtained by atomic layer deposition and the titania surface coverage is quantified with
Rutherford backscattering spectrometry (RBS) and XPS. The uniform reduction of the
support occurs even in the case of submonolayer coverage of titania, although this process
slows down considerably with decreasing coverage.
The achievements in nanofabrication, presented in this work, have provided novel ways to
create arrays of similar nanoparticles over a large area and to control distance between
nanoparticles with high accuracy. This, together with the advancements in characterization at
the single-particle level, has given new insights into the size effects in metal catalysts and
enhanced the understanding of the role of inter-particle interactions and catalyst supports,
specifically in the phenomenon of hydrogen spillover. Chapter 7 provides general conclusions
and a perspective on future directions for employing top-down nanofabrication in
heterogeneous catalysis. The rapid development in nanofabrication and characterization
methods will continue to have an impact on the understanding of complex catalytic processes.

8

Zusammenfassung
Katalysatoren sind oft Metallpartikel mit Abmessungen im Nanometerbereich und haben
entscheidende Bedeutung bei der Großproduktion von Treibstoffen und Chemikalien, bei
Energieumwandlungsprozessen und bei der Entwicklung nachhaltiger Energiequellen. Die
physikalischen

und

strukturellen

Eigenschaften

dieser

Metall-Nanostrukturen

wie

Morphologie, Form, Größe und Abstand zwischen den Partikeln spielen für Ihre Performance
eine bedeutende Rolle. Neben den Nanostrukturen sind oft auch ihre Trägermaterialien wie
Metalloxide (z.B. Aluminiumoxid und Titanoxid) am Ablauf der Reaktion beteiligt und
können erheblichen Einfluss auf Ihre katalytische Wirksamkeit haben. Wohldefinierte
Modellsysteme mit Kontrolle über diese Eigenschaften sind daher erforderlich, um die
Leistungsfähigkeit bestehender Katalysatoren zu verbessern, um neue katalytische Materialien
zu finden, und die Mechanismen hinter heterogen katalysierten Reaktionen zu verstehen.
Damit die die Beziehung zwischen Trägermaterial, Struktur und Aktivität aufgeklärt werden
kann, müssen die Modellsysteme in-situ und unter Reaktionsbedingungen charakterisiert
werden, was sowohl neue und existierende Charakterisierungs-Methoden verlangt.
Mit den Fortschritten bei den Oberflächenuntersuchungsmethoden haben sich katalytische
Modell-Studien in den vergangenen Jahren von metallischen Einkristalloberflächen, zu
dünnen Metallfilmen, hin zu Metall-auf-Metalloxiden entwickelt. Große Ensembles von
Metallnanopartikeln auf Substratmaterialien sind technologisch relevante und die am
häufigsten

untersuchten

Modellsysteme.

Chemische

Syntheseverfahren,

um

auf

hochoberflächigen Trägermaterialien verteilte Metallnanopartikel zu erhalten, führen jedoch
zu einer schlecht definierten Form, Zusammensetzung, Größe oder mangelnder Fernordnung
der Nanopartikel, so dass die Funktionsweise dieser Katalysatoren noch immer schlecht
verstanden ist. Dies kann durch die Entwicklung von Modellkatalysatoren mit Top-downNanofabrikation überwunden werden.
In Kapitel 1 wird eine Übersicht über frühere Bemühungen zur Anwendung von
Nanolithografie-Prozessen [wie Elektronenstrahl-Lithografie (EBL), Fotolithografie und
kolloidale Lithografie] zur Herstellung kontrolliert einstellbarer katalytischer Modellsysteme
vorgestellt und deren Stärken und Grenzen diskutiert. Eine Möglichkeit, den Mechanismus
hinter realistischen Katalysatoren zu untersuchen, ist die Verwendung von Modellsystemen
mit Arrays von geordneten, dicht gepackten und einheitlichen sub-20-nm-Partikeln, die sich
9

über eine große Fläche (~ wenige Quadratzentimeter) verteilen, so dass diese mit guten
Signal-zu-Rausch-Verhältnis

mit

klassischen

Fotoelektronenspektroskopie

Instrumenten

(XPS),

wie

Röntgen-

Röntgenbeugung

und

Transmissionselektronenmikroskopie untersucht werden können. Herkömmliche LithografieTechniken, wie z.B. Fotolithografie, führen nicht zu ausreichend kleinen Teilchengrößen,
während EBL ein Verfahren mit niedrigem Durchsatz ist und daher nicht für die
Strukturierung großer Flächen geeignet ist.
Kapitel 2 beschreibt die in der Arbeit verwendeten Methoden. Das Arbeitsprinzip der
experimentellen Techniken zur Herstellung und Charakterisierung der katalytischen
Modellsysteme wird zusammen mit einem kurzen Überblick über die verwendeten
numerischen Methoden dargestellt.
In Kapitel 3 wird eine neuartige und effektive lithografische Herangehensweise zur
Herstellung

hochauflösender

und

großflächiger

Nanopartikel-Arrays

als

Modellkatalysatorsysteme mit extremer Ultraviolett- (EUV-) Interferenzlithografie an der
Synchrotron Lichtquelle Schweiz vorgestellt. Es wurde eine vergleichende Untersuchung
verschiedener Interferenzschemata und Fertigungsstrategien für die Herstellung geordneter
Nanostrukturen durchgeführt und die jeweiligen Vor- und Nachteile diskutiert. Um eine große
Fläche und eine hohe Gleichförmigkeit der Muster zu erreichen, wurde die so-genannte
„achromatische Talbot-Lithografie“ (ATL) für EUV-Expositionen verwendet. Dies erforderte
die

Entwicklung

einer

neuartigen

Strategie

zur

Herstellung

von

diffraktiven

Transmissionsmasken unter Verwendung von EBL und Nickelgalvanisierung. Die
entworfenen Masken sind hocheffizient und erfordern eine minimale Anzahl von
lithografischen Schritten, was die Ausbeute und den Durchsatz der Herstellung erhöht. Stepand-Repeat-Belichtungen mit EUV-ATL ermöglichten einen sehr hohen Durchsatz für die
Herstellung von großen Arrays von geordneten Nanopartikeln bis zu 15 nm Größe und einer
Periodizität von 100 nm. In wenigen Minuten konnte eine Fläche von mehreren
Quadratzentimetern mit einer Teilchendichte von etwa 1010 Teilchen/cm² strukturiert werden.
Um die Untersuchungen von Metall-auf-Metalloxid-Modellkatalysatoren voranzubringen,
beschreibt Kapitel 4 eine neuartige Möglichkeit, durch die Untersuchung einzelner
lithografisch hergestellter Nanopartikel auf die Herstellung grossflächiger Arrays verzichten
zu können. Die Methode, in-situ Einzel-Nanopartikel-Spektromikroskopie, wird demonstriert,
indem gleichzeitig einzelne, über EBL hergestellte Eisen-Nanopartikel mit neun
verschiedenen lateralen Dimensionen (zwischen 80 nm und 6 nm) auf dem gleichen Träger
untersucht werden. Die Teilchen werden damit unter identischen Bedingungen während ihrer
10
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Oxidation

und

Reduktion

unter

Verwendung

von

Röntgen-Photo-

emissionselektronenmikroskopie (X-PEEM) untersucht. Dabei wird der Größeneffekt im
frühen Stadium der Oxidation aufgeklärt und anhand der zeitabhängigen Entwicklung von
Eisenoxiden der Oxidationsmechanismus von Nanopartikeln diskutiert. Die Fertigung eines
derart gut definierten Systems und die Visualisierung und Untersuchung von einzelnen
Partikeln beseitigt die Unklarheiten, die sich aus der Verteilung von Nanopartikeln ergeben,
erfordert

keine

Hochdurchsatz-Fertigungstechniken

und

ermöglicht

ausserdem

die

Untersuchung von mehreren Größen gleichzeitig. Dies wäre für chemische Synthesemethoden
und mit klassischen Instrumenten zur Charakterisierung dieser nicht möglich. Die Studie zeigt
eine signifikante Zunahme der anfänglichen Oxidationsrate mit abnehmender Größe. Die
Reaktivität bezogen auf die aktive Oberfläche und die intrinsischen chemischen
Eigenschaften der Partikel bleiben jedoch unverändert. Dieser Fortschritt in der
Strukturierung von Nanopartikeln und der räumlich aufgelösten Einzel-NanopartikelRöntgenabsorptionsspektroskopie

(XAS)

ebnete

den

Weg

zur

Untersuchung

des

Mechanismus des Wasserstoff-Spillover, welcher ein kritisches Phänomen in der heterogenen
Katalyse darstellt.
Wasserstoff-Spillover ist die Oberflächenwanderung von Wasserstoffatomen vom Katalysator
auf und über das Trägermaterial. Entdeckt in den 1960er Jahren, ist es seitdem ein weit
umstrittenes Thema, und ein Beweis für sein Auftreten ist umstritten. Es wird allgemein
angenommen, dass Wasserstoff-Spillover auf einem reduzierbaren Trägermaterial wie
Titanoxid und Ceroxid auftritt, für nicht reduzierbaren Trägermaterialien wie Aluminiumoxid
und Siliziumoxid gibt es jedoch zahlreiche widersprüchliche Studien bezüglich des
Wasserstoff-Spillovers. Darüber hinaus gibt es keine eindeutige Untersuchung der räumlichen
Ausdehnung von Wasserstoff-Spillover auf jeglicher Art von Trägermaterialien, d.h. der
Abstand, bei dem eine vom Metallkatalysator entfernte Spezies über Wasserstoff-Spillover
hydriert werden kann, ist unbekannt. Ein direkter und eindeutiger experimenteller Nachweis
des Vorkommens von Wasserstoff-Spillover existiert nicht, da es an wohldefinierten
Modellsystemen und an der Möglichkeit, den Effekt direkt zu beobachten, fehlt. Kapitel 5
trägt zur Beantwortung dieser Fragen bezüglich des Spillovers auf Aluminiumoxid- und
Titanoxid-Trägermaterialien bei. Ein Modellsystem mit Paaren von wohlgeordneten Platinund Eisenoxid-Nanopartikeln wird mit einer Genauigkeit von einem Nanometer über EBL
hergestellt.

Des

Weiteren

Röntgenabsorptionsspektromikroskopie

wurde
im

X-PEEM

in-situ
durchgeführt,

Einzelpartikelum

anhand

der

Quantifizierung der Reduktion der Eisenoxid-Nanopartikel aufgrund des Wasserstoff11

Spillovers vom Platinkatalysator auf das Trägermaterial den Wasserstoff-Spillover zu
visualisieren. Die Abstandsabhängigkeit des Wasserstoff-Spillovers wird experimentell
demonstriert und die Diffusions- und Migrationsmechanismen von Wasserstoff werden durch
DFT-Berechnungen aufgeklärt. Auf Titanoxid wird unabhängig von der Platin-EisenoxidDistanz eine gleichmässige Reduktion aller Eisenoxidpartikel sowie eine gleichmäßige
Teilreduktion des Trägermaterials beobachtet. Auf Aluminiumoxid wird der WasserstoffSpillover nur bei einer Distanz kleiner als 15 nm, wobei der Reduktionsgrad mit abnehmender
Distanz zunimmt.
Kapitel 6 beschreibt eine detailliertere Untersuchung der Aluminiumoxid- und TitanoxidTräger. Der beschränkte Spillover auf Aluminiumoxid läuft über dreifach koordinierte
Aluminiumzentren, die auch mit Wasser interagieren können. Bisherige theoretische Studien
hatten gezeigt, dass die Oberfläche des Aluminiumoxids vom Ausmaß ihrer Hydroxylierung
abhängt, allerdings wurde noch keine experimentelle Bestätigung gezeigt. Während des
Heizens von Aluminiumoxid im Ultrahochvakuum werden Röntgenabsorptionsspektren an
der Al K Kante gemessen, womit der Effekt der Dehydroxylierung auf die Wasserbedeckung
von Aluminiumoxid verstanden wird. Die Verfügbarkeit der dreifach koordinierten
Aluminiumzentren steigt mit der Temperatur (mit einem Maximum bei 873 K, wo
Phasenübergänge auftreten). Auf Titanoxid erfolgt der Spillover über einen gekoppelten
Protonen-Elektronen-Transfer,

der

auch

entfernte

Eisenoxid-Nanopartikel

reduziert;

allerdings ist unklar, ob diese Übertragung auch dann auftreten würde, wenn eine TitanoxidSubmonolage die Oberfläche bedeckt, d.h. ist es möglich, dass das Protonen-Elektronen-Paar
von einem Reduktionszentrum zu einem anderen hüpfen kann? Dafür wird die vorangehende
Studie des Spillover-Effekts von Titanoxid auf eine Titandioxid-Submonolage auf
Aluminiumoxid ausgedehnt. Diese Titanoxid-Bedeckung wird durch Atomlagenabscheidung
erhalten und mit Rutherford-Rückstreuspektrometrie (RBS) und XPS quantifiziert. Die
gleichmäßige Reduktion des Trägermaterials tritt auch bei der Titanoxid-SubmonolagenBedeckung auf; allerdings wird der Reduktionsprozess mit abnehmender Bedeckung
erheblich verlangsamt.
Die in dieser Arbeit vorgestellten Errungenschaften in der Nanofabrikation haben neue Wege
geschaffen, um Arrays von Nanopartikel über einen großen Bereich herzustellen und den
Abstand zwischen Nanopartikeln mit hoher Genauigkeit zu kontrollieren. Zusammen mit den
Fortschritten in der Charakterisierung auf Einzelpartikel-Ebene, haben diese neue Einblicke in
die Größeneffekte in Metallkatalysatoren gegeben. Ebenso wurde das Verständnis der Rolle
von Interpartikel-Wechselwirkungen und Katalysator-Trägermaterialien, insbesondere für das
12
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Phänomen des Wasserstoff-Spillovers, verbessert. Kapitel 7 gibt einen Ausblick auf
zukünftige Richtungen für die Verwendung von Top-down-Nanofabrikation in der
heterogenen

Katalyse.

Die

rasante

Entwicklung

bei

Nanofabrikations-

und

Charakterisierungsmethoden wird sich weiterhin fruchtbar auf das Verständnis komplexer
katalytischer Prozesse auswirken.
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Chapter 1
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•
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Bokhoven, State-of-the-art nanofabrication in catalysis, CHIMIA International
Journal for Chemistry 71, 160 (2017).

-

Only my contributions to the paper are part of this chapter.
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Introduction

1.1. Nanofabrication and catalysis: need for well-defined
model systems
Nanofabrication or nanolithography techniques, that are usually classified as either ‘topdown’ or ‘bottom-up’ approaches, have been used to make ordered and functional structures
of dimensions below 100 nm.[2] In fields such as electronics, semiconductors, optics,
biological systems, sensors, material sciences, and energy systems, nanofabrication has
enabled the creation of new devices, thanks to the increased control of feature size,
morphology, topology, and functionality. It has also expanded the applications of already
existing devices and materials through miniaturization and has helped to answer fundamental
scientific questions. The work presented in this thesis, involving the use of top-down methods
such as electron beam lithography (EBL)[3,4] and extreme ultraviolet (EUV) lithography[5-7]
has recently shown that modern nanolithography has great potential in chemical science,
specifically in catalysis and related surface chemistry, as feature sizes or/and resolution down
to a few nanometers are becoming a reality. Catalysis is ubiquitous in today’s society, both
for life and lifestyle[8] and between 80 and 90% of the total chemical products include
catalysts at some stage during their production, generating more than 35% of the gross world
product.[9] Common applications are in catalytic converters, used in automobiles for the
cleaning of exhaust gases,[10] and in many energy conversion processes employed in the
industry.[11] In addition, novel processes and catalysts are required to move away from the
use of fossil resources.[12,13] Significant efforts are therefore undertaken in finding new
materials to improve catalysts’ performance and develop more sustainable processes. Metal
nanoparticles dispersed on high-surface-area supports are commonly used. These
technologically important catalytic systems are very difficult to study and therefore remain
not well understood as they are poorly defined in terms of size, shape, and composition.[14]
Understanding the structure-activity relation is essential to design novel catalysts or to
improve the existing ones. This requires effective strategies to obtain and characterize these
nanoparticles under different conditions, particularly in the form of well-defined model
catalysts that allow reducing the parameter space assessed by the study, therefore limiting
overlap between different effects while still representing the complexity of a real catalytic
system. Achieving the narrow nanoparticle size distribution and precise control of interparticle distances is needed for model catalyst studies. This is possible by using top-down
lithography approaches. Of these, conventional optical lithography or laser interference
lithography techniques are resolution-limited and do not allow patterning of sizes below
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20 nm. The widely used EBL offers small sizes albeit with constraints in the packing density
and with a much lower throughput, thereby limiting the area that can be covered by the
particles. These can be overcome either by using next-generation top-down methods such as
EUV lithography at 13.5 nm wavelength allowing for large-area patterning within a fraction
of the time required by EBL, or by employing novel surface science techniques to overcome
the poor signal-to-noise ratio. This chapter aims to give a short review of nanofabrication
methods to prepare ordered model catalysts and their application in catalysis science, focusing
on heterogeneous catalysis.

1.2. Top-down nanofabrication in heterogeneous catalysis

Figure 1. Nanoparticle arrays obtained using EBL. (a) and (b) are low and high magnification
SEM images, respectively, of iron nanoparticle arrays of 18 nm in diameter (10 nm in height) with
a pitch of 70 nm patterned over an area of 2 × 2 mm2.(reproduced from [1])

Heterogeneous catalysis involves chemical reactions accelerated with the aid of a solid
surface, often in the form of small particles of transition metals, such as gold, platinum, iron,
silver, and palladium. The smaller these are, the larger is their surface-area-to-volume ratio,
and tuning their size controls their reactivity.[4,15-19] Decreasing the particle size makes
them less stable and they must be stabilized, which is done by using a support of a large
surface area. The supports are often metal oxides, such as alumina, silica, titania, and carbon,
onto which the catalyst particles are anchored, ideally well spread out to prevent contact with
each other. In many cases, the support takes an active role in the reaction mechanism and they
cannot be seen as chemically inert. Model catalysts are used to simplify the interplay between
the physical/chemical properties of the catalyst particles and the support, so as to gain insight
into the structure-activity relationship which, in turn, helps to design improved “real”
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catalysts. For example, one such challenge is to identify the structure of the active phase at the
surface and to understand the dependence of adsorption interactions and catalytic reactivity on
particle size. The evolution in surface science methods has been directly linked to the
possibility of designing and characterizing new model systems – single crystal surfaces of
metals were studied initially, followed by metal oxides in the form of thin films and leading
the way to probe metal-on-metal oxide.[20-24] Ordered arrays of well-defined metal
nanoparticles on a support, which can best be prepared using top-down nanofabrication, is a
sought after model system that would allow precise understanding of the effect of particle
spacing and size on adsorption and reaction (example in Figure 1). The metal-support
interaction and the inter-particle region takes an even more important role in a number of
processes, such as the spillover effect.[25] Hydrogen spillover, i.e. the surface migration of
hydrogen atoms from a metal catalyst where they are generated onto and away from the
catalysts support (schematic in Figure 1), has been a widely debated subject[26] where the
nature of the support and the distance from the metal catalyst plays a crucial role (Chapter
5).[3] The main requirements for the nanofabrication strategies used to create these ordered
arrays of nanoparticles are: (a) to obtain catalytically active particles of sizes below 20 nm,
(b) to have a small inter-particle distances (pitch) and a correspondingly high packing density,
and (c) to obtain these particles uniformly over a large area enabling to achieve good signalto-noise ratio when characterizing these surfaces with, for example, X-ray photoelectron
spectroscopy (XPS), X-ray diffraction (XRD), transmission electron microscopy (TEM) and
X-ray absorption spectroscopy (XAS).[27]

Figure 2. Schematic representation of hydrogen spillover which is the surface migration of
activated hydrogen atoms from a metal catalyst particle (platinum here), on which they are
generated, onto and along the catalyst support. (reproduced from [1]) These hydrogen atoms can
then react with a remote species (iron oxide here) away from the catalyst. Chapter 5 deals with
this phenomenon and the role of support in hydrogen spillover will be discussed.
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1.2.1.

Ordered nanoparticle arrays using EBL

EBL is a very effective method to achieve nanoparticle arrays in the size range below 20 nm,
which is most relevant in heterogeneous catalysis. Somorjai and co-workers[28] used EBLprepared platinum nanoparticles of 50 nm diameter (15 nm height) with 200 nm pitch on a
silicon wafer to perform ethylene hydrogenation and showed high stability of these systems
under UHV conditions. These were investigated by XPS, Auger electron spectroscopy (AES),
scanning electron microscopy (SEM), atomic force microscopy (AFM) and temperature
programmed desorption (TPD). In a similar manner, they later studied[29] the thermal
stability of EBL-prepared silver nanoparticles of 25-30 nm in diameter and 10-15 nm in
height, which were deposited on alumina (coated on silica) with a pitch of 100 nm. These
square nanoarrays of periodically spaced cylinder-shaped particles, so-called high-technology
model catalyst, were investigated by high-resolution TEM, in addition to the previously
mentioned techniques. Their subsequent studies of carbon monoxide adsorption using sum
frequency generation vibrational spectroscopy[30] in test reactions showed that these particles
are catalytically active for hydrocarbon conversion.[31] Kasemo and coworkers[32,33] also
used EBL to fabricate platinum nanoparticles down to 30 nm in diameter on supports such as
alumina and ceria and they designed a microreactor to enhance the samples’ catalytic
sensitivity, needed because of their small coverage and low surface area. In a separate
study,[34] they used selected area electron diffraction (SAED) and TEM for characterizing
copper arrays of 40 nm in diameter with different pitch sizes down to 100 nm, which were
deposited on a Si3N4 membrane coated with a 7-nm-thick film of silica. In the quest to
identify active sites in heterogeneous catalysis, EBL-prepared copper particles of 12, 35, and
63 nm in diameter, around 5 nm in height and with a pitch of 100-150 nm were supported on
silica by Burghaus and colleagues,[35,36] who showed evidence of preferential adsorption of
carbon monoxide and carbon dioxide along the rim of these particles using techniques such as
AES, XPS, and molecular beam scattering. Other studies have obtained particle sizes and
pitch of either the same or much larger dimensions, and have employed similar
characterization techniques to study butane adsorption on molybdenum particles supported on
silica,[37] the thermal, chemical, and mechanical stability of platinum nanoparticles supported
on silica, alumina and ceria,[38-40] and high turnover reactions such as ethylene
hydrogenation on platinum nanoparticle arrays.[41-43] The above-mentioned studies showed
the feasibility to generate, characterize and do catalysis over systems generated by top-down
nanofabrication; however the sizes of the active components were relatively large.
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Model systems prepared by EBL are often not practical for low turnover reactions that require
that these nanoparticles are spread over a large area (~ 1 cm2) and with a pitch as small as
possible for practical detection of reaction products. With the pitch around 100 nm, the area
over which the nanoparticle arrays are patterned in most of these EBL studies is about a few
square millimeters. Because of the sequential nature of EBL, it has a very low throughput
which limits the total area of the patterned surface. While it is possible to produce
nanoparticles over a larger area, the electron beam exposure of an area of a few square
millimetres in size can take hours for a moderate pitch, and increases dramatically (up to a
few days) if the pitch is reduced or the exposure area is increased. In addition, such large-area
EBL patterning also results in lower uniformity due to its limited ‘writing field’ - the largest
area exposed without moving the stage. As the pitch is reduced further below 100 nm, new
challenges arise in the lift-off process – an important and frequently used final step of
nanofabrication involving removal the photoresist after deposition of metal. Moreover,
lithographically prepared ordered nanoparticle arrays with sizes below 10 nm have not been
studied for catalytic reactions because these sizes are not easy to obtain and a pitch of around
100 nm would lead to insufficient density of particles to provide any useful signal for such
small sizes. These small sizes are of high interest in catalysis, exhibiting a different behavior
from the larger particles, as there is huge increase in the percentage of surface atoms in the
nanoparticles and quantum-size-related properties[44] come into effect for various processes,
for examples in catalyst sintering,[16] direct propylene epoxidation using silver
nanoparticle,[18] water–gas shift (WGS) catalysis over gold,[17] hydrogen oxidation reaction
using platinum[45] and many others.[15] Arrays of uniform, well-ordered and shape-defined
nanoparticles of the single-digit nanometer size spread over few square centimeters with a
pitch of few tens of nanometers for increased density would be an ideal model system.

1.2.2.

Sub-10 nm size particles and controlled shape

Alternative ways to perform EBL over small areas have been applied by Komanicky et al.[46]
to study the shape-dependent activity of platinum array catalyst for the electroreduction of
oxygen. They obtained near perfectly shaped (100), (110), and (111) platinum particle arrays
with a pitch of 200 nm and a height of 7.5 nm by etching a thin platinum film on a strontium
titanate substrate using EBL-prepared hard masks followed by ion milling of the platinum
film and showed that the reactivity is proportional to the ratio of (100) and (111) surface
facets. This approach can be extended for applications in heterogeneous catalysis when
combined with lithography techniques that allow large-area patterning. Recently, iron/iron
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oxide nanoparticles of sizes down to 6 nm with a thickness of 2 nm were obtained using EBL
(Chapter 4).[4] Here, each nanosized hole (or nano-well) was patterned by implementing
proximity effect correction strategies during EBL exposure, which was followed by
optimization of the conditions for resist development, metal deposition and the lift-off
process. This generic strategy can be used to prepare arrays of practically any metal that can
be deposited using tools such as thermal evaporation and physical vapor deposition, among
others. Guzenko et al.[47] performed EBL by focusing the electron-beam to a diameter of
approximately 10 nm, patterning every hole with a single beam shot (“single shot” technique)
to achieve improved control over dot size and reduce exposure time for dot arrays with 100
and 200 nm pitch. They also reported 13 nm gold nanoparticles obtained on silica with a
chromium adhesion layer and the size of these particles could be reduced further to 6 nm by
annealing at 600 °C. There are other ways to further reduce particle size below these
dimensions, such as the use of tilted evaporation. Inside the nano-wells of a comparatively
large diameter of 20 nm and pitch of 75 nm prepared by EBL, Javey and Dai[48] deposited
0.5-2 nm thick cobalt, iron and platinum at a 5-10° angle with respect to the substrate normal;
this was followed by an annealing process resulting in particles down to 2 nm in diameter
which were subsequently used as catalytic seeds for chemical vapor deposition synthesis of
single-walled carbon nanotubes.
In contrast, employing chemical synthesis methods and cluster sources, particles smaller than
5 nm (down to subnanometer regime) on a support have been obtained with well-established
processes, although these either have a broad size distribution or are poorly ordered. For
example, in the studies involving gold and silver particles, Vajda and coworkers[18,49]
compared the activity of subnanometer clusters and nanoparticles of about 2 nm in size using
grazing incidence small angle X-ray scattering (GISAXS), a powerful tool to study the
evolution of size and shape of supported clusters and nanoparticles under the reaction
condition. Chemical methods include strategies such as micelle and inverse micelle
encapsulation,[50-52] seed-mediated growth,[53] polyol process,[54,55] co-precipitation and
deposition−precipitation,[56]

ion-exchange,

incipient

wetness

impregnation,

and

coimpregnation.[57,58]

1.2.3.

Nanofabrication techniques for large-area patterning

Studies using EBL to obtain catalytic nanoparticle arrays have mostly targeted a large pitch
above 100 nm, since the lift-off process that follows the patterning of nano-wells and
subsequent evaporation of the metal becomes challenging for smaller inter-particle distances.
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With the aim to reduce the pitch to below 100 nm and to achieve small particle sizes keeping
exposure time to a minimum, the “single shot” technique for EBL exposure was recently
improved further.[1,47] The beam step size was set to 70 nm (equal to the required pitch) and
the beam was fine-focused to obtain high control over the particle size over a large area. After
exposure and development of the positive-tone resist material resulting in optimal nano-wells,
the deposition of the metal, such as iron, gold, chromium, niobium or platinum, could be done
followed by the lift-off process. This resulted in uniform nanoparticle arrays down to 18 nm
in diameter and with a pitch of 70 nm (SEM images in Figure 1a and Figure 1b). Both
dimensions, in addition to the relatively short exposure time (less than one hour for a
2 × 2 mm2 area) are substantial improvements compared to earlier studies on EBL-prepared
nanoparticle arrays. The particle size could be reduced further down to 12 nm using a cold
developer after the exposure; the strategy of inclined evaporation before lift-off has the
potential to yield even smaller particles.
Since most characterization techniques require patterning over an area large enough to
achieve good signal detection, it remains important to develop other approaches to increase
the throughput of top-down methods. In addition, EBL is generally limited with regards to the
type of substrate that can be used for precise patterning, since the accumulation of charges on
insulating substrates requires working with thin-films of these materials or the use of a
conductive polymer in the process. These issues can be overcome using classic
photolithography techniques, which are most relevant for high-throughput fabrication over
large areas and on a variety of substrates. On the other hand, these approaches have
limitations in the achievable feature sizes and pitch, and therefore only a few studies in
catalysis have employed photolithography. One such example was demonstrated by
Schildenberger et al.,[59-61] who performed laser interference lithography on a silica
substrate to generate nano-sized holes (in the form of pits) down to 200 nm in diameter (with
a pitch of the same size) inside which metals such as palladium, silver or copper were either
deposited by evaporation (followed by lift-off) or directly spin-coated from a metal salt
solution. The authors demonstrated coverage over a large area (a full 4-inch wafer), which
constitutes the main advantage of this technique. They characterized the stability and
chemical behaviour of the resulting systems with XPS, AFM and SEM, proving their activity
towards hydrogen and carbon monoxide oxidation. This type of sample was later used by
Fokas and Deckert[62] to study single catalytic sites of thin palladium (0.2 nm) deposited on
50 nm thick silver islands in each pit, using Raman microscopy, although an in-situ analysis
was not possible. The diameter of the pits, and therefore of the particles, remained in the
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range of 200-300 nm, which was very large to guarantee any certainty in the nanoparticles’
composition and homogeneity.
A number of other techniques have been employed to circumvent these limitations: (a)
Colloidal or nanosphere lithography[63,64] – is an inexpensive method that combines topdown and bottom-up approaches, but which often results in particles without long-range
order. Colloidal lithography along with hole-mask colloidal lithography has been used widely
in electrocatalysis.[64-67] (b) Nanoimprint lithography[42,68,69] – is a low-cost, nonradiation-based lithography technique which allows the replication of a pattern over a large
area. It uses a mould, also called template, that shapes the resist material into features and it
does not have a diffraction limit in resolution. In recent years, sub-10 nm features have been
achieved and it has the potential to go down further.[70] The main limitation is the ability to
make the mould which is most often fabricated using conventional photolithography or EBL;
(c) Size reduction lithography techniques – are a combination of different methods that
promote the use of spacers and sacrificial materials to create nanowires, which have been used
for catalysis.[68,71] However, this technique does not allow obtaining nanoparticle arrays due
to it being limited to 2D structures; and (d) EUV lithography[5,7] – can potentially overcome
all limitations regarding feature size, resolution and throughput mentioned in all previous
techniques. It allows making particles with sub-10 nm resolution. It was recently
demonstrated that this technique, in the form of EUV-achromatic Talbot lithography (ATL)
can yield uniform nanoparticle arrays of 15 nm diameter and 100 nm pitch over large areas (a
square centimetre) with high throughput (Chapter 3).

1.3. Catalytic results on other well-defined systems
Most nanofabricated model systems mentioned in previous sections have been employed to
study the activity and stability of these metal particles in test reactions, such as carbon
monoxide adsorption[30,36] and ethylene hydrogenation[41,43] , or to understand active sites
in more details[35]. Other well-defined model systems have also been employed for catalysis,
which can be improved significantly using nanolithography. Two such examples are “bilayer
tandem catalysts” and the “inverse supported catalyst”. The nanocrystal bilayer employed by
Somorjai and coworkers[72] is a good example of engineering interfaces to perform tandem
catalysis - sequential catalytic reactions on multiple metal–metal oxide interfaces. The bilayer
consisted of two distinct metal–metal oxide interfaces, CeO2–Pt and Pt–SiO2, obtained by
assembling platinum and cerium oxide nanocube monolayers of less than 10 nm on a silica
substrate and the authors used this catalyst for hydrocarbon conversion. The CeO2–Pt
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interface catalysed methanol decomposition to produce carbon monoxide and hydrogen,
which was subsequently used for ethylene hydroformylation catalysed by the nearby Pt–SiO2
interface. Consequently, propanal was produced selectively from methanol and ethylene on
the nanocrystal bilayer tandem catalyst. Weiss and coworkers[73] showed the concept of
“inverse supported catalysts” in which a well-defined CeOx/Pt(111) system was fabricated
using the self-assembling of cerium adatoms on a Pt(111) surface with a subsequent oxidation
of the nucleating cerium submonolayer (0.3 ML) to form CeOx island between 5 and 15 nm in
diameter and 0.3 nm in height. Carbon monoxide oxidation was performed while monitoring
the carbon dioxide production rate and the ceria oxidation state. The authors observed higher
reactivity of the CeOx/Pt(111) than of the clean Pt(111) surface. They later suggested an
“active border” concept to explain the strong local enhancement of catalytic activity[74] - the
modified electron density is restricted to a few adsorption sites in the wide area around the
CeOx islands. Additional oxygen supply may originate via spillover from these regions. Such
inverse catalysts were later employed in a number of studies, for example, by Rodriguez and
colleagues[75]. They performed carbon monoxide oxidation and WGS using inverse
ceria/copper catalysts (CeOx/Cu(111)) and showed that, even though bulk ceria has no activity
towards these reactions, small amounts of ceria nanoparticles can activate the Cu(111) surface
and achieve remarkable enhancement of its catalytic activity. The CeOx nanoparticles
facilitated the WGS reaction by acting at the interface with copper to dissociate water while
these nanoparticles enhanced in the dissociation of oxygen for higher activity towards carbon
monoxide oxidation. Nanolithography techniques can further improve the precision of
‘inverse catalyst’ systems or the ‘bilayer tandem catalyst’, which are both excellent model
systems for systematic design and testing of the properties of novel catalytic systems.

1.4. Scope of the Thesis
The scope of this thesis is to develop precisely defined nanofabricated model systems and
enable in-situ single-particle spectromicroscopy to unravel the relationship between
nanoparticle size and chemical activity and to elucidate the role of the catalyst support in the
phenomenon of hydrogen spillover, a long-standing controversy in heterogeneous catalysis.
This will be achieved by (i) advancing the development of nanoparticle arrays as catalytic
model systems using EUV lithography, (ii) by obtaining pairs of particles with one nanometer
precision of particle placement and particle size down to 6 nm using EBL, and (iii) by
employing in-situ characterization techniques to investigate these model systems at the single-
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particle level using X-ray photoemission electron microscopy and (iv) by collaborating with
experts on density functional theory (DFT) calculation to further explain the experimental
results on hydrogen spillover.
As discussed in the previous section, EBL is limited by the area over which nanoparticles can
be patterned and this motivates exploring a next-generation lithography technique, called
EUV interference lithography (EUV-IL), in Chapter 3 to overcome the disadvantages of EBL.
EUV-achromatic Talbot lithography (ATL), a variation of EUV-IL, will be employed with a
new strategy which will enable patterning an area as large as 500 × 500 μm2 in a single-shot
(corresponding to a few seconds) and then seamless step-and-repeat exposures. This will
allow extension of patterns over an area of a few square centimetres in a few minutes.[5]
Using EUV-ATL, nanoparticle arrays of 15 nm diameter and 100 nm pitch will be obtained
on silica supports.[5] With simple variations in the exposure dose, pairs of particles of two
different sizes are also possible.
Chapter 4 will employ the sequential nature of EBL to prepare model systems that do not
need high-throughput or a large area. EBL is the method of choice since there is no other
chemical synthesis or lithography technique that can be used to obtain multiple particle sizes
on the same support which are also perfectly ordered. As an alternative to using large
nanoparticle arrays, a spectromicroscopy characterization technique will be developed to
probe nanoparticles at the single-particle level down to 6 nm in diameter using X-ray
photoemission electron microscopy (X-PEEM) at the Swiss Light Source. Model system
consisting of well-defined iron oxide nanoparticles of nine different sizes from 80 nm in
diameter down to 6 nm will be obtained in a small 4 × 4 μm2 field-of-view of the same silica
support (with 2.5 nm particle height).[4] Such model systems use EBL exposure time of only
a few minutes and each particle can be designed to have a highly precise geometry by
implementing proximity effect correction strategies. X-PEEM will enable in-situ visualization
of chemical action on these particles with its capability of imaging the model system while
spectroscopic measurements were performed. The XAS spectra from all particles will be
extracted simultaneously under the same conditions and at the single nanoparticle level.
Reduction and oxidation of the system will be carried out to elucidate size-effects during
oxidation as the particle size reached the 6 nm dimension. Although a significantly higher rate
of oxidation was seen for smaller sized particles, the atoms on the surface of any of these
particles are equally reactive.[4]
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Chapter 5 will deal with the long-standing controversy around the occurrence and mechanism
of hydrogen spillover by applying the technological advancement of combining
nanofabrication and spectromicroscopy techniques in the previous chapter. The spatial extent
of the spillover effect on alumina, a nonreducible catalyst support, and titania, a reducible
catalyst support, will be compared and quantified using an EBL-prepared model system.[3] In
terms of novelty in nanofabrication, the model system to study hydrogen spillover will be
prepared such that distance between pairs of iron oxide and platinum nanoparticles is
controlled with a precision of one nanometer which will allow quantification of the spillover
effect. To elucidate the phenomenon of hydrogen spillover, multiple iron oxide particles at
different distances from platinum will be individually and simultaneously monitored by XAS
in the X-PEEM before and after exposure to hydrogen to determine the degree to which each
iron oxide nanoparticle was converted to metallic iron as a result of exposure to hydrogen.
Experimental results are corroborated by DFT calculations.
Chapter 6 will be a detailed XAS study on titania and alumina to further understand the role
of these supports. The influence of temperature on the structure of alumina and the role of
coverage of titania on hydrogen spillover will be described.
Chapter 7 will present the overall conclusions and will include a discussion on potential
applications of the novel nanofabricated model systems consisting of nanoparticle arrays and
pairs of nanoparticles for catalysis, and suggestions for further development of single-particle
spectromicroscopy and other characterization tools with respect to catalysis.
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2.1. Synchrotron radiation at the Swiss Light Source
Synchrotron radiation is an integral part of this work. Using X-rays from the synchrotron at
the Swiss Light Source, the advancement in characterization of nanofabricated model systems
at the single-particle level is achieved in this thesis. In addition, development of one of the
nanofabrication technique, namely extreme ultraviolet (EUV) lithography, is also done using
synchrotron light.
Briefly, synchrotron radiation is the electromagnetic radiation emitted when low mass
charged particles (e.g. electrons or protons) moving at relativistic speeds are forced in curved
trajectories by magnetic fields.[76] The Swiss Light Source is a third-generation synchrotron
facility at the Paul Scherrer Institute. The three major parts of SLS are (a) the linear
accelerator, which is an several-meters long linear device which first accelerates electron
produced by an electron gun to energies up to 100 MeV; (b) the booster, which is a ring of
270 m circumference and consisting of 237 magnets that further accelerates the electron to the
final energy of 2.4 GeV and (c) the storage ring, located in the same tunnel as the booster, is
where the electrons are fed from the booster and these electrons circulate. The booster
periodically injects electrons (top-up injection) into the storage ring, keeping the intensity of
the stored electron beam constant. The use of undulators (periodic array of permanent
magnets) is a major improvement over second generation synchrotrons, which only use
bending magnets. This allows concentrating the synchrotron light into discrete spectral lines,
into a laser-like narrow cone with an extremely small spot size, and to generate a beam with a
1000 times higher intensity compared to the beam from bending magnets, which dramatically
reduces the time for experiments. The photon radiation, emitted tangentially to the path of the
electrons, is then used for experiments in 18 different beamlines in the Swiss Light Source.
For this work, EUV lithography experiments have been carried out at the XIL-II beamline and
the X-ray photoemission electron microscopy experiments have been done at the SIM
beamline.

2.2. Model catalyst preparation:
To prepare the model catalysts presented in this thesis, state-of-the-art nanofabrication tools
have been used. The nanofabrication processes are developed in a cleanroom, an environment
that have very low level of particulate contamination and has controlled temperature,
humidity and pressure. The technologies used in this work can be broadly described under
electron beam lithography and extreme ultraviolet (EUV) lithography. Other processes
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employed include resist spin-coating, resist development, lift-off, nickel electroplating, and
deposition techniques, such as thermal evaporation, electron-beam evaporation, and atomic
layer deposition. These are discussed in this section.

2.2.1.

Electron beam lithography

Figure 3. Schematics of an electron beam lithography writer (adapted from [77])

Electron beam lithography (EBL) is an established process for small volume production of
micro- and nanostructures. Figure 3 shows a typical schematic of the electron beam writer. It
uses electron beam from an emitter gun. The beam current and spot size is then controlled via
focusing lens. The objective lens finally focusses the beam which is then directed using
deflector coils on the substrate coated with an electron sensitive resist that is patterned. EBL
tool at the Laboratory for Micro- and Nanotechnology (LMN) of the Paul Scherrer Institute
(PSI) is a Vistec EBPG 5000+ ES electron beam writer and works on acceleration voltage of
100 keV providing high penetration depth and confined forward scattering cone. It uses the
vector scan system so the beam is deflected to the region that needs to be patterned without
exposing areas which should not be exposed. An area of 500 × 500 µm2 can be exposed only
with deflection of the beam, which is the ‘writing field’ size, and without moving the
mechanical stage. For larger patterns, stitching multiple writing fields is possible which can
induce stitching errors between 30 to 50 nm. The electron beam writer is also equipped with
an SEM to identify exposure markers that are used for overlay exposures, i.e. for exposing the
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same substrate multiple times (for example, in order to obtain nanostructures of two different
materials on the same sample, demonstrated in Chapter 5).

Figure 4. Standard steps for fabrication of model system involving (a) spin-coating of a resist
(PMMA), (b) electron beam exposure, (c) resist development, (d) deposition of metal (i.e. thermal
evaporation of iron or electron beam physical vapor deposition of platinum) and (e) lift-off process
(in acetone).

2.2.1.1.

Preparation of electron beam resist
Table 1. EBL resist parameters.

Process for EBL resist layer
Resist preparation
Spin-coating velocity
Acceleration
Pre-exposure baking
Development (developer/ time)

Parameter
PMMA 950k molecular weight
dissolved in 2% Ethyl lactate (EL)
4000 rpm for 45 seconds
2000 rpm/s
120 seconds at 175 °C
1:3 MIBK:IPA/ 45 seconds

The various required to fabricate a model system are shown in Figure 4. The substrate, in this
case a silicon wafer with native oxide, is cleaved into dimension that is suitable for the
experiments. In the results presented in this thesis, a substrate of 1 × 1 cm2 is generally used.
The first step is to coat a resist (Figure 4(a)). To have reproducible EBL parameters, the resist
thickness must also be reproducible and uniform over the whole substrate area. A spin-coater
is used and the factors that affect the resist thickness after spin-coating are the concentration
of the resist in the solution, the speed of rotation, acceleration and the spin-coating time.
Poly(methyl methacrylate) (PMMA) and methyl methacryllate (MMA) are positive-tone
electron beam resists and hydrogen silsesquioxane (HSQ) is a negative-tone resist used in this
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thesis. In the case of positive tone resist, the resist area that is exposed with electron beam or
UV light becomes soluble to the developer and this area is then removed. On the other hand, a
negative tone resist becomes crosslinked on exposure and the developer solution only
removes unexposed area while the exposed part remains. For a typical sample processing
shown in Figure 4(a), the resist spin coating parameters are listed in Table 1. This results in
the resist thickness of around 70 nm which is verified with a profilometer or with optical
interferometry. A pre-exposure baking is subsequently performed on a hot plate to evaporate
the solvent from the resist and the sample is then ready for EBL exposure. In many cases
where sharp corners are required after lift-off (as in case of square-shaped overlay alignment
markers), a resist bilayer of MMA-PMMA is used by first spin-coating MMA and then
PMMA while baking the resist after each coating. Using the PMMA/MMA bilayer gives a
very nice undercut profile after resist development, which ultimately eases the lift-off process
to obtain sharp well-defined structures.
2.2.1.2.

EBL exposure

Figure 5. Designed EBL exposure job of a 1 × 1 cm2 sized sample.

After spincoating of the resist, EBL exposure is performed (Figure 4(b)). A pre-defined
pattern, designed in the “Layout Beamer” software, is used to create an exposure job that
includes the desired nanostructures. Figure 5 is an example of the design for a typical sample
of 1 × 1 cm2 area that is used for overlay exposures. The sample generally incorporates an
identifier along with the nanostructures. EBL alignment markers, made of a material with

38

Methods

high back scattering signal contrast such as gold, are included for overlay exposures and other
markers are also defined depending on the experiments (such as X-PEEM markers in Figure
5). The resist layer is locally exposed by a beam of energetic electrons according to the design
and the energy deposited in the resist depends on secondary electrons, forward scattering,
backscattering of these electrons. Due to these interactions of the primary electron beam with
the resist and the substrate, the exposure dose may sometimes be distributed within the resist
which may lead to exposure of undesired area around the desired patterns. This phenomenon
is known as proximity effect. In high-energy EBL (e.g., 30 keV to 100 keV), the effect of backscattered electrons is more prominent which results in a large background dose while this
proximity effect is less severe for EBL at low-energies. Different proximity effect correction

strategies are employed,[78] such as dose correction, shape correction and shape fracturing
strategies. To develop and optimize the process, the parameter space is minimized by using a
constant bias and beam current while the profile of the developed patterns is investigated
using a series of exposure dose. With the aim to obtain well-defined metal nanoparticles,
exposure on PMMA resist is performed (Figure 4(b)) in order to obtain hole arrays of desired
dimensions after resist development (Figure 4(c)). The area for each nanoparticle is patterned
with proximity effect correction with exposure time optimized by fracture strategies to
provide complete control over the shape and size.
2.2.1.3.

Resist development

Figure 6. HAMATECH developer machine used for resist development after EBL exposure.

After the exposure using EBL, the resist development is performed. In the process described
in Figure 4(c), the development of exposed PMMA results in holes of the desired dimensions
on the substrate. For a reproducible development process, this step was mostly performed
using a HAMATECH (steag-Hamatech HME 500) developing machine, which sprays the
developer onto the sample via three spraying nozzles (Figure 6). This provides full control
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over the parameters, such as development time and concentration. These parameters are first
optimized based on EBL exposure dose, the resist type and its thickness, which are then
programmed into the machine. For the development of PMMA structures, the sample is first
sprayed with a developer while it rotates (development parameter in Table 1). This provides a
uniform spreading of the developer across the exposed area. Subsequently, pure isopropyl
alcohol (IPA) followed by water is sprayed to rinse away the developer by spraying and the
sample is then sample is dried by high speed rotation. In cases where the desired pattern is a
very high resolution structure, manual development is performed using a 7:3 mixture of
isopropanol which can be cooled down to 2 °C to improve resist contrast. To terminate the
develop process and prevent scumming, sample is then immersed in IPA followed by in water
and is then blow dried with nitrogen.
2.2.1.4.

Metal deposition and lift-off

After exposure of PMMA resist, controlled deposition of the metal is done within the
nanostructures (Figure 4(d)). The thickness of the metal is never more than 50% of the resist
thickness. The metal deposition is either done via thermal evaporation technique (used for
iron) or electron-beam assisted physical vapor deposition (used for platinum, gold, niobium,
and chromium). Subsequently, lift-off process results in the desired nanoparticles or
nanostructures (Figure 4(e)). Acetone is used for lift-off, which removes the unexposed
PMMA resist. For a successful and clean lift-off, care is taken to use acetone of high purity
(MOS Acetone) and this procedure is performed in an ultrasonic bath. The lift-off process is
inspected under the optical microscope every 5 minutes but care is taken that the sample is
never dry and remains submerged in the beaker filled with this acetone. In order to remove
acetone after the lift-off process, the sample is immediately transferred to a beaker filled with
MOS isopropyl alcohol (IPA) and rinsed thoroughly. The sample is dried with nitrogen gas
gun and the final quality is inspected with optical microscope and scanning electron
microscope (SEM).

2.2.2.

Thin film deposition

In this work, metals are deposited using physical vapor deposition (PVD) processes– either by
thermal evaporation or by electron beam evaporation. PVD is a vacuum deposition
process that uses resistance heating or an electron gun under vacuum to evaporate target
materials. The atoms then travel from the source to the substrate in a straight path forming a
coating. Compared to chemical vapor deposition (CVD), PVD processes are generally cleaner
and free of pollutants. Deposition of iron is done using the Balzers BAE250 vacuum chamber
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thermal evaporator. Deposition of other metals such as platinum, chromium and gold was
mostly done using the Leybold UNIVEX 450 electron beam-physical vapor deposition
(EBPVD) tool. The electron beam evaporator uses high-energy electron beam generated from
electron guns which is directed and focused on ingots inside the vacuum chamber that melt
and evaporate. These PVD tools operate in high vacuum around a base pressure between 6 ×
10-6 mbar to 1 × 10-7 mbar while the deposition is done at around 6 × 10-5 mbar. In both the
deposition techniques, the exposure to ambient air does not occur instantaneously. Instead, the
samples are situated in a vacuum chamber which, after successful sample preparation, is
gradually vented to atmospheric pressure on a timescale of 30 minutes in case of thermal
evaporation and or 60 minutes for EBPVD. The resulting chemical reaction heat is therefore
only gradually released and there is sufficient time for the nanostructures to thermally
equilibrate with the substrate which is held at room temperature.
Thin oxide films of alumina and titania, used as catalyst support in this work, are deposited
using Atomic Layer Deposition (ALD) (Savannah S100, Ultratech/Cambridge NanoTech
ALD system) at University of Basel. ALD is based on a sequential and self-limiting process
where alternating pulses of gaseous precursors react with the substrate (‘half reactions’).[79]
The self-limiting property guarantees that during each half-reaction, the precursor fully reacts
with the substrate but does result in more than one monolayer. Purging the chamber with inert
gas removes any reaction by-product. This is followed by a pulse of the second half-reaction
using a counter-reactant precursor and a purge step which finally creates one monolayer of the
desired material. These steps are repeated until the desired thickness is obtained and there is
specific temperature window where the growth rate is optimal. In this work, alumina thin
films were obtained using trimethylaluminium precursor[80] and water while the
tetrakis(dimethylamido)titanium(IV) (TDMAT) precursor with water yields anatase
titania.[81] The deposition temperature was about 225 °C (500 K) in both these cases which
resulted in an average deposition rate of 0.4 Å per cycle for titania (calculated using a 2-nmthick titania layer obtained in 50 ALD cycles) and 1.07 Å per cycle for alumina (calculated in
relation to a 2.14 nm thick alumina layer obtained in 20 ALD cycles).

2.2.3.

EUV interference lithography at SLS

EUV interference lithography (EUV-IL) uses the wavelength of light at 13.5 nm to pattern
high-resolution periodic nanostructures. EUV-IL exposures were carried out at the XIL-II
beamline of Swiss Light Source (SLS), Paul Scherrer Institute, Switzerland. This setup holds
the world-record in resolution achieved with photolithography.[7,82] Figure 7 is the
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schematic layout of the beamline. As described previously, the electron beam from the storage
ring of the synchrotron goes to the undulator where it emits coherent radiation. In the XIL-II
beamline, the undulator is a set of 22 magnets with a period of 70 mm and final photon
energy can range from 70 eV to 500 eV (2.5 nm to 18 nm wavelength) by tuning the
undulator gap. This beam is deflected by a series of mirrors onto a pinhole which serves as a
spatial filter. The beam then expands to illuminate the transmission mask with a beam
diameter of around 3 mm. Exposure time, and therefore the exposure dose, is controlled by a
mechanical shutter and the two diodes, i.e. a quadrant photodiode (QPD) and a photodiode
(PD) in Figure 7, are used for beam alignment and measurement of the beam flux
respectively. For the EUV exposures, the synchrotron light from the undulator is a spatially
coherent EUV light set at 13.5 nm wavelength (91.85 eV) and has a 4% bandwidth (Δλ/λ).
The quality and high diffraction efficiency of the transmission mask are crucial for EUV-IL.
The diffracted beams after the mask interfere on a substrate that was spincoated with a resist
and placed on a stage. The distance between the mask and the substrate is adjusted based on
the design of the mask to pattern the desired nanostructures.

Figure 7. Schematic layout of XIL-II beamline at Swiss Light Source for EUV interference
lithography (adapted from reference [83])

To perform EUV exposures described in Chapter 3, a silicon wafer was spin-coated with 45nm-thick HSQ resist (process parameters in Table 2). The transmission mask fabricated using
one of the different strategies was mounted between the EUV light source and the spin-coated
silicon wafer. The distance between the mask and the wafer was calculated depending on the
design of the interference masks. For the four-beam EUV exposures in the experiments, this
gap value was set at 11.85 mm. Masks using EUV-achromatic Talbot lithography (ATL),
discussed in detail in Chapter 3, require this distance to be larger than the achromatic Talbot
distance. The gap value was set at 1.5 mm for HSQ and nickel masks generating dots with a
periodicity of 212 nm, while the high resolution nickel mask generating periodicity of 100 nm
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had a gap value of 1 mm for EUV exposure. The exposure dose was varied in order to cover
the whole exposure lattitude, i.e. obtaining nanoparticles with the smallest and largest
achievable size using the same mask on the same wafer. The exposure dose (i.e. dose on
mask) in all cases was varied from 100 mJ/cm2 to 3000 mJ/cm2 to cover the full spectrum of
particle size. Following EUV exposures, the samples were developed in the NaOH-based
developer for 30 seconds.
Table 2. Resist parameters for EUV exposure.

Process for EUV resist layer
Resist
Spin-coating velocity
Acceleration
Development (developer/ time)
2.2.3.1.

Parameter
HSQ (XR-1541), Dow Corning
4500 rpm for 120 seconds
3000 rpm/s
NaOH-based developer for 30 seconds

Transmission mask on Si3N4 membrane

For each mask fabrication strategy developed in Chapter 3, a 100-nm-thick Si3N4 membrane
is used with thermally evaporated Cr/Au/Cr multilayers having thickness of 2/5/5 nm,
respectively. The first chromium layer is needed for adhesion of gold, which acts as the base
for nickel electroplating. The second chromium layer provides good adhesive layer for the
HSQ resist (FOX 16, Dow Corning), which was spin-coated on this membrane at 2500 rpm to
achieve a thickness of 250 nm. EBL is subsequently performed to write the desired gratings.
The maximum area of exposure (main writing field size) of the EBL tool is around
500 × 500 µm2. Development of resist is performed in a NaOH buffered developer
(MICROPOSIT™ 351, Rohm and Hass, diluted 1:3 in water) which is then rinsed with
deionized water and dried with nitrogen stream. Plasma etching of chromium films was
carried out using chlorine-based reactive ion etching (RIE) for duration of 30 seconds.
2.2.3.2.

Nickel electroplating and resist stripping

The use of nickel is a major advancement in the new mask fabrication strategy introduced in
the thesis. The deposition of nickel is achieved on the Si3N4 membrane by electroplating
using the setup in Figure 8. When a current is applied from the anode to the cathode through
the electrolyte bath (nickel sulphamate electrolyte solution), nickel anode is etched to produce
nickel ions that dissolve in the electrolyte. On the other hand, nickel ions in the electrolyte
gain electrons at the cathode and thus form a metallic coating. It is well established that bath
temperature has to be maintained and that current pulsing, instead of constant current, is
essential for low stress and uniform plating.[84] To maximize the deposition uniformity, a
magnetic stirrer is used to maintain an even ion distribution throughout the whole bath. Since
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the process depends on the cathode’s conductive area, to obtain reproducible results and have
uniform current density for different samples, a dummy Si wafer of 18 mm × 30 mm in size
and coated with chromium and gold is used at the cathode along with the sample to be
electroplated. This nullifies the effects of small changes in the surface area between one
similar sized sample to another and the optimized deposition rates remain stable.

Figure 8. Schematic of the nickel electroplating setup.(adapted from reference[85])

In this work, nickel electroplating is done for 2 minutes to achieve a layer thickness of
120 nm. This process is optimized for uniform growth between the nanostructures and the
surrounding areas (as photon stop) with low stress on the membranes (process parameters in
Table 3). Electroplating rate is calibrated for a low value to reduce the stress on the
membranes during the growth of nickel and for uniformity of the layer. Following the
electroplating process, HSQ is removed in 1:7 buffered oxide etch (BOE or buffered HF)
solution for 150 seconds.
Table 3. Nickel electroplating process parameters for mask fabrication.

Nickel electroplating
Electrolyte
Bath temperature
pH value
Current
Rate

Parameter
Nickel sulphamate, 185 g/L concetration
58 °C
3
30 mA pulsed - duty cycle of 90%.
60 nm per minute
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2.3. Characterization of model catalysts:
2.3.1.

X-ray photoemission electron microscopy (X-PEEM)

Figure 9. Schematic of the X-PEEM setup used for in-situ single nanoparticle spectromicroscopy.

Single-particle

spectroscopy

and

microscopy

were

together

carried

out

at

the

Surface/Interface:Microscopy (SIM) beamline [86,87] at the Swiss Light Source using an Xray photoemission electron microscope (X-PEEM) (Elmitec PEEM III) equipped with an
energy analyzer (schematic in Figure 9 and front-view of the set-up in Figure 10). Two 3.8 m
long undulators at the beamline located one behind the other provide high brilliance X-ray
light in the energy range of 90 and 2,000 eV. X-PEEM is a full-field photon-in/electron-out
imagining technique, which combines high resolution electron microscopy and X-ray
absorption spectroscopy.[88,89]

Figure 10. Front-view of the set up at the SIM beamline showing the X-PEEM and the
preparation chamber. The incoming X-ray direction is indicated by a red arrow.
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The beamline layout is illustrated in Figure 11. The beam from the undulators is first reflected
by a horizontally deflecting cylindrical mirror, which collimates light in the vertical plane and
focuses horizontally at the exit slit (ES) position. The collimated light illuminates a plane
grating monochromator (PGM) which is equipped with a plane mirror and three exchangeable
gratings – two laminar with grating groove density of 300/mm and 1200/mm, and one blazed
with groove density of 600/mm. This deliveres the monochromatic beam in the desired energy
range. The toroidal mirror then does astigmatism focussing, horizontally to the chopper and
vertically to the exit slit. The energy resolution is optimised (at the cost of intensity) by
closing the ES. The toroidal mirror downstream the ES refocus the photon beam within the
PEEM chamber at a grazing angle.

Figure 11. Optical layout of the SIM beamline for X-PEEM measurement-adapted from [90].

For the X-PEEM measurement demonstrated in this thesis, linearly polarized X-rays at the
synchrotron are incident on the sample at an oblique angle. Secondary electrons emitted in
response to the absorption of X-rays by the sample are recorded with a detector (CCD) at the
end of the optical column, which converts the electron image to an elemental contrast image
(photon image) (Figure 9). Since the electrons escaping the surface are accelerated by a strong
electric field between sample and objective lens along with a series of magnetic or
electrostatic electron lenses, the resulting image of the measured structure is highly
magnified. The base pressure in the PEEM is 5 × 10-10 mbar and measurements of the samples
46

Methods

were started at this condition. Dosage of hydrogen and oxygen in the chamber was performed
at a controlled pressure between 10-8 mbar and 10-5 mbar and measurements were performed
in gaseous environment at pressure up to 10-7 mbar. The X-PEEM is also equipped with a
360° rotary manipulator, which provides four electrical connections to the special sample
holders designed for in-situ experiments allowing cooling and heating. Heating of the sample
upto 1000 K is performed by applying a current through a tungsten filament located a few
millimeters below the sample holder. Cooling is done by using either liquid nitrogen or liquid
helium (for temperature down to 60 K). High temperature readings are done with a W/WRh
thermocouple (K-type) to measure the thermovoltage using the other two contacts. For other
experiments, including low temperature readings, a PT100 resistance thermometer is used.
2.3.1.1.

X-PEEM elemental contrast image

Figure 12. Elemental contrast images in the XPEEM microscope at different conditions of a
model system consisting of nanoparticles of the same size (60 nm particles) and large iron
structures (a) shows the image with the native oxide and (b) shows the image after annealing.
(adapted from [4])

The image contrast in PEEM arises from the element- and structure-dependent generation of
electrons from the sample as a function of X-ray. To obtain elemental contrast images, the Xray energy is tuned below and above an absorption edge and the electron signals are recorded
sequentially and then normalized to reduce illumination inhomogeneities. Figure 12 is an
example of iron nanoparticles of 60 nm in diameter. Here, the elemental contrast image is
obtained by dividing the image near the Fe L3-edge (708 eV) and the pre-edge region (703
eV), a few eV before the absorption edge. The bright spots correspond to individual iron
particles and their variation in intensity is mostly related to the varying particle sizes and the
chemical composition. Higher uniform intensity is observed in Figure 12(b) than in Figure
12(a) as there is change in the elemental composition of the native iron oxide particles which
are reduced to metallic iron.
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2.3.2.

X-ray absorption spectroscopy in X-PEEM

X-ray absorption spectroscopy (XAS) [91] is based on the principle of excitation of electrons
by photons. When absorption of X-rays occurs in matter, core-level electrons are excited into
unoccupied states above the Fermi level thereby leaving a core-hole. Core-hole annihilation is
accompanied by emitting fluorescence photons or Auger electrons. There processes lead to
the formation of secondary electrons. XAS can typically be measured in three different ways:
(a) Transmission, when photon energy going through the sample is normalized with incoming
energy; (b) Fluorescence, which is more suitable with hard X-rays and (c) Electron yield
(EY), which is performed in the current work using soft X-rays in the X-PEEM. The corehole decay process causes a cascade of emitted electrons (secondary electrons). Since there is
a very low inelastic mean free path of these low-energy electrons, the XAS measured in this
mode is surface sensitive.

Figure 13. A typical Fe L2,3 edge XAS spectra for metallic iron measured in X-PEEM.

When tuning the photon energy of the X-rays to the core-level energy (absorption edge), the
absorption process is resonantly enhanced and this regime of XAS spectra is called near edge
X-ray absorption fine structure (NEXAFS). NEXAFS gives the electronic states and the
coordination chemistry of the absorbing atom. Non-resonant absorption at energies further
above the absorption edge gives rise to the extended X-ray absorption fine structures
(EXAFS) regime, which contains the distance, coordination number and the bind of species of
neighbouring atoms. The XAS studies in this work exclusively concern the NEXAFS regime.
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The most intense features in the XAS are transitions into unoccupied states, governed by the
dipole-selection rules.
The Lambert-Beer equation gives the intensity of X-rays passing through a material with a
thickness ‘d’:
I (E; x) = I0 (E)exp[−µ(E). d];

where ‘µ(E)’ is the absorption coefficient which is proportional to the absorption cross
section σabs. This σabs is the transition probability Pfi per unit time for a photon flux Iph :
µ ∝ σabs = 𝑃𝑃𝑓𝑓𝑓𝑓 /Iph

Fermi`s golden rule defines the transition probability Pfi:

2
𝑃𝑃𝑓𝑓𝑓𝑓 ∝ � Mf,i
. �1 − n(Ef )�. δ(ħω − (Ef − Ei ))
f,i

where �1 − n(Ef )� is the density of unoccupied final states. The energy conservation is
2
factored into the δ-function. Mf,i
is the transition matrix element. Within an electric dipole

approximation, it is defined by |⟨𝑓𝑓|PA|𝑖𝑖⟩|2, where P is the momentum vector and A the

propagation vector of the electric field containing the polarization of the X-rays. Transitions
are then allowed according to the dipole selection rules. For instance, the L2,3 transition
involves 2p electrons that are excite into unoccupied 3d states. Figure 13 shows the XAS
spectra of metallic iron at the Fe L2,3 edge and the two pronounced features are the 2p3/2 to 3d
(L3 edge) and 2p1/2 to 3d (L2 edge) excitations.
In the experimental results shown in this thesis, X-PEEM images are recorded at the range of
photon energies between 700 eV and 718 eV to generate the sequence of the Fe L3 edge XAS
spectra (supplementary video in reference[3]), between 700 eV to 730 eV for Fe L2,3 edge
XAS (Figure 13, supplementary video in reference[4]), between 453 eV and 475 eV for Ti
L2,3 edge XAS in case of titania support and between 1550 eV and 1590 eV for Al K edge
XAS when the alumina support is used. Typical field-of-view of the X-PEEM ranges from
5 µm to 300 µm. Spectra from the desired nanostructure or from a part of the surface is then
extracted from the selected field-of-view of the PEEM microscope. To generate a spectral
image, the exposure was optimized for one second and averaged 3 times at each energy data.
Using this data acquisition scheme, a complete Fe L3 XAS spectra can be acquired in about
10 minutes while reducing the averaging decreases this time down to about 2-3 minutes.
During measurements of XAS spectra at high temperature, there is generally a large drift
which has to be neutralized by allowing the sample to stabilize at each temperature for some
minutes.
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Figure 14. Reference Fe L3 spectra for Fe, FeO, Fe3O4 and Fe2O3 used for linear combination
fitting.[92,93]

To analyse the spectral images, the series of images in each energy scan are corrected for
drift, followed by selection of the desired area on the support or the desired nanoparticle to
obtain the spatially-resolved XAS spectra. Normalization of the spectra is done with a marker,
which has no absorption edges in the energy range where the XAS spectra are taken. To
compare different stages of experiments, speciation is done based on linear combination
fitting (LCF) of the reference spectra of iron and the iron oxides (Figure 14). Principal
component analysis (PCA) has been successfully applied to XAS spectroscopy, since it
permits investigating the number of species present in a spectrum or series of spectra.[94,95]
PCA is widely used in data treatment to simplify complex data sets that contain multiple
observations of many variables. It exploits the fact that some of these variables are correlated
to simplify the data set, by transforming it in a way that replaces the original variables with
principal components. This transformation is performed such that it maximizes the variance in
the data captured by the first few principle components, whereas the remaining components
mainly capture the noise in the data set and can therefore be omitted. In order to analyze XAS
spectra by PCA, it is necessary to interpolate all spectra to the same energy spacing and use
consistent normalization. Then, the spectra can be concatenated into a single matrix (omitting
the energy scale) and the PCA can be applied. The original data set, which may involve many
variables, can then be interpreted in just a few variables, i.e. the principal components (more
details in[96]).
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2.3.3.

Surface Characterization

Rutherford Backscattering Spectrometry (RBS)[97] is a commonly used ion beam analysis
method to determine structure and composition of surfaces. It works on the principle of highenergy MeV ions (projectile) interacting with surfaces. The energy of the elastically
backscattered particles depends on the elemental composition of the target and on the depth at
which scattering takes place. Two factors contribute in a typical RBS measurement - the
energy of backscattered particle is related to the mass of atom against which it is scattered and
the loss of energy of the particle as they scatter from a different depth. This depends on the
path length of the ions traversed into the surface. The RBS is, therefore, a powerful method to
analyse surface composition and is used in this thesis to measure surface coverage with high
accuracy. Titania on alumina surfaces have been measured and analyzed by the RBS at the
Laboratory for Ion Beam Physics in ETH Zurich using a 2 MeV 4He beam and a silicon PIN
diode detector under 168°. The collected data have been evaluated using the RUMP
program.[98] The sensitivity of the measurement largely depends on the combination of
materials that are being investigated. If two surface atoms have masses in close range to each
other, such as aluminium and silicon, they are difficult to resolve. RBS is very well suited for
the measurements of heavy elements on light substrates.[99] Since there is a sufficient
difference in the mass of titanium and aluminium, titania deposited on alumina is detected
with high sensitivity and this allows accurate measurement of titania with submonolayer
coverage.
X-ray photoelectron spectroscopy (XPS)[100] is an element-specific and surface-sensitive
tool working on the principle of the photoelectric effect. Upon illumination with
monochromatic light, the binding energy of the electronic core-level of the atoms is probed by
analyzing the kinetic energy of the photoelectron after excitation. The core-levels can be
assigned to specific elements and therefore XPS gives the elemental composition of the
samples. Depending on the chemical environment, the binding energy of the core-level may
have different peaks, may broaden and shift, which relate to structure. This property of XPS
makes it a valuable tool to analyze the surface structure of the sample used in this thesis. In
addition to RBS, XPS also provides surface coverage of the species on a surface. In case of
titania on alumina, the titania layer thickness should be below 15 nm so that a measurable
substrate signal is obtained.[101] Using the inelastic mean free path and electron attenuation
length parameters for the materials, the surface coverage of titania deposited on alumina is
estimated in this thesis.
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2.3.4.

Other characterization methods

Optical microscopy is done in conjunction with a scanning electron microscopy (Zeiss Supra
VP55) for analysis during different stages of fabrication of the model systems and the mask,
as well to study the particle sizes. A profilometer is used to measure the thickness profile of
the resist and to quantify its roughness.

2.4. Computational methods
Calculation of the diffraction efficiency for different material at 13.5 nm wavelength in
Chapter 3 was done using a rigorous coupled wave analysis (RCWA) method in collaboration
with members of the Laboratory for Micro and Nanotechnology in PSI. The duty cycle of the
gratings was set at 50%.
In a collaborative work to explain experimental results, first principles DFT calculations
shown in Chapter 5 were performed out at the Nanoscale Simulations group of ETH Zurich
(done by Clelia Spreafico, more details in her Ph.D. Thesis[102] and in References[3,103]).
These calculations, explained in brief in this section, were carried out with the CP2K package
(http://www.cp2k.org), based on the hybrid Gaussian and plane-wave scheme.[104,105]
A plane-wave density cutoff of 800 Ry and periodic boundary conditions were adopted. For a
better understanding of the semiconductor electronic properties, both general gradient
approximation and hybrid functionals were used. General gradient approximation calculations
were performed with the Perdew–Burke–Enzerhof (PBE)[106] exchange correlation
functional, while hybrid calculations were carried out with the truncated PBE0
functional,[107,108] with varying percentages of exact Hartree–Fock exchange, ranging from
25% to 35%. A cutoff radius of 4.5 Å, sufficient to ensure converged electronic properties in
the truncated PBE0 calculations,[109] was chosen for all calculations with the truncated PBE0
functional. The auxiliary density matrix method, which relies on an auxiliary basis for
Hartree–Fock exchange,[110] was used to speed up hybrid calculations. Dispersion
interactions were included by means of an empirical analytical potential, using the Grimme
D3 method,[111] within a range of 15 Å.
Standard coefficients and scaling factors for PBE and PBE0 functionals were adopted. The
primary Gaussian basis set adopted in all calculations is of double ζ quality for all elements,
apart from hydrogen (triple ζ quality), in combination with Goedecker–Teter–Hutter
pseudopotentials.[112] Validation of the computational setup was carried out for both titania
and alumina, by comparison with experimental lattice parameters and bond lengths.
Differences between computed and experimental parameters were generally less than 1%.
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Activation energies were computed with the climbing image NEB method[113,114] with a
convergence limit of 2 × 10−5 eV. Density of states analysis was carried out with a resolution
of 0.03 eV. The thermodynamically most stable (101) surface was chosen as a model for the
anatase titania interface.[115,116] The bohemite-based crystal structure of γ-alumina
proposed in ref. [117] and confirmed by theoretical calculations[118] was adopted. Its two most
stable surfaces (001) and (100) were investigated and their properties compared. In all
modelled slabs, the interface under study was built to be perpendicular to the z axis, facing a
vacuum layer about 20 Å thick, whereas the x and y directions are fully periodic.
Hydrogen adsorption and diffusion from DFT
Assessment of the interaction of hydrogen with the anatase and alumina surfaces is a
fundamental step of the investigation. The adsorption energy of a hydrogen molecule on a
given surface is computed as:
Eads,H2 = E(2H, surf. ) − E(surf. , clean) − E�H2, vacuum�

where E(2H, surf. ) is the total energy of the hydrogenated surface, E(surf. , clean) is the total
energy of the clean surface, and E�H2, vacuum� is the energy of hydrogen in vacuum, not

interacting with the surface.

Direct comparison to hydrogen in vacuum phase avoids the bias due to the intrinsic instability
of a single hydrogen atom in vacuum. The adsorption energy of a single hydrogen atom can
then be computed as:
1
𝐸𝐸
2 𝑎𝑎𝑎𝑎𝑎𝑎,𝐻𝐻2
Dissociative hydrogen adsorption on anatase (101) is energetically favourable, and the oxide
𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎,𝐻𝐻 =

slab is reduced, with transfer of two electrons to the substrate.
Prediction of surface coverage
In the ab initio thermodynamics calculation details, for a given pair of temperature and
pressure values (T, p), the most stable surface composition and geometry is the one that
minimizes the system free energy 𝛾𝛾(𝑇𝑇, 𝑝𝑝) :
𝛾𝛾(𝑇𝑇, 𝑝𝑝) =

1 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝐻𝐻2
𝑠𝑠𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
�𝐸𝐸
− 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡
− 𝑁𝑁𝐻𝐻 𝜇𝜇𝐻𝐻 (𝑇𝑇, 𝑝𝑝)�
𝐴𝐴 𝑡𝑡𝑡𝑡𝑡𝑡
1
𝑝𝑝
𝜇𝜇𝐻𝐻 (𝑇𝑇, 𝑝𝑝) = 𝜇𝜇𝐻𝐻 (𝑇𝑇, 𝑝𝑝0 ) + 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 � 0 �
2
𝑝𝑝

1
{[𝐻𝐻(𝑇𝑇, 𝑝𝑝0 , 𝐻𝐻2 ) − 𝐻𝐻(0𝐾𝐾, 𝑝𝑝0 , 𝐻𝐻2 )] − 𝑇𝑇[𝑆𝑆(𝑇𝑇, 𝑝𝑝0 , 𝐻𝐻2 ) − 𝑆𝑆(0𝐾𝐾, 𝑝𝑝0 , 𝐻𝐻2 )]}
2
where A is surface area, Etot is the total energy, p0 is standard pressure (1 bar), H is
𝜇𝜇𝐻𝐻 (𝑇𝑇, 𝑝𝑝0 ) =

enthalpy, S is entropy and μi(T, p) is the chemical potential of species i, at given
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temperature and pressure. The parameter μi(T, p) includes the vibrational, rotational
and ideal gas entropy contributions to the chemical potential of the species i.
Calculation of diffusion coefficients
Diffusion on a surface depends not only on the activation energy for the movement of an atom
on a surface but also on the availability of neighbouring sites and on the temperature of the
system. The mobility of a surface adsorbed atom is therefore better represented by the
diffusion coefficient, D.
A first approach to the problem of surface diffusion is the random walk model proposed by A.
Einstein[119]. It involves modelling the motion of individual particles as random walks in the
same way as the motions of gas molecules are modelled. According to the random walk
model for diffusion, the macroscopic surface diffusion coefficient D for an atom (or
molecule) on a two-dimensional surface can be computed by the following expression[120]:
𝐷𝐷 =

〈𝛥𝛥𝑟𝑟 2 〉 𝜈𝜈𝑎𝑎2
=
𝑧𝑧
𝑧𝑧𝑧𝑧

where 〈𝛥𝛥𝑟𝑟 2 〉 = 𝜈𝜈𝑎𝑎2 𝑡𝑡 is the mean square displacement at time t, a is the distance travelled by
the atom in a single hop (the spacing between adsorption sites), and ν is the microscopic jump
frequency. z is the number of neighbouring sites to which the atom can hop. For onedimensional diffusion, that is, when the atom can hop either to the left or to the right
neighbouring site, as is the case for titania and γ-alumina, z = 2. The harmonic transition state
theory model relates the microscopic jump frequency to the activation energy Eact for surface
diffusion and to the temperature, as shown in the following expression:
𝜈𝜈 = 𝜈𝜈0 𝑒𝑒𝑒𝑒𝑒𝑒 �

−𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎
�
𝑘𝑘𝑘𝑘

where ν0 is the attempt frequency required to overcome the activation energy barrier, T is
temperature and k is Boltzmann’s constant. The harmonic transition state theory model is a
good approximation for many solid-state and surface reactions, because the energy barriers
are often large compared to the average kinetic energy in the system, kT. This is important
because it ensures that the system reaches a local equilibrium between reactive events. ν0 can
be obtained by considering the nature of the state where the atom is between the lattice sites
(saddle point). The activation energy Eact is defined as the difference in energy between the
saddle and reactant energy. The exponential term represents the Boltzmann probability that a
vibrational along the reaction direction will overcome the barrier and continue into the
product state.
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3.1. Introduction

Figure 15. Schematic of multiple-beam interference lithography showing cross-section of the
mask and two interfering beams. Diffracted beams interfere and form a periodic aerial image on
the wafer plane. Only first-orders and zeroth-order diffraction are shown for simplicity.

Metal nanostructures are of interest due to their unique optical, electronic, magnetic, and
catalytic properties.[121-123] For instance, metal nanoparticles play a major role in biomass
conversion, in production of chemicals, in the refinery and in fuel cells. Conventional
processes that involve chemical synthesis to fabricate model systems either do not feature
uniformity in size or lack well-defined separation of nanoparticles over large area.[124-126]
Nanopatterning using top-down methods has, therefore, attracted substantial attention to
develop reproducible model systems in which size and order of nanoparticles can be
controlled in a straightforward manner. Well-defined systems with metal nanoparticles will
enable more systematic studies of the effects of particle size, inter-particle distance, and
metal-support interaction. Recent advances in nanotechnology have enabled feature sizes
below 20 nm, which coincides with particle sizes of interest for applications in
optoelectronics,[127]

plasmonics,[128]

magnetism,[129]

and

catalysis.[130-133]

For

example, model catalysts have been fabricated using top-down lithography, such as electron
beam lithography (EBL) and photolithography with control of nanoparticle size, surface
structure, location, and support-metal interface.[41,134,135] These conventional techniques
are either low-throughput, e.g. EBL, or do not enable the required resolution, e.g. laser
interference lithography. Large arrays of nanoparticles have been fabricated using other
techniques, such as nano-imprint lithography,[136] ion milling,[137] but there is always a
trade-off between smallest achievable feature size, density of particles, and throughput of
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fabrication. Large-area patterning up to several square centimeters with sub-20 nm features is
needed to study quantum electronic and chemical properties. Moreover, many physical and
chemical and optical characterization tools, such as X-ray diffraction, X-ray photoelectron
spectroscopy, and X-ray topography require large ensembles of identical nanoparticles to
obtain sufficient signal-to-noise ratio.

Figure 16. Schematic showing achromatic Talbot lithography and cross-section of mask. Selfimages of grating are produced at the Talbot distances ZT from the transmission mask, which
starts to smear out at large distances and eventually becomes stationary at a distance larger than
ZA.

Extreme ultraviolet interference lithography (EUV-IL) has the throughput and simplicity
advantages of interference lithography as well as high resolution due to its short wavelength
of 13.5 nm. Generation of sub-10 nm structures has been demonstrated using EUV-IL, which
is currently the record for photolithography.[138] Dot arrays can either be achieved using
four-beam interference lithography[7,139,140] shown in Figure 15 or using achromatic
Talbot lithography (ATL), also known as achromatic spatial frequency multiplication method
(ASFM)[5,6,141,142] shown in Figure 16. In this chapter, these holographic lithography
approaches using EUV light are employed to achieve large-area dot arrays with high
resolution over large areas and with superior uniformity. For this purpose, new concepts for
the fabrication of masks, i.e. diffractive transmission gratings, using EBL and nickel
electroplating have been introduced (Figure 17) and highly efficiency masks are designed.
These masks require minimum number of lithographic steps increasing the yield and
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throughput of fabrication. Different types of masks are then fabricated and the performance of
various approaches of multiple-beam EUV-IL and EUV-ATL is compared. An approach of
EUV-ATL is developed that produces sub-20 nm feature size over an area of 500 × 500 µm2
in a single-shot exposure of few seconds with high replication and throughput. Step-andrepeat exposure to stitch multiple fields is demonstrated to achieve patterned area up to
several square centimeters within few minutes.

3.2. Results and Discussion
3.2.1.

Mask fabrication for EUV-IL employing nickel

Figure 17. Schematic showing different steps for fabrication of transmission masks using nickel
for grating and photon stop.

EUV-IL typically involves a scheme with a mask which is illuminated with a spatially
coherent EUV beam, producing a periodic aerial image at a certain distance behind the mask
due to interference of diffraction orders (Figure 15 and Figure 16). Several challenges are
associated with mask fabrication towards the goal of achieving high-resolution nanoparticle
arrays with uniformity over a large area in a single shot EUV exposure. Mask fabrication is
done using EBL, since precise positioning of individual gratings is necessary to achieve the
desired phase relations.[143] Complex mask fabrication strategies, which involve multiple
EBL steps with overlay exposures substantially, decrease the yield of mask fabrication on thin
and fragile membranes. Efficiency of transmission masks and uniformity of EUV exposure
are largely dependent on the material used for mask fabrication on Si3N4 membranes. A
material with high diffraction efficiency is needed for gratings and a material with high
attenuation to EUV light, subsequently called a photon stop, is required in the areas
surrounding the gratings.
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Figure 18. Calculated diffraction efficiency at 13.5 nm wavelength for 1:1 lines/space gratings of
HSQ and nickel as a function of grating thickness for a pitch of 150 nm.

Hydrogen silsesquioxane (HSQ) is a high-resolution negative-tone EBL resist.[144,145]
Upon exposure to electrons and photons it is converted to SiO2. It has the advantage that
diffractive grating patterns can be written directly on the membranes using EBL without any
pattern transfer, which reduces the number of process steps and increases the yield of
fabrication. In addition, HSQ has high diffraction efficiency for EUV with an efficiency
maximum at a thickness of 250 nm corresponding to an 180o phase shift in the material, as
seen in Figure 18. Nickel has been used in the fabrication of Fresnel zone plates due to its
high diffraction efﬁciency and high-contrast at EUV and soft X-ray ranges[146,147] and, in
this chapter, it has been introduced for gratings in transmission masks. Moreover, a nickel
layer thickness of just 120 nm gives sufficient attenuation to act as a very good photon stop,
which is much higher than HSQ and almost ten times higher than conventional photon stop
materials such as gold of the same thickness (at 13.5 nm wavelength, the attenuation length is
14.8 nm for nickel and 20.8 nm for gold). It was also observed that nickel has constant and
still fairly high diffraction efficiency above the thickness of just 100 nm (Figure 18). This
makes a 120-nm-thick nickel film suitable for photon stop, due to its high absorbance, and for
diffraction gratings as it is not sensitive to variation of the layer thickness over large area. Use
of such thin layers also lowers the stress of electroplated thin films, a requirement because of
the fragile nature of Si3N4 membranes. Exploiting these properties, this chapter demonstrates
a simple mask fabrication strategy with high yield involving only a single step of EBL
followed by nickel electroplating simultaneously for gratings and photon stop. Masks with
HSQ and nickel have been fabricated and the results of EUV-IL to achieve large-area and
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uniform dot arrays with different interference schemes have been presented in the subsequent
sections.

3.2.2.

Four-beam EUV-IL for homogenous single-shot patterning

Two-dimensional periodic patterns consisting of dot arrays are obtained by illuminating a
transmission mask consisting of four gratings. In the case when each of the gratings have the
same period, interference of first-order diffracted beams from the gratings leads to the
formation of two-dimensional patterns in the form of a square lattice with a period equal to
1/√ 2 of the period of gratings in the transmission mask. The square lattice is also rotated by
45° relative to the gratings. This property of demagnification is advantageous to achieve
nanoparticles with high density. Figure 15 shows the schematic of multi-beam interference
involving a mask with diffractive transmission gratings. The diffracted beams interfere and
form a periodic aerial image on the wafer plane. In this work, an approach in which the pitch
of the vertical and horizontal gratings is slightly different is adopted and consequently, the
period of resulting pattern is further reduced to a value that is 1/2 of the period in the
transmission mask leading to much higher particle density.
3.2.2.1.

Four-beam EUV-IL using masks based on HSQ gratings with footing

Figure 19. (a) SEM image, at low magnification, of a 4-beam mask on a 100-nm-thick Si3N4
membranes fabricated using EBL and footing strategy. Each of the four gratings are spread over
400 × 400 μm2. (b) SEM image, at high magnification, shows the HSQ grating with 400 nm
period. HSQ lines are 250 nm thick and has a thin HSQ footing layer in between the lines while
the area outside the gratings has electroplated nickel as photon stop.

In most conventional mask fabrication strategies, two different materials were used for the
gratings and the photon stop which requires multiple overlay exposures with EBL – first,
writing markers with a high contrast material such as gold, followed by a second step to
fabricate gratings and a third step to prepare the photon stop which is the area on the
membrane outside the desired gratings. The aim was to fabricate large-area masks using
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strategies that require only a single EBL step to simplify the mask making process and
increase the throughput. One such fabrication method to achieve large-area and highresolution transmission masks for four-beam EUV-IL is the footing strategy, which
circumvents pattern collapse and increases the yield of fabrication substantially.[148]
Fabrication of transmission mask using the footing strategy was done on the Si3N4
membranes with a thermally evaporated Cr/Au/Cr layer multilayer as base layer and nickel as
photon stop. A 250-nm-thick HSQ resist was spin-coated on this membrane. This targeted
resist thickness leads to the highest diffraction efficiency of HSQ material according to the
calculations (Figure 18). Linear gratings were written on the resist using EBL which was
followed by development of the resist. Reactive ion etching using chlorine gas was then
performed to remove the last Cr layer, which is followed by electroplating a 120-nm-thick
nickel layer as photon stop on the base Au layer. In order to prevent electroplating of nickel in
between the gratings, a much thinner HSQ footing layer was also written between the HSQ
gratings during the EBL process.

Figure 20. SEM images of four-beam EUV-IL exposure results on HSQ resist using the
transmission mask fabricated employing the HSQ footing strategy shown in Figure 19. (a) and (b)
show high and low magnification results respectively at low dose. (c) and (d) show high and low
magnification results, respectively, at a high dose. Inhomogenity of exposure patterns is clearly
seen over a 400 × 400 µm2 area which results in disparity of particle sizes.

Figure 19(a) shows the SEM image of the resulting large-area transmission mask with four
linear gratings. The SEM image in Figure 19(b), at higher magnification, shows the HSQ
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gratings with a period of 400 nm along with the HSQ footing layer. This strategy avoids
patterns collapse and increases the yield of fabrication substantially. In addition, this mask
fabrication strategy requires only a single EBL step and simplifies the mask making process.
The mask fabricated using the footing strategy and employing interference of four beams have
a set four gratings arranged in a manner so that the interference pattern produces patterns with
hole and dot arrays on EUV exposure at different dosage. EUV exposure was performed with
this mask and the patterns were recorded on silicon wafers spin-coated with HSQ resist.
Figure 20 show the SEM images of the obtained patterns at a low dose which results in dot
arrays and the exposure at high dose gives hole arrays. The generated patterns were uniform
over an area of 1-2 µm2 but suffered from substantial inhomogeneity over larger area. The
shape and size of the dots in Figure 20(a) and hole in Figure 20(c) vary substantially across
the exposed field of 400 × 400 µm2. Uneven attenuation and diffraction from the gratings in
the mask can also be validated in the zeroth order diffraction patterns (i.e. non-interfering
transmitted light through the gratings) as seen in Figure 20(b) and Figure 20(d). EUV
exposure performed with this mask results in patterns that exhibit substantial inhomogeneity
(S1 in supporting information). This inhomogeneity can be attributed to HSQ gratings which
are vulnerable to thickness variations that can arise during HSQ spin coating. In addition,
even minor errors in the alignment of the membranes during EBL writing of HSQ grating and
HSQ footing changes the thickness of HSQ layers, each with a 400 × 400 µm2 area. Since the
diffraction efficiency is not constant in the vicinity of 250 nm thickness (as seen in Figure
18), these small variations in the thickness of HSQ gratings results in substantial
inhomogeneity on EUV exposures which is much more dominant for large exposure area.
Inhomogeneous exposure from these linear gratings leads to disparity in the shape and size of
the patterns. This makes the footing strategy disadvantageous for applications where the goal
is to have high uniformity of particle sizes over large areas to study size-dependence behavior.
Based on this observation, a new mask fabrication strategy is introduced in the following
sections that also involves a single EBL step but opens up the area between the gratings and
employs the advantages of nickel as a material for gratings and photon stop.
3.2.2.2.

Novel masks based on nickel gratings employed for four-beam EUV-IL

Figure 17 shows the schematic for the fabrication of transmission masks with nickel. In the
first stage, HSQ resist was spin-coated on the Si3N4 membrane with thermally evaporated
base multilayers of Cr/Au/Cr layers (Figure 17-i). The second stage involves writing gratings
using the EBL tool. The EBL exposure parameters were designed with accurate proximity
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effect correction and the exposure dose was optimized to suppress any possibility of footing
lines to appear between the desired gratings. Following the development of the resist, gratings
with 50% duty cycle were achieved with no residual HSQ in between the gratings, which is
critical for subsequent stages (Figure 17-ii). In the next stage, one chromium layer was etched
to expose the underneath gold layer (Figure 17-iii). Electroplating had to be optimized so that
the growth of nickel on the gold layer begins simultaneously within the gratings and in the
area outside the grating for photon stop. A 120-nm-thick nickel layer was electroplated
(Figure 17-iv), which is sufficient for constant diffraction efficiency in case of gratings and
high attenuation to EUV as a photon stop (Figure 18). Following this step, the HSQ gratings
were stripped in buffered hydrofluoric acid (HF) solution, which exposes the base chromium
layer (Figure 17-v). The final stage involved removing this chromium layer to achieve
transmission masks on Si3N4 membrane with nickel central stop and clear nickel grating
(Figure 17-vi).

Figure 21. (a) SEM image of four-beam transmission mask on 100 nm thick Si3N4 membranes
consisting of nickel grating and photon stop. (b) The SEM image at higher magnification shows
nickel grating with a periodicity of 400 nm and an area of the nickel central stop.

Figure 21(a) shows a low magnification SEM image of a mask fabricated using this new
approach. The mask was designed for four-beam EUV-IL such that the interference pattern is
obtained in the projected area between the gratings. SEM image at higher magnification
(Figure 21(b)) shows an area of these distinct nickel grating with a periodicity of 400 nm and
the nickel photon stop, both electroplated simulatenously to a thickness of 120 nm. EUV
exposures were performed on HSQ resist using this mask resulting in 2D patterns shown in
Figure 22. The SEM images in Figure 22(a) and Figure 22(b) show the case with low EUV
exposure dose where dot arrays were obtained; whereas Figure 22(c) and Figure 22(d) show
hole arrays resulting from high-dose exposures. As clearly seen in the low-magnification
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SEM images, homogenous and uniform dot and hole arrays were obtained over the full
exposure area of 400 µm × 400 µm in a single shot exposure, which is a significant
improvement compared to results obtained with the mask fabricated with footing strategy
(Figure 20). In addition, the required EUV dose on mask using the footing strategy was
2000 mJ/cm2 for the smallest feature size of 40 nm whereas the mask with Ni electroplating
yielded the same patterns with 10 times lower dose (200 mJ/cm2). Thus masks using nickel
gratings provide highly uniform patterning with a much faster single shot exposure time of
only a few seconds to achieve the same feature size and this facilitates taking control of
particle size.

Figure 22. SEM images of four-beam EUV-IL exposure results on HSQ resist using the
transmission mask with nickel grating shown in Figure 21. (a) and (b) show high and low
magnification results respectively at low dose which gives uniform 30 nm dot array with period
200 nm. (c) and (d) show high and low magnification results, respectively, at a high dose which
results in 175 nm hole-array with period 200 nm. The mask is highly efficient and the resulting
first order diffraction patterns is extremely uniform over 400 × 400 μm2 area.

3.2.3.

EUV-IL using ATL for uniform large-area patterning

In the scheme involving four-beam EUV-IL, the size of the desired area with first order
diffraction patterns is limited by the main writing field size of EBL during mask fabrication.
Expanding these patterns to an area of a few square millimeters is not feasible in a single shot
exposure. Moreover, multi-beam interference lithography uses the incident beam ineffectively
since the area of the first order diffraction patterns is much smaller than the area occupied by
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the gratings in the transmission mask (Figure 16). A major portion of the transmitted beam is
channelled to unused diffraction orders by the gratings. The incident EUV beam is a Gaussian
beam of limited size (FWHM of ~1.5 mm × 2.5 mm), which also limits the uniformly exposed
area in single shot EUV exposure. Stitching of multiple fields is also not feasible due to the
presence of noninterfering diffraction orders, as seen in the schematic in Figure 15 and in the
SEM images of exposure results in Figure 22(b) and Figure 22(d). The zeroth-order
diffraction patterns surround the desired first order diffraction pattern on all four sides
limiting any possibility to stitch multiple first order diffraction fields over a large area.
ATL was, therefore, considered as a better approach to bypass these limitations of four-beam
intereference lithography for large-area patterning. ATL method makes use of Talbot
effect,[149,150] which is a well-known phenomenon in which illuminated objects with
periodic transmission profile produce self-images at certain distances. When a periodic
grating with period p is illuminated by coherent light of wavelength λ, self-images are formed
at multiples of Talbot distance ZT=p2/λ (Figure 16). Each subsequent self-image is laterally
shifted by half the periodicity. The concept of generation of self-images at Talbot distance is
applicable to lithography,[151] sometimes also referred to as coherent diffraction
lithography,[152] but these techniques are limited by the depth of focus. The sample and the
transmission mask need to be placed very close to each other with extreme high accuracy to
record nanometer-scale patterns. To overcome this limitation, the approach of ATL was
adopted which uses the spectral distribution of the EUV light to its advantage. Due to the
bandwidth ∆λ, the Talbot distance shifts to ZT=2np2/λ±∆λ, where n is an integer, at every
following self-image. This leads to a smearing and overlap of the self-images which gives rise
to a stationary intensity pattern beyond the achromatic Talbot distance ZA=2p2/∆λ (Figure 16).
The intensity pattern on the substrate beyond the distance ZA from the transmission mask is
independent of the z position. This method is also called achromatic frequency multiplication
since the aerial image has higher spatial frequency than that of the illuminated grating. For 1D
and 2D gratings the period of the aerial image is reduced by factor 2 and √2, respectively. In
addition, in this method all the intensity transmitted through the mask contributes the aerial
image and therefore the pattern formation is achieved at relatively low doses. Another major
advantage of using ATL is the self-healing property.[153,154] This self-restoring property
spreads the localized defects of the periodic gratings to the entire wavefront due to diffraction
and, after several self-imaging lengths ZT, small deformities in the periodic diffraction pattern
are either invisible or weakly visible depending on the size of the perturbations. This selfimaging effect performs filtering of the high spatial frequencies from the mask and, thus,
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making EUV exposure results immune to surface defects and edge roughness of mask. Most
importantly for the desired applications in catalysis, the absence of any patterns outside this
area opens up the possibility to stitch multiple EUV exposures for large area patterning. In
summary, ATL uses the beam intensity and size effectively and enables stitching of multiple
fields. These aspects make this method particularly advantageous for high throughput
fabrication over large areas, where small field stitching errors are not important.
3.2.3.1.

EUV-ATL using masks based on HSQ gratings with footing

Figure 23. SEM images of EUV exposure result using transmission masks with hole-arrays in
HSQ (a) at lower magnification showing the full patterning area of 500 × 500 µm2. (b) at higher
magnification shows 40 nm dots arrays. High non-uniformity in the patterns is clearly visible in
both images.

The main challenge in ATL is the difﬁculty to design periodic patterns in transmission masks
and to obtain high-resolution, sub-20 nm particle sizes upon EUV exposure. 2D gratings such
as holes arrays are required in transmission masks to produce dot arrays. 2D gratings such as
holes arrays are required in transmission masks for ATL to produce dot arrays for a negative
resist such as HSQ. For high yields of mask fabrication on Si3N4 membranes, the first
strategy employed is to write hole-arrays over an area of 500 × 500 µm2, which is the
maximum writing field of the EBL tool, in HSQ resist and use this directly as masks. Since
HSQ is a negative tone resist with low sensitivity, this process involves long EBL writing
times and therefore it is a low throughput process for mask fabrication. On the other hand, it
involves no further fabrication step which increases the yield of fabrication. The periodicity of
hole-arrays in the transmission mask was 300 nm which resulted in EUV exposure results
seen in Figure 23. The substrate was placed in the achromatic Talbot regime at a distance of
1.5 mm away from the mask and 40 nm dot arrays with a periodicity of 212 nm are observed
at a low exposure dose. Similar to the EUV exposure results obtained using the four-beam
masks with HSQ footing (Figure 20); the resulting patterns in this case were also non-uniform
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due to the thickness variations of HSQ gratings leading to fluctuations in diffraction
efficiency over such large area.
3.2.3.2.

EUV-ATL using masks based on nickel gratings

Figure 24. SEM image of a Si3N4 transmission mask with holes in nickel, having a periodicity of
150 nm, obtained using the fabrication strategy shown in Figure 17. This was employed for EUV–
ATL exposures, shown in Figure 27.

Figure 25. SEM images of resulting patterns on EUV-ATL exposure using this high-resolution
larger-area transmission mask based on nickel, having a 300 nm pitch on mask resulting in 212
nm period after exposure. (a) shows 35 nm HSQ dots and (c) shows 80 nm dots on silicon wafer
obtained at low and high EUV exposure dose respectively. (d) shows 130 nm dots at much larger
dose together with evolution of second order diffraction patterns in the form of a second dot of 15
nm size.

For uniformity in EUV exposures with ATL, the approach introduced in the schematic in
Figure 17 was then adopted to fabricate large-area masks which have hole-array patterns in
nickel. Instead of writing linear grating, as done previously to achieve four-beam nickel
grating, the EBL parameters was optimized to obtain HSQ dot-arrays on Si3N4 membranes
with a thermally evaporated base multilayers of Cr/Au/Cr. The EBL writing and resist
development parameters were calibrated so that there was no residual HSQ between the dots.
The HSQ dot arrays were spread over an area of 500 × 500 µm2. The chromium layer in
between the HSQ dots was etched away and a 120-nm-thick nickel layer was electroplated
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ensuring slow and uniform growth between the HSQ dots. Removal of HSQ dots in buffered
HF resulted in hole-arrays in nickel. The final step involved removing the base chromium
layer. Several transmission masks were successfully fabricated for ATL using this approach
reaching periodicity of hole-arrays in nickel down to 150 nm (SEM image in Figure 24).

Figure 26. SEM image at low magnification showing uniformity of resulting patterns on EUV-ATL
exposure using this high-resolution larger-area transmission mask based on nickel over an area
of 500 × 500 μm2.

The resulting SEM images on EUV exposure using ATL are seen in Figure 25 to Figure 28.
As mentioned, for 2D gratings such as hole arrays, the aerial image has a period equal to 1/√ 2
of the grating period and rotated by 45° and therefore the exposed patterns have a pitch of 106
nm, 212 nm and 424 nm for the corresponding mask having hole-arrays with 150 nm, 300 nm
and 600 nm periodicity respectively, all of which were successfully fabricated. Figure 25(a)
and Figure 25(b) show SEM images of fabricated nanostructures using low and high dose,
respectively, using the mask having hole-arrays with a period of 300 nm. This demonstrates
the capability to achieve different features sizes using the same mask by varying the EUV
exposure dose. Additional small dots due to the second-order diffraction effects in Talbot
phenomenon become visible at higher EUV dose (Figure 25(c)), which have a very low
intensity and therefore are suppressed at low doses. This sets an upper limit of achievable
single-sized dots.

Single-shot EUV exposure using the mask with smallest periodicity of 150 nm also shows
uniformity over the complete area of first order diffraction (Figure 26). A small noninterfering area is seen on the four sides of the pattern due to the diffraction angle of EUV
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light as shown in the schematic of Figure 16. The width of this area is dependent on the
distance of the wafer from the mask. The minimum width of the non-interfering area can be
calculated for the achromatic Talbot distance as 2p(λ/∆λ), which is 50×p for 4% bandwidth of
the EUV light source. For the mask with an area of 500 × 500 µm2 and period of 150 nm, the
first order diffraction patterns are formed over the area of 485 × 485 µm2; with the minimum
width of the non-interfering area lost on each of the four sides being 7.5 μm. The gap between
the wafer and mask was kept much larger to show a pronounced effect of this effect as seen in
the SEM image in Figure 26. Uniformity over the complete first order diffraction area is a
substantial improvement over the exposure results observed using masks with holes in HSQ
and the corresponding SEM image at higher magnification is seen in Figure 27(a). These
masks are highly efficient and a single-shot exposure at less than 300 mJ/cm2 EUV dose
results in 15 nm dot arrays with about 100 nm period on silicon rendering a density in the
range of 1010 particles/cm2 (Figure 27(a)).

Figure 27. (a-b) SEM images of resulting patterns on EUV-ATL exposure using this highresolution larger-area transmission mask based on nickel, having a 150 nm pitch on mask
resulting in 100 nm period after exposure. (a) 15 nm HSQ dots with 100 nm period which was the
smallest feature size with uniformity over full exposure area. (b) is the result from same exposure
done on thin platinum film for subsequent pattern transform. (c) and (d) are SEM images of iron
nanoparticles obtained after the lift-off process following the EUV-ATL exposure (c) using the
mask with 600 nm pitch that results in iron nanoparticles of 70 nm in size and 424 nm pitch on the
silica substrate and (d) using the mask with 100 nm pitch that results in iron nanoparticles of 35
nm in size and 100 nm pitch on the silica substrate.
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The transmission masks made using the new strategy presented in this chapter were used to
perform and compare EUV exposures at 13.5 nm and 8.8 nm wavelength illuminations at two
different synchrotron sources, namely at the SLS in Switzerland and at the Shanghai
Synchrotron Radiation Facility (SSRF) in China respectively.[6] The results for this study
proved that the advantage of employing the broadband nature of illumination in ATL makes
this interference lithography technique a simple but very robust scheme that is suitable for
different wavelengths and for variety of EUV sources and setup.
3.2.3.3.

Pattern transfer after EUV-ATL and step-and-repeat exposure

Figure 28. (a) Schematic of step-and-repeat ATL employing the novel, robust and reusable
transmission mask through which EUV light passes and exposes the substrate covered with
resist. SEM images (b) and (c) demonstrate stitching of multiple fields over 1 × 1 cm2 area using
step-and-repeat EUV-ATL exposure with a small non-interfering area between each single-shot
exposure. Reducing the distance between the mask and wafer close to the calculated achromatic
distance lead to reduction in this non-interfering area, as in the case of (c) when compared to (b).

As in the case of common optical lithography, the resist pattern needs to be transferred into a
suitable metal, either via an etching process using a hard mask or through a lift-off process
employing nano-wells. For pattern transfer via etching to obtain metal nanoparticles, spincoating of HSQ resist is needed on thin metal films which often has challenges associated
with the adhesion of the two layers. Intermediate adhesion layers were used and their
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thickness was optimized to achieve 15 nm HSQ dot arrays on platinum film (Figure 27(b)).
This was further used to develop an etching recipe to obtain platinum nanoparticle array (part
of collaborative work with Simon Andreas Tschupp, details in his Ph.D. Thesis[155]). This
demonstrates that the same exposure results can be achieved on thin films of different metals
and patterns can be transferred to obtain metal nanoparticles over a large area. Alternatively,
the lift-off process was also performed by exposing poly(methyl methacrylate) (PMMA), a
positive-tone resist as employed commonly in EBL to obtain arrays of nano-wells. Due to the
decreasing EUV beam intensity in the resist, this process required the use and optimization of
low and high molecular weight positive-tone resist (PMMA-MMA) bilayers before exposure.
Using this strategy, highly uniform iron nanoparticles of 70 nm diameter with 424 nm pitch
(Figure 27(c)) and 35 nm diameter with 100 nm pitch (Figure 27(d)) were obtained. The
process window for lift-off is comparatively short for the mask with smaller periodicity and,
therefore, some particle peel off in Figure 27(d).
A single-shot exposure required only a few seconds to achieve a pattern of nanoparticles
down to 15 nm in size with 100 nm pitch (Figure 27) over an area of about 500 × 500 µm2
(Figure 26). Further increase of the patterned was achieved using step-and-repeat exposures
(Figure 28). These 15 nm particle arrays were obtained over an area of 1 × 1 cm2 in just about
5 minutes by stitching multiple fields. Figure 28(a) is the SEM image with larger side-fields
and Figure 28(c) is SEM image with smaller side field by reducing the gap between the mask
and exposed substrate. The ability to obtain large area patterns at this rate, which is about
1000 times faster than the vector-scan direct writing EBL tool, opens up the possibly to
fabricate reproducible model systems consisting of nanoparticle arrays with very highthroughput.

3.3. Conclusions
An effective lithographic approach for fabricating well-defined model systems for studying
ordered nano-sized particles which are densely packed over large areas has been established.
Although the footing strategy reduces the electron beam writing steps, it compromises on the
efficiency of these masks and uniformity for exposure over a large area. Successful
implementation of a novel mask fabrication strategy with one-step EBL and nickel as grating
material and central stop has been done. This results in highly efficient masks. The chapter
also demonstrates that nickel masks are the most efficient for large area uniform exposure. In
comparison to masks using four-beam interference, ATL is found to be the most effective
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technique to achieve large area nanostructures. 15 nm dot-arrays with periodicity of about 100
nm over an area of around 500 × 500 µm2 were obtained in a single shot exposure which can
be replicated over more than 1 × 1 cm2 area using step-and-repeat exposures in a matter of
few minutes.
High-resolution patterns generated using ATL guarantee good signal-to-noise ratio when used
in characterization techniques in catalysis research, spectroscopy, optics and magnetics. These
properties have been used to achieve small feature sizes with uniformity over large areas and
with complete control over particle size. While some challenges remain for both lift-off and
etch processes to obtain metal nanoparticles at the resolution limit currently achieved by EUV
lithography, several mitigation strategies are being pursued. With processes at this size range
being increasingly influenced by chemical rather than physical phenomena, the focussed
research in surface chemistry and catalysis might enable new nanofabrication techniques in
the future, allowing for a true bidirectional interaction between these research areas. Further
studies aim for feature sizes well below 10 nm with much higher density (resolution below
100 nm) over square centimeter large area.
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4.1. Introduction
Understanding the chemistry of nanoparticles is crucial in many applications. Their synthesis
in a controlled manner and their characterization at the single particle level is essential to gain
deeper insight into chemical mechanisms. In this chapter, single nanoparticle spectromicroscopy with top-down nanofabrication is demonstrated to study individual iron
nanoparticles of nine different lateral dimensions from 80 nm down to 6 nm and to elucidate
size effects of these nanoparticles.

4.1.1.

Background

Iron is the fourth-most abundant element in the earth’s crust and exists in various oxidation
states. The principal forms that occur naturally are ferrous Fe(II) and ferric Fe(III) iron. It is
an integral part of a number of proteins and enzymes[156] and the two oxidation states make
it suitable for numerous biochemical reactions.[157,158] Applications of iron and iron oxide
nanoparticles

have

been

explored

in

RF-mediated

cell

activation,[159]

cancer

immunotherapy,[160] medical imaging and drug delivery,[161] information storage,[162]
wastewater treatment and ground water remediation,[163] among many others.[164] Iron is
also an essential industrial catalyst in many reactions such as the Haber-Bosch process for
ammonia

synthesis,[165]

Fischer–Tropsch

synthesis,[166]

and

hydrogenation

reactions.[167,168] It offers a low-cost and non-toxic alternative to rare and precious metal
catalysts such as platinum. Research in the area of understanding iron and its oxides has a
long history. Metallic iron reacts with oxygen in water or moisture to form various insoluble
iron oxides, described commonly as rust.[169] The interaction of oxygen with iron is
important in a wide range of technological areas including corrosion, metallurgy, magnetism,
catalysis and nanomedicine.[159,161,166,170,171]
Understanding size effects of metal nanoparticles is also of great interest and many studies
have indicated that shape and size of nanoparticles considerably affect selectivity and activity
of reactions involving metal catalysts but the impact of confinement of nanoparticles on the
active sites is ambiguous.[15-18,45,172-174] The majority of studies in the literature concern
the oxidation of iron sheets in ambient conditions and high temperature.[170,171] There is
less work using oxygen and well-defined surfaces or iron nanoparticles and the sizedependent mechanism of the very early stages of oxidation has not been explained.[175-177]
Bulk iron behaves differently from nanoparticles but very little knowledge exists at the
nanoscale[178-180] and, for a more thorough understanding, precise control and systematic
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characterization of such a nanoparticle system is needed. Studies of oxygen adsorption and
oxide growth on iron have been reported using STEM (scanning transmission electron
microscopy), LEED/AES (low-energy electron diffraction and Auger electron spectroscopy),
and XPS (X-ray photoelectron spectroscopy), but none of these techniques allow visualization
at the nanoscale of different sizes simultaneously and uncertainty over the kinetics,
mechanism and structures evolving at the earliest stages of oxidation of iron remains.[179182] Atomic-resolution high-angle annular dark-field (HAADF) imaging in aberration
corrected STEM,[183,184] scanning transmission X-ray microscopy (STXM),[185] highresolution X-ray diffraction[186] and ultra-fast 3D imaging[187] can visualize catalyst
materials but there is very limited possibility for surface-sensitive in-situ spectroscopy to
directly observe chemical reactions on individual nanoparticles of various sizes together.[188]
This chapter leverages the technique of X-ray photoemission electron microscopy (XPEEM)[86], which enabled high resolution imaging and simultaneous X-ray absorption
spectroscopy (XAS), to elucidate the nanoparticle size effect.

4.1.2.

Motivation

Conventional techniques to synthesize iron nanoparticles, such as wet-chemical methods and
sputter gas condensation either does not give well-defined feature sizes or lack precise
positioning of the particles.[173,189-191] Most importantly, achieving more than one particle
sizes with well-defined lateral order on the same support is generally not possible with any of
these techniques. Combining the precision of top-down lithography[5,192] to obtain single
iron nanoparticles and the elemental sensitivity of the PEEM,[87,193] this chapter
demonstrates single particle spectroscopy and in-situ studies performed simultaneously on a
well-defined model system consisting of ordered single iron nanoparticles. The deposition of
nanoparticles of controlled sizes and subsequently the synchronous spectroscopic
characterization of individual nanoparticles of different sizes during reduction and oxidation
is achieved. These developments open up new opportunities in design and synthesis of
surfaces with controlled functionality and in applications of in-situ single particle spectromicroscopy.
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4.2. Results
4.2.1.

Top-down nanofabrication

Figure 29. SEM image of iron nanoparticles of nine different sizes (from 6 to 80 nm in diameter)
in a 4 × 4 μm2 field-of-view fabricated using top-down nanofabrication with a height of 2.5 nm
(scale bar 1 μm). (c) Elemental contrast image in the PEEM at Fe L3 edge where each bright spot
corresponds to an iron nanoparticle.

Iron nanoparticles of nine different sizes, in the shape of pancake-like nanodots, were realized
within a field-of-view of 4 × 4 µm2 on a silicon support with native silica using electron beam
lithography (EBL) for exposure of PMMA resist employing proximity effect correction,
followed by optimization of resist development, controlled thermal evaporation of pure iron,
and lift-off. Figure 29(a) is the scanning electron microscope (SEM) image of the model
system and the fabrication process is described in Figure 4. The size of the nanoparticles, i.e.
the lateral diameter of the nanodots, achieved was between 6 nm and 80 nm with the thickness
being 2.5 nm (Figure 29(a)). To locate the exact area of study on a 1 × 1 cm2 silicon wafer
inside the PEEM microscope, the electron beam layout was designed to incorporate iron
markers exposed simultaneously along with the area with the nanoparticles, which is
described in Figure 30. In addition, the iron alignment marker having a lateral size of
2.25 µm × 0.5 µm fabricated together with the nanoparticles served as the bulk reference
during measurement. X-PEEM has a spatial resolution of about 50 to 100 nm, and to avoid
interactions between the nanoparticles and overlapping of their signals, the inter-particle
distance ranged from 250 nm to 500 nm. Since the PEEM is a surface-sensitive technique
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probing about 3 nm of the surface, the thickness of the particles was optimized to 2.5 nm so
that the whole particle is probed by X-rays, which is an advantage over earlier studies
performed at similar particle sizes.

Figure 30. SEM images showing alignment markers in the sample to identify the model system
shown in Figure 29(a) which was prepared by EBL, deposition of iron and lift-off described in
Figure 4. (a) shows an area of 1 × 1 mm2 in the center of the silicon substrate with native silica. A
selected area, in green, from this field-of-view is shown at a higher magnification in (b)
corresponding to about 1 × 1 µm2 area. The selected area inside this field-of-view corresponds to
the model system with single iron nanoparticles of different sizes shown in the SEM image in
Figure 29(a). The same area was aligned for in-situ study under the PEEM microscope at the
beamline.

4.2.2.

Single particle spectro-microscopy on well-defined model
system

The X-PEEM at the Surface/Interface:Microscopy (SIM) beamline[86,87] in the Swiss Light
Source enabled single-particle spectroscopy and microscopy together. The sample was
introduced in the PEEM chamber, and linearly polarized X-rays were incident at an oblique
angle of 16 degrees. Secondary electrons emitted in response to the absorption of X-rays by
the sample were recorded with a detector at the end of the optical column which converts the
electron image to a photon image (Figure 29(b)). This provides a spatial map of X-ray
absorption cross-section and therefore the chemical fingerprint of the sample is recorded and
visualized at different photon energies, which allows the selection of individual areas of
interest on the sample and perform in-situ spectroscopy.

80

Size-dependent redox behavior of iron observed by in-situ single nanoparticle spectro-microscopy

Figure 31. In-situ single particle spectro-microscopy of iron nanoparticles. Nine different sizes
could be selected from the PEEM images and were probed simultaneously under the same
condition at different stages of experiment. (a),(c),(e),(g) shows the XAS spectra of the native
oxide and (b),(d),(f),(h) show the XAS spectra of metallic iron after annealing for the marker, 10
nm particle, 40 nm particle and 80 nm particle respectively as selected from the PEEM image.

Figure 29(b) shows the elemental contrast image recorded with the photon energy set to the
absorption peak near the Fe L3-edge and each bright spot corresponds to the intensity of the
nanoparticles at this photon energy. This PEEM image, obtained by pixel-wise dividing the
image near the Fe L3-edge and the pre-edge region, is a one-to-one equivalence of the same
field-of-view in the SEM image of the model system in Figure 29(a) and all the nanoparticles
are probed simultaneously. To measure XAS spectra, PEEM images were recorded for a
range of photon energies around the Fe L3,2-edges over the selected field of view of 4 × 4 µm2
resulting in the spectra of all sizes at the same experimental conditions in one measurement
synchronously (Supporting video in Reference[4]). The images in each energy scan were
corrected for drift, followed by selection of the desired nanoparticle to obtain the XAS of
individual iron nanoparticles (Figure 31). This resulting X-ray absorption signal from the
single nanoparticle was compared for different sizes after normalizing each of these spectra
with the XAS signal from an area without iron nanoparticles.
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Figure 32. XAS spectra at Fe L3 edge during different stages of annealing of a selected single
60 nm particle and obtaining pure iron by in-situ temperature-controlled reduction of surface
oxide.

4.2.3.

In-situ reduction of surface oxide

Exposure of iron(0) to ambient environment after sample preparation leads to a formation of a
thin

oxide

layer

which

increases

in

thickness

upon

oxidation

at

higher

temperature.[180,182,191,194] The XAS spectra of the native oxide state, for a 60 nm particle
in Figure 32, shows a resonance peak and a shoulder. To obtain metallic iron from the iron iron oxide core-shell particles, the sample was annealed under vacuum at the base pressure of
the PEEM which is better than 5 × 10-10 mbar. The reduction of surface oxide and
simultaneous measurement of XAS, shown in Figure 32 for the 60 nm particle at different
temperatures, leads to metallic iron at 450 °C. The native amorphous silica surface of the
substrate remains intact at this temperature. The chemical state of the nanoparticles in vacuum
was unchanged till 150 °C above which the peak resonance starts to disappear. The shoulder
peak gradually shifts as the temperature is increased and, at 450 °C, the metallic iron state was
obtained with the single Fe L3 peak shifted by about 2 eV from the initial peak resonance of
the native oxide. Once metallic iron was achieved, the sample was gradually cooled down to
room temperature which induced no further change in the XAS spectra (Figure 33). The XAS
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spectra of nanoparticles of all different sizes at this stage had similar spectra, as illustrated in
Figure 34 for four different sizes.

Figure 33. Fe L2,3 XAS spectra during intervals of cooling back to room temperature. Metallic iron
was obtained from the native oxide by annealing in vacuum to 450 °C as shown in Fig 1(d) for a
60 nm iron particle. No change in the XAS spectra of metallic iron nanoparticles is observed when
cooling down the sample to room temperature in PEEM vacuum which is better than 5 × 10-10
mbar. Following this, in-situ oxidation was performed.

Figure 34. XAS spectra at Fe L3 edge of four different particle sizes (6, 10, 40, 80 nm) after
annealing at 450 °C where all the spectra are similar and resemble that of metallic iron
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4.2.4.

Size effects of the re-oxidation process

Figure 35. Evolution of XAS spectra of the 60 nm particle at different intervals of oxidation at
1 × 10−8 mbar.

Oxidation of metallic iron nanoparticles was carried out by dosing molecular oxygen at a
partial pressure of 1 × 10-8 mbar for one hour. All the nine different sizes were simultaneously
probed after various intervals at this pressure. Figure 35 shows XAS spectra illustrating the
time-dependent evolution of oxide peaks during controlled in-situ oxidation of a particle of 60
nm diameter. As oxygen dosage was continued, the Fe L3 edge peak remains intact but there
was an evolution of a strong peak at about 1.4 eV higher energy. The nanoparticles of all sizes
were analyzed in the same manner and compared at each interval of oxygen dosage. Figure 36
compares four different particle sizes (6, 10, 40, 80 nm) after five minutes of oxygen dosage
and a clear size-dependent behavior was observed at the early stage of oxidation. The smaller
particles showed much faster oxidation compared to the larger ones, apparent from the degree
of evolution of the oxide peak. This trend continued during the complete oxidation process
and the size dependent behaviour is clearly evident with the intensity of the oxide peak in
relation to the metallic iron peak evolving much faster for small sizes (Figure 37).
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Figure 36. XAS spectra at Fe L3 edge of four different particle sizes (6, 10, 40, 80 nm) after
5 minutes of oxygen dosage at 1 × 10−8 mbar showing largest extend of oxidation of the smaller
nanoparticle.

Figure 37. Simultaneous comparison of XAS spectra from a 6 nm, 10 nm, 40 nm and 80 nm
particle at different stages of oxidation at 1 × 10-8 mbar. (a) The metallic iron stage after
annealing in vacuum before beginning oxygen dosage; State at (b) 2 minutes of oxygen dosage,
(c) 5 minutes of oxygen dosage, (d) 10 minutes of oxygen dosage, (e) 20 minutes of oxygen
dosage, (f) 60 min minutes of oxygen dosage. As the size of nanoparticles decrease the evolution
of oxide shoulder is much faster.
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4.2.5.

Speciation of iron/ iron oxides nanoparticles

The detailed mechanism of oxidation of iron was considered to understand the observed effect
of particle size. During oxidation, iron grows in layers consisting of FeO (ferrous oxide),
Fe3O4 (ferrous ferric oxide) and Fe2O3 (ferric oxide).[92,171,177,180,182,191,195] It is
oxidized when exposed to air or oxygen regardless of the morphology or synthesis method.
The phase composition during oxidation at higher temperature is well explained as a
progression from Fe(0):FeO:Fe3O4:Fe2O3 but it is difficult to distinguish the phase and
composition of the oxide layer as one moves from the inner iron(0) to the oxide interfaces
during the early phase of oxidation at room temperature which takes place rapidly. At higher
temperatures, it is known that distinct layers Fe, FeO, Fe3O4 and Fe2O3 are formed and for
much longer duration of oxidation, extending for months, the iron core can be fully oxidized
with a presence of a Kirkendall void in the centre of the particle.[177] In this sub-section, the
growth of these oxides during the initial stages of oxidation is explained and its dependence
on the size of nanoparticles is understood.

Figure 38. Change in concentration of Fe, FeO, Fe2O3, Fe3O4 during controlled oxygen dosage
at 1 × 10−8 mbar over time observed for (a) iron particle with 6 nm diameter, (b) iron particle with
40 nm diameter, (c) iron particle with 80 nm diameter, and (d) bulk iron.

To elaborate on the composition of different oxides, fitting of reference spectra of FeO, Fe3O4
and Fe2O3 (Figure 14) was performed on the spectra of single iron nanoparticles obtained at
various intervals during the course of oxidation.[92] This provides the percentage
concentration of the metallic iron and the oxides over the duration of oxygen dosage. The
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analysis was performed for all particles with size ranging from 6 nm to 80 nm and included
the bulk surface, which were all probed simultaneously. Figure 38(a)-(c) show the results for
three selected particle sizes as well as for the bulk iron. For all sizes it was evident that the
decrease in concentration of the metallic iron phase slows down after the early stage of rapid
oxidation. The bulk iron exhibited a distinctly different rate of growth of the oxides as
compared to any of the nanoparticles. This is in accordance with studies which claim that
metallic nanoparticles behave differently compared to larger structures.[15-19,45,174,178180]
The type of oxide formed is an important issue to be pursued since each oxide has distinct
properties, affecting application in magnetism, optics, catalysis, wastewater treatment, and
electronics. Fe3O4 and Fe2O3 are the most stable and common phases existing in nature and
FeO is thermodynamically unstable.[196,197] The tendency of inter-conversion of oxides and
non-stoichiometry arises due to different dispositions of ferrous and ferric ions in the lattice
sites.[198] It was observed that FeO forms as soon as oxidation begins. This phase is transient
and rapidly converts into phases in which iron has higher oxidation state. There is a
significant difference in the transition from FeO to Fe3O4 and/or Fe2O3 between the
nanoparticles (Figure 38(a)-(c)) and bulk iron (Figure 38(d)). As oxidation of bulk iron
begins, the concentration of metallic iron decreases and FeO formed on the surface further
oxidizes to Fe2O3 and Fe3O4. Over the course of oxidation, there is a much stronger buildup of
Fe3O4 and this continues to remain the dominant species (Figure 38(d)).
For the nanoparticles, the phenomenon of oxidation is noticeably different (Figure 38(a)-(c)).
More precisely, during the initial stage of oxidation, FeO formed on the surface oxidizes
almost completely to Fe2O3. As the concentration of metallic iron further reduces, Fe2O3
continues to increase with the evolution of Fe3O4 at a comparatively later stage. This occurs
because the conversion of FeO to Fe2O3 is rapid and any intermediates, such as Fe3O4, in this
process were only seen as traces. As the growth of Fe2O3 saturates after the initial phase of
rapid oxidation, Fe3O4 increases in concentration with the decrease in FeO and metallic iron.
For nanoparticles smaller than 10 nm in size, this transition from FeO to Fe2O3 is much faster;
therefore Fe2O3 and Fe3O4 build up simultaneously (Figure 38(a)). Additionally, a fit using
the final most-oxidized state and initial metallic iron state showed there is a probability of
more intermediates for the smaller particles (Figure 39).
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Figure 39. Linear combination fits using initial (metallic iron state) and final state (after oxidation
for one hour) for 6 nm, 10 nm, 40 nm and 80 nm iron particles with ‘err’ representing the residual
in the fits. The smaller the nanoparticle size, the higher the residual of the fit which indicated a
higher probability of more intermediates.

Principal component analysis also revealed that as the size of the nanoparticle decreases, the
number of species formed during oxidation increases (Table 4 and Figure 40). Table 4 shows
the percentage of variance explained by the first 8 principal components for different particle
size in the XAS data of the oxidation experiment. Figure 40 shows the cumulative variance
explained for the same data set. It shows the sum of total percentage variance as more
principal components are accounted for the four different sizes. 40 nm and 80 nm particles
can be represented almost fully by 2-3 principal components while the smaller sizes require
many more principal components to represent the behavior during the oxidation completely.
These results show that for larger particles, a greater part of the changes can be explained by
fewer principal components, in turn indicating fewer species with independent kinetic
behavior (assuming equal noise level for all datasets). This indicates that during the early
stages of oxidation, a number of unaccounted species arise as the particle sizes decrease. The
larger particles could be defined with lesser number of components as compared with the
particles below 10 nm which also implies that other intermediate species may be present
during early stages of oxidation.
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Table 4. The individual percentage variance of relevant principal components for iron
nanoparticle of 6 nm, 10 nm, 40 nm and 80 nm size.
6nm particle
10nm particle
40nm particle
80nm particle
Principal
Percentage
Percentage
Percentage
Percentage
Component
variance
variance
Variance
Variance
1
67.6971
76.9631
93.4884
98.7823
2
20.0715
6.4936
3.7662
0.8895
3
4.6993
5.4746
1.0402
0.1202
4
3.1141
3.6925
0.6517
0.0933
5
2.4066
2.4387
0.3871
0.0561
6
0.9174
2.1757
0.2724
0.0292
7
0.6686
1.9028
0.2098
0.0155
8
0.4254
0.8591
0.1843
0.0138

100

Total percentage

95
90

6nm particle
10nm particle
40nm particle
80nm particle

85
80
75
70
65
1

2

3

4

5

6

7

8

Principal component

Figure 40. Sum of the total percentage variance upto eight principal components for four different
particle sizes during the course of oxidation. The total percentage in the figure represents the
total combined percentage variance upto that principal component for nanoparticles of 6 nm, 10
nm 40 nm and 80 nm size.

4.3. Discussion
4.3.1.

Mechanism of oxidation

The knowledge of this phase transformation during early stages of oxidation of iron
nanoparticles unravels the mechanism of the formation of the oxide layers. Iron oxides are
known to grow as multi-layered scales of FeO, Fe3O4 and Fe2O3 and that iron/iron oxide
particles have core-shell structure. The mechanism of oxidation of the iron nanoparticles can
be postulated using the schematic shown in Figure 41. When oxygen is dosed at room
temperature over metallic iron (Figure 41(a)), the initial oxidation leads to the formation of
FeO layer (Figure 41(b)). The surface of this FeO layer transforms to the fully oxidized state
of Fe2O3 for nanoparticles (Figure 41(d)) due to rapid transformation of the intermediate
Fe3O4 layer. This intermediate with surface Fe3O4 in Figure 41(c) is short-lived. Upon further
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oxidation, the outermost Fe2O3 layer saturates at room temperature and the decrease in Fe and
FeO concentration corresponds to further growth of the intermediate Fe3O4 layer. For the bulk
surface, the state shown in Figure 41(d) is not seen as the rate of transformation of the surface
Fe3O4 to Fe2O3 is slow and therefore a much larger build up Fe3O4 was observed directly
(Figure 41(e)). As with nanoparticles after initial oxidation, upon further oxygen dosage, a
decrease in the metallic core corresponds to increase in the FeO which now transforms to
Fe3O4 phase in the region between the layers of FeO and Fe2O3 and small increase of Fe2O3
phase results from full oxidation of thin layers of Fe3O4 below the existing Fe2O3 layer. The
size of the shell increases by two to three nanometers during the oxidation process at room
temperature.[182,189]

Figure 41. Schematic of the mechanism of oxidation for iron nanoparticles on silica support at
ambient temperature: Early stage of oxidation of metallic iron (a) leads to formation of
thermodynamically unstable FeO (b). Either directly from the intermediate Fe:FeO:Fe3O4 phase
for bulk (c) or via a state with dominant Fe2O3 phase in nanoparticles (d), this is transformed to
layers of Fe:FeO:Fe3O4:Fe2O3 (e).

4.3.2.

Reactivity of active sites due to confinement

To quantify the size-effect observed in the XAS spectra and phase transformation, the initial
rates of oxidation were calculated for all particle sizes from the initial slope of the
concentration of metallic iron in Figure 38. Figure 42 shows this for nanoparticles of all the
sizes which were probed simultaneously during the oxidation process. An exponential
increase is seen with decreasing particle size. This is in accordance to the observation from
the XAS spectra (Figure 36) where it was clear that the particles below 40 nm oxidized much
faster. The nanoparticles with smaller radius of curvature have more structural disorder and
less coincidence interfaces between crystallites, which enhance the diffusion of vacancies and
iron cations.[180,199]
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Figure 42. Initial rate of oxidation for all sizes of iron nanoparticles with a smoothened curve as
an eye-guiding line. Particle sizes above 40 nm have constant rate of initial oxidation but this
increases exponentially for smaller particles due to higher proportion of exposed surface area
clearly showing a particle size-effect.
Table 5. Exposed surface area and surface-to-volume ratio of single nanoparticle from 6 nm to 80
nm in size, all probed simultaneously in the PEEM under same conditions.
Size (nm)
6
8
10
20
30
40
50
60
80

Exposed
surface area
(nm2)
Exposed
surface-tovolume ratio
(nm-1)

75.4

113.1

157.1

471.2

942.5

1570.8

2356.2

3298.7

5654.9

1.07

0.9

0.8

0.6

0.53

0.5

0.48

0.47

0.45

For each single nanoparticle, the total exposed surface area is smaller as the size is reduced
but this is accompanied by a higher surface-to-volume ratio (Table 5). This huge increase in
exposed surface area in proportion to their volume influences the interaction of the
nanoparticles with oxygen resulting in faster oxidation in smaller particles. This explains why
in nano-sized particles, the build-up of Fe3O4 only occurs after a layer of Fe2O3 covers the
surface, decreasing oxygen diffusion and slowing the oxidation process. The knowledge of
the exact dimensions of the nanoparticles prepared using lithography allowed calculation of
the initial rate of the reaction normalized by the surface-to-volume ratio of each nanoparticle
(Figure 43). It represents averaged rate of the reaction at each active site and the intrinsic
atomic properties of the nanoparticle. A flat line reveals that all the nanoparticles have the
same atomic behavior. This is clear evidence that even though the faster oxidation is observed
in smaller nanoparticles, this does not mean that that its intrinsic properties changed and
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neither does the reactivity per active site basis alters justifying that the mechanism of
oxidation is same for all sizes that were probed.

Figure 43. Initial rate of oxidation normalized for external surface area-to-volume ratio, which is
the reactivity, of all particle sizes. The flat line is a best fit. Intrinsically in the atomic scale, the
reactivity of particles at these dimensions and the behavior of active sites is still same.

The atoms at the surface of any of these particles are equally reactive: with decreasing particle
size, the relative number of active sites per unit area increases which increases the rate of
oxidation. Nanoparticle size-effect in chemical reactions, that have been reported a number of
times in the past, has been postulated as evidences to conclude difference in mechanism and
propose unique properties of nanoparticles and its active sites based on size.[17,172,178,180]
The work presented in this chapter confirms that this may not always be the case and the
observed size effect observed is mainly because of increased surface-to-volume ratio but the
overall property of the iron nanoparticles due to confinement at these dimensions does not
change. This also implies that every size-effect seen in rate of reactions is not associated with
change of intrinsic properties or increasing reactivity of catalytic metal nanoparticles but the
opposite remains valid, i.e., if any special active sites are formed with further confinement at
even smaller sizes, this will immediately impact in the reaction rate.

4.4. Conclusion
In this chapter, state-of-the-art top-down nanofabrication technique for fabrication of welldefined model systems has been achieved to simultaneously perform redox studies on iron
nanoparticles of different sizes down to six nanometers. In conjunction with X-ray PEEM, insitu single particle spectro-microscopy has been enabled to visualize the reactions in the
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PEEM microscope and the size-dependence of particle oxidation has been demonstrated. This
is an advance over previous studies on size effects of nanoparticles which have predominantly
investigated each particle size as independent samples where the experimental setting between
different sizes is prone to fluctuate at various stages of measurement. Here, at any instance of
time, XAS spectra from each of the nine particle sizes could be extracted and compared with
every other nanoparticle, all probed together under exactly the same environment, with
complete control of size and order distinguishing individual iron nanoparticles with good
spatial resolution. Monitoring the early stages of oxidation in controlled conditions reveals the
mechanism of conversion of oxides to form the Fe:FeO:Fe3O4:Fe2O3 core-shell layers. The
initial rate of particle oxidation depends on the number of exposed surface atoms but the high
energy active sites for chemical reactions and the overall mechanism of oxidation remains the
same even after confinement between 80 nm down to 6 nm. Controlled nanopatterning to
yield surfaces with particles of multiple sizes and the ability of single particle spectroscopy
opens up new dimensions to solve fundamental questions in material science, nano-medicine,
electronics, magnetism and catalysis. With further progress in the smallest achievable feature
size and resolution using nanolithography, and improvement in space and time resolution of
spectro-microscopy capabilities at PEEM, catalytic model systems with more complexities
can be fabricated and studied in this manner which would bring a paradigm shift in
understanding of nanoparticles and provide a fresh impetus to the field of nanocatalysis.

93

5.
Hydrogen spillover on alumina
and titania: seeing is believing

95

Chapter 5

Contents of this chapter have been published in Reference[3]:
•

W. Karim, C. Spreafico, A. Kleibert, J. Gobrecht, J. VandeVondele, Y. Ekinci, and J.
A. van Bokhoven, Catalyst support effects on hydrogen spillover, NATURE 541, 68
(2017).

Related theoretical work and parts of this chapter will also be published in Reference[103]:
•

C. Spreafico, W. Karim, Y. Ekinci, J. A. van Bokhoven, and J. VandeVondele,
Hydrogen adsorption on nano-sized platinum and dynamics of spillover onto alumina
and titania,(2017) - submitted and under review.

96

Hydrogen spillover on alumina and titania: seeing is believing

5.1. Introduction
More than five decades have passed since the discovery of hydrogen spillover,[25] i.e., the
migration of activated hydrogen atoms from a metal catalyst particle on which they are
formed to the surface of the catalyst support where they cannot form (Figure 2 and Figure
44(a)).[200] Even though the phenomenon has been much studied[201-205] and its
occurrence on reducible supports such as titania is established, questions remain about
whether it can take place on nonreducible supports such as alumina.[26,206-210] In this
chapter, the enhanced precision of top-down nanofabrication[4,5] is used to prepare wellcontrolled and precisely tunable model systems that allow quantifying the efficiency and
spatial extent of hydrogen spillover on both reducible and nonreducible supports: multiple
pairs of iron oxide and platinum nanoparticles are placed on titania and alumina supports,
with the inter-particle distance within the pairs varied from 0 nm to 45 nm with one
nanometer accuracy, and then the extent of reduction of the iron oxide particles by hydrogen
atoms generated on the platinum is observed using single-particle in-situ X-ray absorption
spectromicroscopy,[4] demonstrated in the previous chapter, applied simultaneously to all
particle pairs. The data, in conjunction with density functional theory calculations,[104,211]
reveal fast spillover on titania that reduces remote iron oxide nanoparticles via coupled
proton-electron transfer. In contrast, spillover on alumina is mediated by three-coordinated
aluminium centers that also interact with water and that give rise to hydrogen mobility
competing with hydrogen desorption – resulting in hydrogen spillover that is about 10 orders
of magnitude slower than on titania and restricted to very short distances from the platinum
particle. It is anticipated that these observations will improve understanding of hydrogen
storage[212,213] and catalytic reactions involving hydrogen,[26,208-210] and that the novel
approach to creating and probing model catalyst systems will open new opportunities for
studying the origin of synergistic effects in supported catalysts that combine multiple
functionalities.
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5.1.1.

Background

Figure 44. (a) Scheme of hydrogen spillover from platinum to an iron oxide particle over a titania
or alumina support. (b) Model consisting of pairs of platinum and iron oxide particles with varying
interparticle distances d and a lone iron oxide particle on a single support.

Hydrogen spillover is a phenomenon that is often involved in explaining catalytic reactions
over supported catalysts.[200,201,204,205,208] The hydrogen molecule is at first
dissociatively adsorbed on a metal catalyst and then single hydrogen atoms spillover onto and
migrate over the oxide, and sometimes carbon, support (Figure 2 and Figure 44(a)). Despite
the fact that the spillover process has been thoroughly investigated since its first
observation,[25] there are open questions. In particular, it is generally accepted that spillover
occurs on reducible supports such as titania, ceria, MoO3 and WO3, while the behaviour on
nonreducible materials, such as alumina and silica is widely debated.[3,26,206,207]
The first observation of hydrogen spillover was the evidence of reduction of WO3 when
Pt/WO3 was exposed to hydrogen – the platinum catalyst here is needed to dissociate the
hydrogen molecule to hydrogen atoms, which are otherwise not produced over pure WO3. It is
understood that, after dissociative chemisorption on platinum, hydrogen atoms move onto the
support where they transfer as combination of protons and electrons independently by
reduction of the support. The electrons reduce the cations of the metal oxide, while the
protons bind to the surface oxygen anions resulting in a net migration of hydrogen atoms.
Example of experimental proofs of the existence of this phenomenon on reducible supports
include the detection of trapped electrons in titania produced by atomic hydrogen delivered
from the gold particles in Au/TiO2 catalysts using IR spectroscopy.[214] Another recent
example is the use of in-situ diffraction to show expansion of the lattice size of ceria, when it
is partially reduced due to the spillover of hydrogen from platinum to ceria. This expansion
occurs because the reduced Ce3+ cation is substantially larger in size than the Ce4+
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cation.[215] While spillover can totally or partially reduce a reducible metal oxide particle
that is in direct contact with a metal particle, it is assumed that the spilt over hydrogen will
also reduce remote metal oxide that is not in direct contact with the metal catalyst. However,
no clear evidence of this had been shown, since such well-defined model systems with clearly
separate catalyst functions have not been studied before, though many attempts have been
made to “control” the distance.[26,201,206,216]
The transformation of hydrogen as coupled electron-proton pairs cannot take place on
nonreducible supports. Spillover and adsorption on the support will follow a different
mechanism. One such claim of occurrence of spillover on these supports is the observation of
the hydrogen atoms on alumina with supported palladium using electron paramagnetic
resonance (EPR) spectroscopy.[216] Using the spin trap N-benzylidene-tert-butylamine Noxide to trap loosely bound chemisorbed hydrogen atoms that may be formed on the
palladium surface, EPR identified the resulting radical only when both Pd/Al2O3 and
hydrogen were present. Since the study could not guarantee that the observed effect is solely
from the hydrogen on the surface and that the solution of N-benzylidene-t-butylamine Noxide did not come in contact with hydrogen atoms on the palladium surface, this evidence
did not constitute a definitive proof of spillover hydrogen on alumina. On the other hand,
many theoretical predictions and experimental studies have consistently concluded that
hydrogen atom spillover is unfavorable and energetically unlikely.[217,218] An example
being the study of temperature-programmed reduction (TPR) a mixture of Pt/zeolite and iron
oxide, which proved that the reduction of iron oxide does not occur via true hydrogen
spillover, but due to the migration of platinum oxide, which comes in contact with iron oxide
and thereby catalyzes its reduction.[219] The migration or surface contamination has often
been proposed as a possible explanation for the observation of spillover over nonreducible
supports. Hydrogen spillover continues to be used to explain hydrogenations reactions on
these type of supports, such as the enhancement carbon dioxide methanation on silicasupported cobalt catalyst when platinum nanoparticles are added.[201]
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5.1.2.

Motivation

The different approaches to studying hydrogen spillover[203-205,214,220,221] are often
limited in their visualization of this phenomenon, primarily due to a lack of well-defined
model systems with clearly separated catalytic functions. For example, an often used system
comprises of metal particles added to a nonreducible oxide support and then physically mixed
with a reducible oxide,[26,201,206] which means that movement of particles from one oxide
to another and direct contact of the metal with the reducible support cannot be excluded and
that the distance between the functions remains undefined. And while a reducible metal oxide
in direct contact with a metal catalyst has been shown to reduce during hydrogen dosage,[215]
it is not known whether a remote metal oxide not in direct contact with the metal can also be
reduced by spillover.[26] Model systems that can separate catalytic functions and guarantee
no migration of the metal and movement of reactants to the metal site, and contamination of
the catalysts are needed. The uncontaminated model system should incorporate the metal
catalyst and the reacting species on the same support at precise spatial distances and this has
to be probed in a manner to visualize the spillover effect. The combination of state-of-the-art
nanofabrication and spatially resolved X-ray photoemission electron microscopy, presented in
the previous chapters,[4,5] is a powerful tool to elucidate chemical reactions at the singleparticle level. This experimental approach has been employed in this chapter to study in depth
the role of support in the phenomenon of hydrogen spillover.[3] The experiment involved
preparation of precise model systems using electron beam lithography followed by singleparticle X-ray absorption spectromicroscopy and the performance of titania, a reducible
support, and alumina, a nonreducible support, has been compared.

5.2. Results
5.2.1.

Nanofabricated model system to study hydrogen spillover

While a number of studies have tackled spillover by novel approaches, such as single-particle
surface plasmon spectroscopy,[205] resonant photoemission spectroscopy,[220] infrared
spectroscopy,[214] scanning tunneling microscopy imaging[221] and the ‘molecular cork’
effect,[203] others have introduced new designs of model systems using platinumencapsulated aluminosilicates.[204] Model systems that adhere to the accepted definition of
hydrogen spillover should, ideally, incorporate a metal catalyst and the reacting species on the
same support with precise positioning of particles without contamination (Figure 44(a)), and
this has to be probed in order to observe the spillover of hydrogen between them.
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The approach to studying hydrogen spillover in this work makes use state-of-the-art electron
beam lithography (EBL)[4] to produce well-defined nanoparticles that are then monitored insitu using spatially-resolved X-ray absorption spectroscopy (XAS) in the X-ray
photoemission electron microscope (X-PEEM) (Figure 45)[4,91,195]. This allows direct
observation of chemical transformations induced by hydrogen spillover (sketched in Figure
44(a)) in well-defined model systems, comprised of different supports onto which the pairs of
iron oxide and platinum nanoparticles are placed at varying distance from each other (Figure
44(b)).

Figure 45. (a) SEM image of the nanofabricated model system on an alumina support, with 15
such pairs and a single iron oxide particle over an area of 3 × 3 μm2 (scale bar, 500 nm). The iron
oxide particles have a diameter of 60 nm, while the platinum particles have a diameter of 30 nm.
The distance between the pairs is 1 μm. (b, c) Higher-magnification SEM images (scale bars,
25 nm) of pairs ‘d1’ and ‘a1’, encircled in green and red, respectively. (d) X-PEEM image of the
sample recorded at the Fe L3 edge, which shows each of the 16 systems probed simultaneously
by single-nanoparticle XAS (scale bar, 500 nm).

In this study, top-down nanofabrication is employed to create model systems containing pairs
of particles at precisely defined distances on alumina and titania, a nonreducible and a
reducible support respectively. Fabrication of the model system was based on the design in
Figure 46(a). The exact one-to-one of the design was achieved on alumina and titania support
(SEM images in Figure 45(a) and Figure 46(b)) by a three-step electron beam lithography
(EBL) overlay exposure shown in the scheme in Figure 47. The supports were prepared by
atomic layer deposition (ALD) at 500 K of the 5-nm-thick and the 2-nm-thick layer of titania
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and alumina, respectively, on a 1 × 1 cm2 silicon wafer with its native oxide. These thin films
helped overcome the charging associated with insulating substrates, such as oxides and
semiconductors, during measurements in the X-PEEM. Once the support was prepared, the
first EBL step at the Vistec EBPG 5000PlusES tool involved fabrication of markers on the
support which helped alignment of the tool for further lithography steps and processing.
Further processing steps are shown in Figure 47, which initially involved spin-coating of
poly(methyl methacrylate) (PMMA) resist (Figure 47-i). This was followed by EBL exposure
of nanoholes using proximity effect correction (Figure 47-ii), thermal deposition of iron
(Figure 47-iii), and lift-off resulting in a 4 × 4 array of iron nanoparticles with 60 nm diameter
and 2 nm thickness (Figure 47-iv).

Figure 46. (a) Design of the sample with fifteen pairs of iron oxide and platinum particles and a
single iron oxide particle over an area of 3 × 3 μm2. The iron oxide particles (red) have a diameter
of 60 nm while the platinum particles (green) have a diameter of 30 nm. The distance between the
dimeric pairs is 1 μm. (b) SEM image of the nanofabricated model system on titania support (5 nm
thick) which is an exact one-to-one rendition of the design (500 nm scale bar).

Exposure of iron(0) to ambient environment after sample preparation leads to the oxidation of
the particles to iron oxide. Using the alignment markers, a third EBL step was performed on
PMMA in a similar manner (Figure 47-v) with nanoholes positioned at varying distances
from the iron oxide nanoparticles (Figure 47-vi), followed by electron-beam assisted physical
vapor deposition (EBPVD) of platinum (Figure 47-vii) and lift-off to achieve the platinum
nanoparticles of 30 nm diameter and 2 nm thickness (Figure 47-viii). This resulted in the
desired pairs of iron oxide and platinum nanoparticles. Sub-10 nm resolution is difficult to
achieve using EBL[192] and, despite the usage of alignment markers, multiple EBL steps can
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result in a positioning error of ±30 nm in both axes, depending on the regulated design of the
alignment markers and the charging effects associated with the substrate, which is well below
the required precision for the inter-particle distance. To circumvent this problem, a novel
approach that involved fabrication of a large array of the model system (Figure 46(a)) on the
same support was applied. This was done using a 13 × 13 array of the model in Figure 46(a),
each separated by 10 µm. The center of the array corresponds to the design in Figure 46(a)
and the platinum particles are shifted by 2 nm on the right, left, bottom and center in the
models in the respective directions while the sixteen iron oxide particles do not change the
position. Therefore, the drift of the electron beam in overlay exposure is compensated in x-y
direction by scanning all errors greater than 1 nm. Since the random EBL error is constant
during each step, this is overcome using the fabrication strategy by scanning all possible
errors. This way, one of the 169 models on the surface always corresponded to exactly the
design in Figure 46(a), determined by scanning electron microscope (SEM) analysis after
nanofabrication and the distance is also measured with 1 nm precision. This gave complete
control over inter-particle distance and the correct sets of dimers were identified for
spectromicroscopy.

Figure 47. Scheme of different stages of overlaid EBL to fabricate the model system.

Figure 45(a) shows the scanning electron microscopic (SEM) image of the nanofabricated
model on an alumina support (2-nm-thick) which is an exact one-to-one representation of the
design in Figure 46(a). The 16 distinct models systems, in a 3 × 3 µm2 field of view, consist
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of a total of 15 platinum-iron oxide nanoparticle pairs where the distance within a pair
increases from 0 nm for the overlapping pair (particle ‘a1’) to 45 nm for the most separated
pair, with the distance changing by 5 nm or 10 nm when moving through the pairs; and a lone
iron oxide nanoparticle without platinum in its vicinity (particle ‘d4’). Starting with pair ‘a1’,
where the center of the iron oxide particle coincides with the center of the platinum particle,
the distance between the two particles increases: pair ‘b1’ shows partial overlap, the two
particles just about meet in pair ‘c2’, and the maximum separation distance of 45 nm is
reached in pair ‘d3’. Higher magnification SEM images of two of the particle pairs, encircled
in Figure 45(a), are shown in Figure 45(b) and Figure 45(c): the pair ‘d1’ with a distance of
25 nm between platinum and iron oxide nanoparticle, and the overlapping pair ‘a1’. This
approach to fabricating the nanoparticle pairs, with a particle thickness of 2 nm, circumvents
the limitations of EBL[192] (Figure 47) so the distance between the platinum nanoparticle of
30 nm diameter and the iron oxide nanoparticle of 60 nm diameter can be tuned with an
unprecedented precision of one nanometer. The approach was also used to produce the same
model system using a 5-nm-thick anatase titania support (Figure 46(b)). The novel
nanofabrication strategy resulting in the same model system on both the supports
demonstrates very high reproducibility. These model surfaces with two particles at controlled
distances on a single support present a unique opportunity to elucidate chemical action at a
distance from the metal in fundamental catalytic reactions.

5.2.2.

Characterization of the model systems in X-PEEM

The spectromicroscopy data was acquired in the X-PEEM, which enabled single nanoparticle
X-ray absorption spectroscopy (XAS) described in the previous chapter. To avoid interactions
between the pairs and overlapping of their signals, the distance between each of the 16 iron
oxide particles was 1 µm since the X-ray PEEM has a spatial resolution of about 50 to
100 nm.[4,87,195] The particle thickness is chosen as 2 nm so that the whole particle is
probed as the PEEM is a surface-sensitive technique probing a depth of about 3 nm. A fieldof-view of 5 × 5 μm2 is chosen in the PEEM microscope to accommodate the full model
surface with the sixteen systems over an area of 3 × 3 µm2 in each image which allows
simultaneous measurement for all pairs (Figure 45(d)). To observe any hydrogen spillover
during hydrogen dosage, a surface-sensitive and space-resolved in-situ single nanoparticle
iron L3 edge XAS measurement is performed simultaneously on each of the 16 iron oxide
particles to reveal their degree of reduction as a function of distance from the platinum
particle. Figure 45(d) is the X-PEEM elemental contrast image at the iron L3 edge acquired at
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the base pressure and provides a spatial map of the X-ray absorption cross-section and, thus,
the chemical fingerprint of the sample (supplementary video in reference[3]). Since platinum
and the support have no absorption edge at this energy, only the iron oxide particles are
visible.

Figure 48. Initial state of iron oxide particles on the alumina support. Fe L3 edge XAS spectra of
the iron nanoparticles at room temperature in pair ‘a1’ (overlapping pair), pair ‘c2’ (just touching
each other), pair ‘d3’ (45 nm distance) and system ‘d4’, which has no platinum in its vicinity. All
the iron nanoparticles have the same initial state, which is the native oxide, formed by exposure
of iron particles in air after nanofabrication. Iron oxidation occurs through initial formation of
iron(II) oxide followed by progressive transformation to iron(II,III) oxide. A small amount of iron(II)
oxide remains owing to its limited oxidation at the interface.[4,92] The XAS spectrum of the native
oxide state shows a resonance peak and a shoulder. With reduction of the iron oxide, the peak
resonance starts to decrease and the shoulder peak intensity increases.[4]

The base pressure of the X-PEEM was around 5 × 10-10 mbar. During hydrogen dosage at
1 × 10-5 mbar and a gradual increase in temperature, dissociation of hydrogen occurs on the
platinum nanoparticles, which initiates the spillover effect. Direct reduction of iron oxides to
metallic iron(0) in molecular hydrogen occurs only at very high temperature (above 650
K[222]), with no changes in the XAS spectra below 423 K (described in previous chapter).[4]
Therefore, the measurements are performed well below this temperature to account for the
partial reduction due only to hydrogen atoms spilling over from platinum. Alignment of the
microscope, stabilization of any drifts in the sample, and obtaining the XAS spectra took an
hour at each temperature step, which was kept consistent for both the titania and the alumina
sample. Beginning at room temperature, the sample temperature was increased in steps of 10
K or 20 K. A crucial balance between space and time resolution of the X-PEEM microscope,
and limits of the dosing under UHV was maintained. At each temperature, spectra for all the
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sixteen iron oxide particles were extracted in the same single measurement to compare exactly
the same reaction condition at every pair.
Depending on whether or not spillover onto the support takes place, the iron oxide particles at
different distances from the platinum may or may not undergo reduction that inter-converts
iron oxides and gives rise to the evolution of metallic iron. The extent of reduction is visible
in the XAS spectra as increased intensity at the iron L3 absorption edge, corresponding to a
relative decrease in the resonant oxide peak. Further quantification and speciation of iron
oxide spectra is done using linear combination fitting (LCF) with the reference of the
oxides.[4,92] The XAS spectrum of the native oxide state shows a resonance peak and a
shoulder (Figure 48). As observed in the previous chapter, with reduction of the iron oxide,
the intensity of the peak resonance starts to decrease, eventually disappearing when fully
reduced,[4,195] and the shoulder peak intensity increases to eventually become dominant.
Visualization of the whole model system during spectroscopic analysis enables a comparison
of the extent of spillover in the different pairs.

5.2.3.

Distance-dependent spillover on alumina

Figure 49. (a) XAS spectra at the Fe L3 edge measured in X-PEEM during hydrogen dosage at
1 × 10−5 mbar, demonstrating the degree of reduction of the iron oxide particles on the alumina
support for three selected pairs (an overlapping pair of iron oxide and platinum particles, and the
pairs with interparticle distances of 15 nm and 45 nm) and the iron oxide particle without platinum
in its vicinity. The legend of the graph corresponds to the colour of the circles around the systems
in the SEM image (inset). (b) Platinum–iron oxide pairs at varying distances d and a lone iron
oxide particle on a single support, demonstrating the distance-dependent hydrogen spillover on
the alumina support from the initial state in Figure 44(b). The percentage of the total composition
of each particle at 343 K that is in the metallic iron phase, which forms owing to the reduction of
the iron oxides, shows the extent of reduction at different distances from the platinum particle.
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The iron L3 edge XAS spectra at room temperature of all iron oxide particles coincide (Figure
48), consisting mainly of iron(II,III) oxide and no metallic iron; during hydrogen dosage, the
amount of reduction of the iron oxide in the different pairs on the nonreducible alumina
support varies. Figure 49(a) shows the spectra from three selected pairs and the lone iron
oxide particle at 343 K. As expected, the iron oxide particle overlapping with platinum (pair
‘a1’) is reduced significantly because the hydrogen atoms do not have to spillover via the
support and LCF reveals that this yields 16.8 % of metallic iron phase (Figure 50). The lone
iron oxide particle ‘d4’ has a much lower intensity at the iron L3 absorption edge (‘P1’ in
Figure 49(a)) and does not undergo reduction to metallic iron, which indicates it is not
reached by spillover hydrogen. Likewise, the XAS spectra of iron oxide nanoparticles in pairs
‘d3’, ‘d2’ and ‘d1’ with a distance of 45 nm, 35 nm, and 25 nm, respectively, from the
platinum particle coincide with the XAS of the lone iron oxide particle ‘d4’, providing a
direct proof that no spillover of hydrogen atoms occurs on alumina over such distances.
However, as the distance between the two nanoparticles approaches 15 nm in pair ‘c4’, there
is a slight reduction of iron oxide (Figure 49(a)). The reduction in this pair is less in
comparison to overlapping pair ‘a1’, which has higher intensity at the iron L3 absorption edge;
between these two cases, the extent of reduction of iron oxide increases as the distance
between the particles decreases. The pair ‘a1’ yields a 14 times higher degree of conversion to
metallic iron compared to the pair ‘c4’ which has 1.2 % of metallic iron; there is no
conversion in pairs beyond this distance (Figure 50). Taken together, the data provide
compelling proof for a reduction gradient on alumina support: reduction due to spillover
occurs over very short distances from the metal catalysts but not at distances greater than 15
nm (Figure 49(b)).
Based on the data of the extent of reduction, it is possible to quantify the percentage of
dissociated hydrogen available at different distances from platinum (i.e. the concentration
gradient). In terms of hydrogen concentration, the most reduced iron oxide particle in pair
‘a1’ comes into contact with all the dissociated hydrogen atoms produced on the platinum
particle (where 16.8% reduction corresponds to 100% hydrogen concentration). For interparticle distances of 5 nm and 15 nm, in which iron oxide particle is reduced by 2.8% and
1.2% respectively, this corresponds to 16.7% and 7.1% of the hydrogen atoms used in the
case of maximal reduction as achieved in pair ‘a1’; at greater distances, contact with hydrogen
atoms is inconsequential.
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Figure 50. Speciation of iron oxide particles on alumina in the 16 systems at 343 K. The fits are
extracted using linear combination fitting of the experimental XAS spectra with the reference of
metallic iron(0), iron(II) oxide, iron(II,III) oxide, and iron(III) oxide.[4,92] The Fe L3 edge XAS
spectra in Figure 49(a) shows higher reduction for the iron oxide particles at distances less than
15 nm from the platinum particles, that is, in pairs ‘a1’ to ‘c4’. The initial state was iron(II,III) oxide
and iron (II) oxide (Figure 48). During reduction, the fraction of iron(II,III) oxide decreases and that
of iron (II) oxide increases. A decrease in the fraction of iron(II) oxide on further reduction results
in the evolution of metallic iron(0). The pair with overlapping iron oxide and platinum particles
(pair ‘a1’) is most reduced, producing 16.8% of iron(0). The extent of reduction decreases as the
distance between the particles increases in each following pair. The iron oxide particle in pair ‘c4’
(with an interparticle distance of 15 nm) has 1.2% of iron(0) and the iron oxide particles in pairs
‘d1’, ‘d2’ and ‘d3’ and system ‘d4’, at distances more than 15 nm from their corresponding
platinum particles, have no iron(0). This shows the gradient of reduction depending on the
distance from the platinum catalyst up to 15 nm.

As the extent of reduction depends on the concentration of hydrogen atoms on the surface of
alumina that is available to each iron oxide particle, the alumina support is probed using Al K
edge XAS (Figure 51). X-PEEM is superior to other XAS techniques to measure the alumina
support since it is a surface-sensitive method, not measuring the bulk, and detects small
changes in surface coordination which were identified in previous studies.[223,224] Evidence
for characteristic three-coordinated surface aluminium adsorption sites (Al3c)[224] is found.
These sites are known to be responsible for hydrogen adsorption[225] and are likely to
mediate the observed spillover effect.
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Figure 51. Evidence of three-coordinated surface aluminium sites on alumina. Al K edge XAS
spectra of the alumina support at around 300 K and 10−10 mbar without hydrogen. The absorption
edge observed in the measured spectra at 1,566 eV and the characteristic broad peak at about
20 eV indicate a dominant tetrahedral aluminium coordination. An increase in intensity in the
range 1,567–1,575 eV is visible, along with the lower white line intensity and the lower intensity of
the broad peak at 1,583 eV compared to purely tetrahedral aluminium coordination: this is
indicative of a small amount of octahedrally coordinated aluminium at the cost of tetrahedrally
coordinated aluminium.[223] The visible pre-edge feature is characteristic of three-coordinated
aluminium sites (Al3c),[224] which confirms their existence under the experimental conditions. At
higher water coverage, these Al3c sites are known to be unavailable,[225] which will lead to the
disappearance of this pre-edge feature.

5.2.4.

Uniform spillover effect on titania irrespective of distance

On the reducible titania support, in-situ iron L3 edge XAS spectra are taken at regular
intervals during hydrogen dosage of all 16 systems and the structural change in the support
around each pair is also probed with spatial resolution at the Ti L2,3 edge. Figure 52(a)
compares the two extreme cases: Fe XAS spectra of the overlapping pair ‘a1’ and of the pair
‘d3’ with particles separated by 45 nm. The XAS spectra of both pairs coincide at the initial
state (state 1), and also after dosing hydrogen at 343 K (state 2, when iron oxide in both pairs
is reduced equally). Irrespective of the distance from platinum, all iron oxide particles on the
support are uniformly reduced (including the particle with no neighboring platinum particle
within a distance of 1 µm; Figure 53). LCF reveals the evolution of 17% metallic iron at this
stage (Figure 54).
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Figure 52. (a) Fe L3 XAS spectra compares the extent of the reduction of iron oxide on a titania
support in the pair ‘d3’ with an interparticle distance of 45 nm and the overlapping pair ‘a1’, circled
in green and red, respectively, in the SEM image (inset). After hydrogen dosage at 1 × 10−5 mbar
pressure in X-PEEM at 343 K, the initial state XAS (state 1) and the reduced state XAS (state 2)
of both pairs overlap. (b) The Ti L2,3 edge XAS of the initial state and after hydrogen spillover from
platinum at 343 K. Equal surface reduction takes place around all 16 systems and in an isolated
area far from the platinum (inset, SEM image). (c) The Ti L2,3 edge XAS spectra of the initial state
and after hydrogen dosage up to 425 K for a sample without platinum nanoparticles. There is no
observable reduction of titania. (d) Illustration of spillover on titania at 343 K from the initial state
in Figure 44(b). All the iron oxide particles as well as the titania support reduce simultaneously,
irrespective of their distance d from the platinum particles. A maximum reduction of 17% occurs
for all iron oxide particles at this stage.

Furthermore, the titania XAS spectra[226] show uniform reduction from Ti4+ to Ti3+ over its
surface (Figure 52(b)) for all the 16 systems and even at a large distance from the platinum
catalyst (Figure 55). A control experiment using a fresh sample of titania lacking platinum
particles resulted in no support reduction with hydrogen dosage at temperatures up to 425 K
(Figure 52(c)), confirming the crucial role of both the platinum particles and the fast spillover
of the dissociated hydrogen atoms onto and subsequent diffusion over the support until
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equilibrium is reached. The hydrogen atoms then react with each of the iron oxide particles,
regardless of their distance from platinum nanoparticles (Figure 52(d)).

Figure 53. Uniform reduction in all pairs on titania support. Fe L3 edge XAS spectra of the single
iron oxide particle on the titania support, without any platinum (particle ‘d4’ in Figure 46(a))
compared with the overlapping pair (pair ‘a1’) and the pair with interparticle distance 45 nm (pair
‘d3’) at different stages of reduction: a, Initial state at room temperature; b, at 343 K; and c, at
353 K. All the iron oxide particles are equally reduced irrespective of the distance from platinum.

Figure 54. Speciation of iron oxide particles on titania at different temperatures. Fits are extracted
using linear combination fitting of the experimental XAS spectra with the reference of metallic
iron(0), iron (II) oxide, iron(II,III) oxide, and iron(III) oxide[4,92]. The XAS spectra of all 16 iron
oxide nanoparticles on titania coincide at all temperatures (Figure 53). The iron–iron oxide core–
shell particles have multilayered scales of iron(0), iron (II) oxide, iron(II,III) oxide and iron(III)
oxide at the native oxide stage at 298 K. With hydrogen dosage of 1 × 10−5 mbar, the particles
start to reduce as temperature is increased leading to interconversion of oxides and evolution of a
metallic iron core. Initial reduction of the outermost shells of iron(III) oxide and iron(II,III) oxide
leads to an increase in concentration of iron(II) oxide, some of which reduces to metallic iron. The
concentration of metallic iron, signifying the extent of reduction at each stage, increases further
as iron(II) oxide reduces and the iron(III) oxide is negligible. 17% of iron(0) is seen at 343 K for all
iron particles, which increases to 33.6% at 353 K as the particles reduce further.
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Figure 55. Ti L2,3 edge XAS spectra of the titania support. Spectra are taken at each of the pairs,
at the lone iron oxide particle and in an isolated area on the surface at least 1 μm from any
platinum or iron oxide particles at different temperatures: (a) 300 K; (b) 323 K; (c) 343 K;
and (d) 353 K. Reduction of titania occurs uniformly all over the surface, irrespective of the
distance from platinum. The rapid diffusion of H atoms results in a range much larger than 1 μm
for the reduction of the surface.

5.3. Discussion
5.3.1.

Mechanism of spillover on titania

Using the results from in-situ single nanoparticle spectromicroscopy[4] and DFT
simulations,[104,211,227,228] the mechanism of hydrogen spillover in relation to the distance
from the platinum catalyst was fully quantified. To probe the mechanism of hydrogen
adsorption and migration on anatase titania and the γ-alumina supports, first-principles
atomistic simulations[104,211] was used in collaboration with the Nanoscale Simulations
group at ETH Zurich (details in Ph.D. Thesis of Clelia Spreafico[102]).
DFT reveals that hydrogen dissociation on a clear titania support without any metal particles
requires an Eact of 2.05 eV, suggesting that titania is not directly reduced by gas-phase
hydrogen (Figure 56(a)), in agreement with experimental observations (Figure 52(c)). On the
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other hand, spontaneous dissociation of hydrogen takes place on the platinum cluster
independent of the support (Figure 56(b)). Under the experimental conditions, the barrier for
spillover of dissociated hydrogen onto anatase is 0.45 eV. A slightly higher proportion of
energy, between 0.6 to 0.7 eV, is required to transfer an electron and a proton among the
different titania sites (Figure 56(c)), which yields a diffusion coefficient (D) of 4.2 × 10-14 cm2
s-1 at 300 K.

Figure 56. The most relevant mechanisms of hydrogen adsorption and migration on titania (101).
The method used was nudged elastic band (NEB); see Methods in Reference[3]. The results
corroborate experimental observations. All energies are normalized to the energy of the isolated
hydrogen molecule in the gas phase. In the ball-and-stick models the main stages of hydrogen
adsorption and migration are illustrated. A is the gas-phase hydrogen molecule; B is a hydrogen
molecule weakly interacting with the oxide surface (physisorption); C is hydrogen adsorbed on
the metal oxide. D and E are intermediate configurations. Labels with an asterisk refer to
transition states. Label C–C′ denote equivalent sites. The labels A–E in the energy diagrams
correspond to the configurations shown in the models above. Colour-coding in the ball-and-stick
models: red, O; yellow, H; silver, Ti; and blue, Pt. Filled Ti 3d orbitals are indicated by a blue
density surface. (a) Hydrogen dissociation on clean anatase titania: Eact = 2.05 eV. (b) Hydrogen
dissociation (activation energy Eact) on the platinum cluster and spillover to anatase titania (steps
A–D–E–C of above model): 0.9 > Eact > 0.0 eV, depending on the hydrogen coverage of the
cluster (red, 1H:1Pt; yellow, 2H:1Pt; and green, 3H:1Pt). (c) Combined electron–proton mobility
on the anatase slab (steps C–C′ of above model): Eact = 0.7 eV, in the absence (black) and
presence (blue) of water.

This mobility is not influenced by the presence of water on the surface (Figure 56(c)) and
desorption of hydrogen, requiring about 2.45 eV (Figure 56(a)), is energetically improbable.
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The combination of these factors results in an almost instantaneous reduction of the titania
across the surface, leading to the reduction of iron oxide particles, independent of their
distance from platinum (Figure 52). The barrier for migration of the other possible reducing
defects in titania, oxygen vacancies, is much higher (Eact > 1 eV) for ‘lateral’ migration and
therefore formation of Ti3+ centres away from the platinum cluster is explained by the
migration of the excess electrons that are introduced with oxide hydrogenation. The barrier
for subsurface vacancy intercalation (that is, ‘vertical’ migration) is lower and comparable to
hydrogen mobility (0.75 eV), but such migration would result in the defect being more
strongly localized below the surface.[229] The mechanism of the mobility of electrons and
protons describes the experimentally observed spillover on titania.

Figure 57. Calculated thermodynamic diagram showing that the availability of Al3c sites depends
on the partial pressure of water (𝒑𝒑𝑯𝑯𝟐𝟐 𝑶𝑶) in the system. Coloured areas indicate the percentage of
free Al sites on the surface for a given value of temperature and 𝒑𝒑𝑯𝑯𝟐𝟐𝑶𝑶.

5.3.2.

Mechanism of spillover on alumina

On alumina,[118] hydrogen adsorption from the gas phase and dissociation are strongly
affected by the presence of co-adsorbed water molecules on the oxide surface,
with Eact ranging from 0.63 eV (dry surface) to 0.99 eV (fully hydrated surface) (Figure
58(a)). Since water plays an essential role in the stability and reactivity of alumina,[118,225]
both a hydrated and a dry surface were studied to achieve understanding of the observed
distance-dependent mobility of hydrogen atoms on alumina. Both water and hydrogen adsorb
dissociatively with formation of OH- and H- species, respectively. These species compete for
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the same Al3c adsorption sites, as exposed on the [100] interface and which are fundamental
for alumina reactivity. The more water there is, the lower is the amount of Al3c sites and the
lower is the hydrogen coverage.[225] Spectroscopic evidence of such sites (Figure 51), with
well-established[225] water dependent availability (also calculated in Figure 57), supports
that not all under-coordinated aluminium sites are hydrated under the experimental
conditions.

Figure 58. The most relevant mechanisms of hydrogen adsorption and migration on γ-alumina
(100), computed by the NEB method (see Methods in Reference[3]). The results corroborate
experimental observations. All energies are normalized to the energy of the isolated hydrogen
molecule in the gas phase. In the ball-and-stick models the main stages of hydrogen adsorption
and migration are illustrated. A is the gas-phase hydrogen molecule; B is a hydrogen molecule
weakly interacting with the oxide surface (physisorption); C is hydrogen adsorbed on the metal
oxide. D is intermediate configurations. Labels with an asterisk refer to transition states. Label D–
D′ denote equivalent sites. The labels A–D in the energy diagrams correspond to the
configurations shown in the models above. Colour-coding in the ball-and-stick models: red, O;
yellow, H; and cyan, Al; and blue, Pt. (a) Hydrogen dissociation on γ-alumina: Eact = 0.63 eV on
the clean surface (red) and Eact = 0.99 eV on the hydrated surface (blue). (b) Hydride mobility on
γ-alumina (steps C–D–D′–C′ of above model): maximum Eact = 1.63 eV (clean surface, red)
and Eact = 1.15 eV (hydrated surface, blue).

The transfer of the reducing species between neighboring alumina sites has an activation
energy barrier ranging from 1.15 to 1.63 eV, depending on the hydration of the surface
(Figure 58(b)). Furthermore, the hydrogen desorption energy of dehydrated alumina is 1.55
eV and can be as low as 0.38 eV for alumina with high water coverage (Figure 58(a)). The
hydrogen desorption rate is, therefore, faster or comparable to the surface mobility, causing a
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gradiential hydrogen coverage of the surface. Thus, in agreement with previous theoretical
and experimental work,[118,225] the calculations in this work (Figure 51) suggest that there
is a strong effect of water on alumina and hydrogen mobility on its surface is much more
restricted than on titania, with a diffusion coefficient of 1.4 × 10-23 cm2 s-1 at 300 K (which is
about 1010 times lower than the corresponding diffusion coefficient on titania). The lower
activation energy for detachment of hydrogen in competition with the slow hydrogen
diffusion leads to the rapidly decreasing hydrogen concentration away from platinum and the
distance-dependent reduction of the iron nanoparticles (Figure 49). DFT calculations and the
diffusion coefficients corroborate the greater mobility on titania as compared on undercoordinated Al3c sites in alumina.

5.4. Conclusion
In summary, this chapter clearly documents the efficiency of hydrogen spillover on reducible
surfaces such as titania: it gives rise to uniform support reduction and even reduces a remote
metal oxide that is not in direct contact with the platinum catalyst, irrespective of distance.
Spillover on the nonreducible support alumina is vastly slower and limited to short distances,
with the hydrogen flux decreasing over distance to create a concentration gradient. Looking
forward, it is anticipated that the approach of using nanofabrication of a unique model system
in combination with single-particle spectroscopy will also prove valuable when exploring
other fundamental questions in heterogeneous catalysis.
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6.1. Introduction
In the previous chapter, using nanofabricated model systems, the spatial extent of hydrogen
spillover on alumina and titania supports was quantified. Measuring that the extend of
reduction of the iron oxides of pairs of platinum and iron oxide nanoparticles at controlled
distance identified that the spillover of hydrogen from the platinum is very different for the
two supports. Restricted mobility on the alumina support was attributed to the presence of
three-coordinated aluminium and competition between diffusion and desorption. On titania,
the spillover effect leads to uniform reduction of all iron oxide particles as well as the support
irrespective of the distance from the platinum. This chapter analyzes the two supports in more
detail. Spectroscopic proof of the three-coordinated aluminium centres is presented using
Al K edge XAS and understanding of the effect of hydroxylation (dehydration) of alumina on
these active sites is experimentally achieved. For titania, the role of titania surface coverage
on the extend of spillover is determined by performing Ti L2,3 edge XAS on alumina surfaces
with different coverage of titania.

6.1.1.

Background and Motivation

Alumina is an important catalytic material both as an active phase and as a support.[230] It
can either play a direct role in the catalytic activity or govern stability of metal catalysts.
Catalytic applications of alumina are found in petroleum refining, automotive emission
control, desulfurization reactions, such as the Claus process, methanol synthesis and rubber
production. Understanding of the surface structure of alumina is critical to appreciate its
chemistry and its role in the catalytic reaction. Most of these applications employ aluminas,
also known as “activated aluminas”, such as the highly porous γ-alumina and generally do not
employ the thermodynamically most stable but low surface-area α-alumina (corundum).
These transitions aluminas catalyze low-temperature reactions [225]. In reducible surfaces
surfaces, such as titania and ceria, the peculiar behaviour of oxides as support in catalytic
reactions is mostly due to strong metal support interactions (SMSI), which relate to support
covering the catalytic particles, but such effect is absent in γ-alumina. [231,232] The catalytic
behavior and SMSI of γ-alumina is associated with the presence of under-coordinate
aluminium centres [231]. Also, three-coordinate aluminium (Al3c sites) are assumed to be
active in important reactions such as activation of hydrocarbons and hydrogen.[225,232]
However, these sites are small in number and their nature largely remains unknown.
γ-alumina mostly has octahedral and tetrahedral coordinated aluminium but also has
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coordinatively unsaturated three- and five- coordinate aluminium. The role of pentacoordinate
Al3+ ions in the anchoring of platinum to γ-alumina support was recently shown.[231] These
pentacoordinate sites are created on the γ-alumina (100) surface by dehydration and
dehydroxylation at elevated temperatures (300 °C) and there is a decrease in these sites when
platinum is loaded since the platinum atoms bind with them converting some to
octacoordinate sites. Studies employing DFT calculations, including the calculations shown in
the previous chapter, justify the dependence of the reactivity of alumina on the hydration
(water coverage). These three-coordinate aluminium sites should be completely hydroxylated
and thus their reactivity annihilated at high water concentration. [225,232] Theory and
experiment using probe molecules suggest that dehydration of alumina is pre-requisite to
reactivity: minimum pretreatment temperature of 400 °C is required to free adsorption sites
for reactions and the maximum site density is obtained at 700 °C while temperature higher
than this lead to rapid decline of the number of adsorption sites because of the transformation
of γ-alumina into θ- and ultimately α-alumina.[225,233] These studies and the previous
chapter show that hydrogen can adsorb on the alumina surface at low partial pressure of water
when the reactive three-coordinated centers are available. At ambient conditions, these sites
are fully hydroxylated. In the past, the structure of three-coordinated aluminium in zeolites
has been identified by Al K edge XANES, which also showed the dependence of these
species on temperature and hydration level.[224] The three-coordinate aluminium sites on
alumina largely remain undetected and its structure is invoked from vibrational spectroscopy
using probe molecules and theory.[118,225,233] This causes a limited understanding of the
alumina surface. This chapter aims to observe these three-coordinate aluminium active sites in
the ALD-prepared alumina support, employed in the study of hydrogen spillover in the
previous chapter, using XAS capability in the X-PEEM and to understand the role of
dehydroxylation and phase transition at high temperature.
Titania, on the other hand, is a reducible support, which is redox active. Titania supported
metal catalysts play an outstanding role for various reactions, such as hydrogenation,
hydrogenolysis and Fischer-Tropsch synthesis.[234,235] In addition, the photocatalytic
activity of titania to break water into oxygen and hydrogen under ultraviolet radiation has
attracted tremendous attention.[236,237] Furthermore, metal-containing titania has been
applied as a material for chemical sensors detecting reducing gases in air and for enhanced
hydrogenation via hydrogen spillover.[236] Therefore, enhanced understanding of the
mechanism of spillover on titania achieved in the previous chapter is of great significance.
Spillover of hydrogen leads to reduction of Ti4+ to Ti3+, first at the metal-support interface;
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subsequent coupled diffusion of protons and electrons leads to reduction of the surface of the
titania support at a remote distance from the metal-support interface. There have been
speculations that this spillover effect on reducible supports can only occur as long as the metal
oxide forms a continuous layer or when particles are in physical contact with each other.[26]
It is expected that a remote reduction of titania would be difficult if particles of nonreducible
metal oxides are situated between the reducible particles. In this chapter, such surfaces are
generated by depositing submonolayer coverages of titania on alumina and the extend of
hydrogen spillover on such surfaces is identified.

6.2. Results and Discussion
6.2.1.

Optimization of X-PEEM measurement on insulating
alumina using microstructures

Figure 59. (a) Typical 25-nm-thick alumina sample to be measured. Due to the charging effect on
insulating samples due to exposure with X-rays, no measurement is possible in the X-PEEM. (b)
Schematic of the sample to obtain electrical conductivity and to allow focusing on the specific
area of interest.

In the previous chapters, in situ spatially-resolved single-particle spectro-microscopy has been
established at the X-ray X-PEEM in SIM beamline of SLS [4] and catalytic model systems
created using top-down nanofabrication techniques were probed [4,5,238]. The investigation
of alumina surfaces at photon energies between 1550 eV and 1590 eV required to measure the
Al K-edge XAS spectra, brings difficulties due to various reason. The first is associated with
the fact that alumina is an insulating substrate, which leads to charging in the X-PEEM. For
that reason, a thin alumina film of 2 nm-thick was used in the previous chapter. Alumina
layers with a thickness more than 5 nm are more insulating, which aggravates the charging
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problem. Secondly, since this energy range is at the limit of the beamline; the signal-to-noise
ratio is very low. This required not only a suitable strategy to compensate for charging effects
but also one that keeps the X-PEEM microscope focused on the substrate to generate
maximum signal. For charge compensation, electron flooding guns have previously been
employed in X-ray studies, which stabilize the surface electric potential but this method is
difficult to establish in X-PEEM and can also lead to inhomogeneous background due to the
photoelectrons emitted due to the injected electrons.[239] A second commonly used strategy
for such samples is to in-situ deposit a metallic film over the whole sample to induce
conductivity. For our purposes, this is not possible to do, since this alters the properties of the
substrate.

Figure 60. (a-b) are SEM images of the 25-nm-thick alumina sample after deposited chromium
around the 25 µm wide crossed shaped opening on alumina and after FIB-assisted deposition of
X-PEEM focusing/alignment marker respectively. (c-d) are X-PEEM elemental contrast image of
this sample (c) at the Cr L3 edge and (d) at the Al K edge.

An alternative technique has been employed to induce local conductivity by means of ex-situ
deposition of metallic film around the observation area.[240] In addition, well-defined
markers are made around the regions of interest to focus the X-PEEM microscope accurately
onto the alumina surface. Figure 59 and Figure 60 show how the sample looks like. A cross
shaped area on the 25 nm-thick-alumina sample is covered with a 25 µm wide wire and
100 nm-thick chromium metal is deposited on the sample. Figure 60(a) shows SEM image of
the sample after this stage where a cross-shaped open alumina surface is seen surrounded by
the chromium. On the chromium layer, close to the area of interest on alumina but not within
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it, 2 × 2 µm2 sized square platinum marker is deposited using focused-ion-beam (FIB). The
SEM image in Figure 60(b) after this step shows two such markers. This sample was
introduced in the X-PEEM for measurement in a 150 × 150 µm2 field-of-view. This strategy
compensated for the charging effect and the sample could easily be investigated.
On exposure with X-rays, the chromium introduced surface conductivity locally on the region
of interest on the insulating alumina by not allowing the charges to accumulate and these are
released to ground level. Figure 60(c) is the PEEM elemental contrast image at the Cr L3
edge. A very high signal is seen from the chromium film while no signal is observed from the
cross-shaped alumina surface which verifies that contamination of the alumina surface is
minimal. The surface could easily be focused using the platinum marker, which also allows
focusing of the beam during the Al K edge XAS measurement throughout the experiments –
even during in-situ heating when the sample generally drifts. Figure 60(d) is the X-PEEM
elemental contrast image at the Al K edge (around 1566 eV) with a clear increase in intensity
in the cross-region where the alumina is exposed. This combination of simple methods, in
addition to improved data acquisition strategies, is successfully implemented to obtain high
quality Al K edge XAS spectra on alumina.
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Figure 61. Al K edge XAS on a 25 nm thick alumina film at room temperature (298 K). ‘A’ is the
pre-edge feature related to three-coordinate aluminium sites (Al3c); ‘B’ and ‘D’ features are
characteristic of tetrahedral coordination; and ‘C’ related to octahedral coordination.
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6.2.2.

Changing structure of alumina during UHV-annealing
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Figure 62. Al K edge XAS during different stages of dehydration in X-PEEM upto 873 K

The alumina surface is probed in the X-PEEM at its base pressure of 5 × 10-10 mbar. The
photon energy is scanned from 1550 eV to 1590 eV to obtain high quality Al K edge XAS
spectra at different temperature. Figure 61 shows the Al K-edge XAS at room temperature.
The spectra can be understood by dissecting it into four regions shown in the figure:[223,224]
region A, a small pre-edge feature is seen; region B, the absorption edge observed in the
measured spectra at 1566 eV; region C, an intense feature in the range 1567- 1575 eV is
visible; and region D, the characteristic broad peak at ~20 eV above the absorption edge. The
presence of the absorption edge at 1566 eV (‘region B) combined with the ‘region D’
indicates that the tetrahedral coordination is the most dominant. Since the whiteline and the
broad peak at 1583 eV has lower intensity compared to purely tetrahedral aluminium
coordination and there is increase in intensity in ‘region C’, this indicates that octahedral
coordinated aluminium is also present. This agrees to the typical aluminium coordination in γAl2O3, which has tetrahedral to octahedral in a ratio of 1 to 3.[241,242] Most importantly, the
pre-edge feature in ‘region A’ confirms the presence of three-coordinate aluminium sites
(Al3c) under the experimental conditions. This sites have earlier been identified in in
zeolites[224] and now have been observed experimentally for the first time in alumina. XPEEM, being a surface-sensitive technique, probes the first 2 to 5 nm of the surface and this
strength, combined with the new data acquisition strategies applied here, makes it a powerful
tool to identify small changes in surface coordination. Al3c are the reactive sites in alumina
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and they are suggested to be responsible for hydrogen adsorption[225] and likely to mediate
the spillover effect observed in Chapter 5.
To investigate the temperature-dependent structure of the alumina surface, the sample was
heated to 973 K inside the X-PEEM vacuum chamber at the base pressure. Spectra were
recorded at 298 K, 423 K, 573 K, 723 K, 873 K, 973 K and on cooling down the sample after
keeping it at 973 K for some more minutes. As the temperature increased, the sample drift
was corrected using the focussing strategy (Figure 59 and Figure 60) after letting the sample
stabilize for about 30 minutes at each temperature. Figure 62 shows the spectra at different
intervals between 298 K and 873 K. At these temperatures, small but significant changes are
observed concerning the Al3c sites (‘region A’, marked in Figure 61) and the overall shape of
the spectra remains very similar, except for a change in feature C. Heating the sample up to
573 K caused no changes. As soon as the sample is heated to 723 K and then to 873 K (Figure
62), a notable increase in the pre-edge feature (region A) associated with Al3c sites is
observed. This region has been magnified in the inset of Figure 62 and the ‘green’ arrow
clearly indicates the rise in Al3c sites. When only the initial spectra at 298 K and the one at
873 K are compared, the changes in ‘feature A’ and ‘feature C’ are more apparent (Figure
63). The loss of intensity in ‘feature C’ and parallel increase in ‘feature A’ suggests a
coordination change of part of the octahedral coordinated aluminium into three-coordinate.
The observation agrees with previous studies[225,232], gives a first XAS evidence of the
increase in Al3c sites upon desorption.
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Figure 63. Al K edge XAS spectra at room temperature compared with the spectra at 873 K.
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Figure 64. Al K edge spectra of alumina as function of temperature up to 973 K.

As the temperature is further increased to 973 K, a dramatic change in the spectra is observed.
Figure 64 shows the Al K edge spectra recorded at 298 K, 873 K, 973 K and the spectra taken
after cooling down to room temperature. At 973 K and beyond, three distinguishable
peaks/shoulders start to evolve between 1565 eV and 1573 eV with an additional feature
around 1575 and a substantial decrease in intensity beyond this energy. The shape of the
spectra recorded at 973 K and the one after cooling to room temperature matches that of θAl2O3.[243] Above 873 K, a phase transition from γ-Al2O3 to θ-Al2O3 takes place. This
investigation gives spectroscopic evidence of the formation of three-coordinate aluminium
upon heating and the occurrence of a phase change beyond 873 K.

6.2.3.

Sub-monolayer coverage of titania on alumina

The previous chapter demonstrated that the titania support uniformly reduces during hydrogen
spillover due to the fast and highly efficient spillover process on reducible metal oxides.[3]
This occurs via coupled electron-proton transfer. This was probed using the Ti L2,3 edge XAS
in the X-PEEM.The region on the support investigated up to 2 µm away from the platinum
catalyst and the area around the platinum catalyst were both equally reduced at all stages of
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hydrogen exposure. The titania support was prepared by 100 cycles of ALD using
tetrakis(dimethylamido)titanium(IV) (TDMAT) precursor which yields about 5-nm-thick
anatase titania.
Table 6. Thickness of titania layer for different ALD cycles measured using RBS and XPS

ALD
cycle
1

Ti in 1E15 at/cm2
(RBS)
0.20

in nm
(RBS)
0.07

in monolayer
(RBS)
0.20

in nm
(XPS)
0.08

in monolayer
(XPS)
0.23

2

0.40

0.14

0.40

0.18

0.51

5

0.90

0.31

0.88

0.34

0.97

15

2.2

0.75

2.13

0.81

2.30

20

3.4

1.16

3.30

0.94

2.67

50

6.4

2.18

6.19

2.47

7.02

To understand the effect of titania coverage on hydrogen spillover, submonolayer coverage of
titania is deposited of alumina. To achieve this, a silicon wafer is first coated with a
2-nm-thick alumina using ALD and this is followed by ALD of smallest possible thickness of
titania, such that it forms a submonolayer coverage. The submonolayer coverage of titania
suggests that the titania particles are randomly distributed over the alumina and therefore the
titania particles are separated by the nonreducible alumina patches over nanoscale distances.
Various samples are prepared wherein titania is deposited in a stepwise manner, starting from
1 ALD cycle to 50 cycles and the thickness in each case was measured using RBS and XPS (
Table 6, Figure 65 and Figure 66).
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Figure 65. Titania coverage with respect to ALD cycles of titania deposition.
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RBS is an element-sensitive method that depends on the mass of the target material and this
has been used to measure thickness of the films using a 2 MeV 4He beam. The detection limit
for surface coverage is around 0.1 monolayer for titanium atoms and the normalization of the
yield is made via the silicon substrate signal which is well known.
Table 6 shows the measured values of titanium atoms per square centimeter obtained in each
sample for the corresponding number of ALD cycles used to deposit titania on alumina.
Figure 65 shows a linear growth rate of titania for increasing number of ALD cycles. Since
anatase has a density of about 3.89 g/cm3, it is calculated that 1E15 Ti atoms per cm2
correspond to an average thickness of 0.341 nm and therefore the corresponding thickness in
nanometer is obtained in Table 6. A typical distance between the adjacent lattice planes
for anatase titania is 0.352 nm[237], which is thickness of one monolayer (ML) and a submonolayer coverage is identified with an averaged thickness of the film smaller than this
dimension. Sub-monolayer titania coverage is seen for all the samples prepared with five or
less numbers of ALD cycles.
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Figure 66. Ti 2p XPS of different loadings of titania deposited on alumina.

The thickness measurements are also confirmed using XPS, which is another surface sensitive
technique that can be used to measure the surface coverage. Figure 66 displays the XPS
measurement for different loadings of titania and, as expected, the intensities of the Ti2p peak
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increased during stepwise increase in the deposition of titania. Since the thickness of alumina
is constant for each sample, the corresponding thickness of titania is calculated using the
intensity of the peaks, the values of absorption cross-section and the inelastic mean free path
in the materials.
Table 6 also shows the values of thickness calculated by XPS and these are a very good match
with the thickness measurements from RBS (which are subsequently used), also confirming
sub-monolayer coverage for one, two and five ALD cycles of titania.

6.2.4.

Spillover over titania separated by alumina patches

Figure 67. The Ti L2,3 edge XAS of the initial state(red) and after hydrogen spillover from
platinum (blue) of 5-nm-thick titania on alumina.(adapted from Figure 52(b)[3]).

Figure 67 shows the Ti L2,3 edge XAS of 5-nm-thick titania support prepared with 100 cycles
of ALD (as used in the previous chapter). At room temperature (298 K), the Ti L3 edge
comprises a doublet (two peaks, where the peak at higher energy is much more prominent)
and the Ti L2 edge is the second doublet although the peak at the lower energy is even less
pronounced in this case. In that case with uniform thickness of titania, hydrogen dosage with
controlled temperature increase uniformly reduced Ti4+ to Ti3+ around 343 K irrespective of
the distance from platinum. At this stage, the doublets at Ti L3 edge and at Ti L2 edge are both
transformed to single peaks. The same experiment is now performed on samples containing
different surface coverage of titania deposited on alumina. Platinum is placed onto the
prepared support. The relation between titania surface coverage and the occurrence of
hydrogen spillover is determined.
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Figure 68. Ti L2,3 edge XAS near the platinum catalyst and 2 µm away from the platinum catalyst
on the support with 0.4 ML coverage of titania. (a) Initial stage (at 298 K) when both spectra
coincide. (b) At 448 K, when reduction of the support occurs – the reduction due to the spillover is
uniform even up to 2 µm away from the platinum.

Even in the case of sub-monolayer coverage, where titania is separated by alumina patches,
uniform reduction of the support takes place independent of the distance and the XAS spectra
coincides at different stages of hydrogen dosage. However, a big difference here is the
temperature at which reduction from Ti4+ to Ti3+ commences. Figure 68 shows coinciding
XAS spectra around the platinum catalysts and at 2 µm away from the platinum catalyst for
the sample prepared with 2 ALD cycles of titania deposited on alumina, corresponding to 0.4
ML coverage (RBS value). Figure 68(a) is the initial state. After introducing hydrogen, the
reduction Ti4+ to Ti3+ in this case is complete at 448 K (Figure 68(b)). This temperature is
substantially higher than the 343 K temperature at which reduction of the 5nm-thick sample
occurred. A similar behavior is observed for all the coverages below one monolayer. Figure
69 shows the evolution of Ti L2,3 edge XAS while dosing hydrogen at different temperature
for 0.88 ML coverage, 0.4 ML coverage, and 0.2 ML coverage of titania on alumina. The
doublets at Ti L3 edge and at Ti L2 edge are both transformed to single peaks at 448 K for
0.88 ML coverage (Figure 69(a)). The two doublets are still very much prevalent in this case
at 343 K, the temperature at which the 5-nm-thick (14.2 ML) titania sample was maximally
reduced. If the coverage is further reduced to 0.4 ML (Figure 69(b), the doublets here are
prevalent even at 448 K, the temperature at which the sample with 0.88 ML coverage was
already reduced. The final reduction occurs at even higher temperature of 498 K (as also seen
in Figure 68(b)). In the case of the sample prepared with only 0.2 ML coverage (Figure
69(c)), where the quality of the spectra start to decrease due to low signal, an almost identical
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behavior as compared to the sample prepared with 0.4 ML coverage is seen with reduction
occurring at 498 K.
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Figure 69. Evolution of Ti L2,3 edge XAS at different temperature during the investigation of
hydrogen spillover in the sample with titania deposited with (a) 0.88 ML coverage; (b) 0.4 ML
coverage and (c) 0.2 ML coverage on alumina.

It is very much clear from the data presented here, that spillover occurs on alumina covered
with submonolayer titania coverage, but it is more difficult and requires higher temperature.
Due to the presence of alumina patches, which itself does not fully inhibit spillover,[3] higher
temperature is required to reach the barrier of mobility. As the coverage decreases from
0.88 ML to 0.4 ML, there is even further increase in the required temperature. The difference
in the thickness between the sample with 0.4 ML and 0.2 ML coverage is not large to produce
any noticeable change in the temperature since the measurement steps were quite large.

6.3. Conclusion
In this chapter, direct spectroscopic experimental evidence of the existence of Al3c sites in
alumina has been presented. As dehydroxylation (or dehydration) of alumina occurs by
annealing in UHV conditions, an increase in Al3c sites at the cost of octahedrally coordinated
aluminium is seen with a maximum at 873 K. Beyond this temperature, Al3c sites decrease
and a phase transition to θ-Al2O3 occurs. This chapter also experimentally proves that when
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isolated particles of a reducible metal oxide are separated by nonreducible metal oxide,
spillover becomes hindered, but not impossible. Sub-monolayer coverage of titania was
obtained on alumina and platinum was deposited onto these samples. On dosing hydrogen,
hydrogen spillover was observed a higher temperature with lower titania coverage.
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7.1. Conclusions
The goal of this thesis was to enable state-of-the-art nanofabrication techniques to fabricate
precisely defined catalytic model system and to establish in-situ single-particle
spectromicroscopy to study these supported metal catalysts. The broader objective was to
resolve open questions in heterogeneous catalysis, i.e. to explain the size effects in catalytic
nanoparticles, to elucidate the mechanism of hydrogen spillover, and to investigate the role
reducible titania and nonreducible alumina catalyst supports.
Chapter 1 gives an introduction to nanofabrication methods used to prepare catalytic model
systems and reviews previous efforts in applying these for heterogeneous catalysis. Metal
nanoparticle arrays are the most commonly used nanofabricated systems in catalysis. These
metal nanoparticles need to be small in size, packed with high density and spread over a large
area. A variety of techniques, such as EBL, photolithography, colloidal lithography, and size
reduction lithography, has been employed to achieve the desired nanoparticle arrays. EBL is
the most widely used method, yielding nanoparticles of diameters down to 6 nm and pitch
down to 70 nm with the direct lift-off process (Figure 1), while particles of 2 nm diameter
have also been reported by combining the fabrication technique with an inclined evaporation
strategy. Chapter 2 provides an overview of experimental techniques used in this work,
focusing on the principles and provides the background for the technological developments to
follow in the next chapters. Chapter 3 introduces EUV-interference lithography (EUV-IL) as
the next-generation technique that has great potential in catalysis. EUV-IL overcomes the
low-throughput limitations of EBL and still allows very high resolution and feature sizes. A
novel way to perform EUV-IL, called EUV-ATL, is described and various mask fabrication
strategies are developed. By adopting a nickel-based strategy, 15 nm sized particles are
obtained with a pitch of 100 nm and extension of these patterning over a very large area
(~1cm2) by step-and-repeat exposure was possible (Figure 28). This development will have
large implication for studies on ordered nanoparticle arrays as model catalysts using
characterization tools such as XPS, XRD, and TEM, which need large ensembles of
nanoparticle spread over a large area to provide good signal-to-noise ratio in the
measurements. In addition, this work provides a new direction in mask development that
allows EUV patterning of uniform nanoparticle arrays and this has applications in other fields
such as nanooptics, magnetism, and optoelectronics.
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Chapter 4 demonstrates a major progress in using nanofabricated model systems by
presenting a characterization technique that allows investigation of these model systems at the
single-particle level without the need of having large area patterning. A unique model system
is achieved that consists of well-defined and ordered iron nanoparticles of nine different sizes
starting from 80 nm in diameter and down to 6 nm in diameter on the same silica support.
Each one of these particles is probed simultaneously under the same condition in the X-PEEM
during in-situ oxidation. Through this, a detailed understanding of particle size effects during
iron oxidation and the mechanism of evolution of oxides in these nanoparticles during early
stages of oxidation is achieved. Quantification of the initial rate of oxidation combined with
the strength of nanofabrication to precisely define the surface-to-volume ratio of the particles
allowed calculating the reactivity per active site basis for each particle. It is concluded that
even though the faster oxidation is seen in smaller size, the atoms in all of these particles
down to 6 nm in diameter are equally reactive without any peculiar quantum confinement
effects. The developments in this chapter set new benchmarks for accurate studies of catalytic
model systems and is subsequently used in the next chapter to investigate hydrogen spillover.
Chapter 5 focusses on resolving the long-standing controversy around the phenomenon of
hydrogen spillover and the role of catalyst support. This was discovered in 1964, but remains
poorly understood and evidence of its existence is debated. With advancement in overlay
EBL, multiple pairs of iron oxide and platinum nanoparticles are placed on titania, a reducible
support, and alumina, a nonreducible support, with varying inter-particle distance controlled
with a precision of one nanometer. The extent of the reduction of the iron oxide particles by
hydrogen

atoms

generated

on

the

platinum

is

observed

using

single-particle

spectromicroscopy developed in Chapter 4. The results reveal that hydrogen spillover is fast
and efficient on titania uniformly reducing remote iron oxide particle and also the titania
support irrespective of the distance from platinum. On the other hand, it is extremely slow and
short-ranged on alumina. A distance-dependent spillover effect is seen on alumina where no
spillover effect is seen beyond 15 nm. A gradient of reduction is observed between till 15 nm
distance from the platinum catalyst with decreasing hydrogen flux as the distance. These
results have large implications in catalytic hydrogenation reactions, and the approach to
creating and probing model catalyst systems open up new avenues for studying fundamental
processes in supported catalysts. Chapter 6 extends the study of the two supports used in the
earlier chapter. A direct spectroscopic evidence of the presence of under-coordinated threecoordinated aluminium (Al3c) sites in alumina is presented. These Al3c sites are known to be
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reactive sites on alumina, also responsible for the occurrence of hydrogen spillover seen in the
previous. Temperature-dependent availability of these sites is also seen: as alumina is
annealed in the X-PEEM, increase in Al3c sites occurs with a maximum at 873 K. Beyond
this, a phase transition θ-Al2O3 occurs. Measurement on alumina, being an insulator, is
optimized using a charge-dissipating strategy which opens up prospect of X-PEEM to study
other insulating substrates. In the case of titania, hydrogen spillover from platinum
nanoparticles onto the support is further investigated by using a support that has
submonolayer coverage of titania on alumina. Experimental evidence of the occurrence of
hydrogen spillover is seen on titania even if its isolated particles are separated by alumina but
the process is much more difficult and occurs at higher temperature.
The work overall has implications in reactions were focus lies on the role of supports in
stabilizing reaction intermediates. With the advancement of the understanding of hydrogen
spillover using pairs of particles, the work also opens a new discourse into the origin of
synergistic effects in supported catalysts that combine multiple functionalities. In addition, the
work also brings in a new dimension in the understanding of size-effects in metal
nanoparticles. The work achieves major goals in regard to nanofabrication and
characterization - creating ordered and densely packed sub-20 nm particle arrays spread over
large area; achieving nanoparticles of multiple sizes down to 6 nm in size on the same support
and probing them all together; investigating chemical reactions at the single-particle level;
achieving unprecedented precision in particle placement.

7.2. Outlook
The major driving force behind the development of nanofabrication methods has been the
high-volume manufacturing of semiconductor devices. In accordance with the Moore’s
law,[244-246] these developments have led to the ever-shrinking devices and will continue to
do so. The state-of-the-art in nanofabrication has entered into the scale range that is also
relevant for catalytic systems, whereas the most interesting feature sizes between
subnanometer to 5 nm are still extremely challenging.

A combination of novel

nanofabrication techniques along with oblique (titled) evaporation[48] can provide
opportunities to create model systems that have ordered particles with a diameter below 5 nm
and with good uniformity. Heterogeneously-catalysed reactions that become active only in
this size-regime can then be investigated. One such example is supported gold nanoparticles –
a widely studied catalyst showing remarkable activity in the nanoscale which is otherwise
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inert in bulk.[44,247,248] Gold shows different reactivity with small fluctuations in size
between 2-5 nm for many reactions such as carbon monoxide oxidation, acetylene
hydrochlorination, and C–H activation reactions. In addition, the nanoparticles of similar size
prepared with

alternative methods or on

different supports

behave differently.

Nanofabrication of gold particles with controlled structure, shape and size on nonreducible
and reducible supports will serve as an ideal model system for these reactions as well as for
simple studies on adsorption of carbon monoxide and oxygen, which may provide new
insights into the processes underlying catalytic activity of gold in reduced dimensions and
into the reaction mechanisms.

Figure 70. SEM images of a model system consisting of arrays of the same pairs nanoparticles.
(a), Iron and chromium diameters are 80 nm and 110 nm, respectively, and the spacing is 60 nm.
(g), the diameters are 40 nm and 85 nm, and the spacing is 75 nm.

At present, the strength of nanofabrication in catalytic applications is not in its ability to
produce nanoparticles of small sizes but lies in the areas where it has an edge over other
techniques, for example in achieving uniform and ordered nanoparticles and in controlling the
distance between the particles. Similar to the phenomenon of hydrogen spillover, many other
catalytic processes depend on inter-particle interactions cannot be characterized with
commonly used tools unless pairs of particles are achieved over a large area. These model
systems can be created (Figure 70) using EBL to pattern nano-well arrays and subsequently
employed inclined metal deposition on a rotatory stage to deposit two nanoparticles of
different materials opposite to each other inside each of these nano-wells. In the past, a similar
strategy was used for plasmonic applications by combining colloidal lithography with
inclined deposition.[249] Here, EBL is used to create such ordered arrays of pairs, all of
which had the same particle sizes and spacing between two types of particles. Tuning particle
size and its separation was possible by decreasing the size of the nano-wells from 250 nm
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(Figure 70(a)) to 200 nm (Figure 70(b)) and by varying the deposition angle. This strategy can
be combined with fabrication techniques that enable large-area patterning with high
throughput, such as optical or EUV lithography, to obtain pairs of particles over an area of
many square centimetres. EUV-ATL, with the lift-off process on PMMA-MMA bilayer
presented Chapter 3, can result in such model system. These systems can disentangle the
effects in bi- and trimetallic catalysts. For example, the complexity of the behavior of gold
increases when used in combination with other metals.[250] For instance, bimetallic goldpalladium and trimetallic gold-palladium-platinum catalysts are highly active for methane
oxidation and alcohol oxidation, respectively. Additionally, these types of model systems
involving pairs of particles can be used to fully understand the role of dopants in catalysis by
preparing and studying pairs of dopant materials with metal catalysts. This will have
implications in reactions such as noble-metal-based WGS catalysis,[251] where dopant such
as alkali atoms improve catalyst performance. The development presented in this work to
obtain pairs of nanoparticles can also be extended to three particle systems or encapsulated
systems. This will not only allow detailed understanding of these catalysts by tuning the exact
size and composition of the multiple metals but will also provide a better understanding of the
role of distance between the particles on different supports elucidating the synergy between
the metals in these reactions.
Figure 71 is schematic of a typical nanofabricated model system consisting of two
nanoparticles at controlled distance. Various elements are involved in a catalytic phenomenon
taking place in such systems. ‘A’ and ‘B’ are two nanoparticles defined at a specific distance
by nanofabrication. Either both can be a metal catalyst or one can be a catalyst (‘A’ here) and
other the reacting species (‘B’ here). ‘C’ is the support deposited on the substrate ‘D’. ‘E’ is
the reacting gas. ‘F’ is a product. In a typical reaction, adsorption of a reactants takes place on
‘A’, reaction occurs by rearrangement of electron takes places on the ‘A’, ‘C’ or ‘B’ and
products are released from the surface of any of the three elements. To achieve a full
understanding of a catalytic process, best case scenario is to selectively investigate the support
and its interface with the catalyst (probe P1), the metal catalyst surface (probe P2), the
chemical pathway on the support (probe P3) and the reacting species (probe P4) with as high
spatial and temporal resolution.
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Figure 71. A schematic demonstrating different aspects that needs to be considered to achieve
thorough understanding of catalytic reactions on nanofabricated model catalysts at the molecular
level. ‘A’ is the catalyst particle, ‘B’ is the reacting species, ‘C’ is the support, ‘D’ is the substrate,
‘E’ is the reacting gas, ‘F’ is a product. P1-P4 are techniques to selectively probe the: support and
interface (P1), catalyst particle (P2), movement on the supports (P3), reacting species (P4).

In the study of hydrogen spillover presented in this work, a ‘probe P4’ was used to investigate
the iron oxide reacting species at distances between 45 nm from the catalyst. In addition,
‘probe P1’ was used to perform spectroscopy on titania and alumina with a spatial resolution
between 50 nm to 100 nm in the X-PEEM. With this spatial resolution, the three regions on
the support: at the interface of the catalyst, between the iron and platinum, and at the interface
of the iron oxide cannot be resolved individually. This limits experimental understanding of
the transport mechanism and necessitates the use of more selective probes. In addition, there
are many questions that still remain open about hydrogen spillover. One example is that when
X-rays are used to probe ‘B’, the whole sample is irradiated. Studies have shown that
carbonaceous deposits may assist in the spillover process and it remains unclear if X-ray
exposure can lead to carbon deposition on the support. An alternative to X-rays and a more
selective probing strategy is to use low-temperature and variable-temperature in-situ STM on
such model systems to visualize the pathway of chemical reaction (P3), image adsorbates and
image the chemisorption on metals (P2 and P4). In-situ TEM with high time-resolution is also
a strong alternative to directly observe the catalytic reactions. Improving the time-resolution
of investigating hydrogen spillover on reducible substrate, either by cooling down the sample
during X-PEEM measurements to slow down the reaction or by employing imaging and
spectroscopic techniques with high temporal resolution, would allow quantification of the
speed of spillover on reducible supports which remains an open question. For in-situ TEM
experiments, these model systems need to be prepared on a TEM grids, such as SiN
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membranes. These substrates decorated with pairs of nanoparticles over large areas would
also allow transient experiments using other techniques such as scanning transmission X-Ray
microspectroscopy.
One aspect that needs to be considered in using different substrates ‘D’ to deposit thin metal
oxide as supports ‘C’ is that there may be interfacial phenomenon between the support and the
substrate, such as formation silica-alumina when alumina is deposited on a silicon wafer.
These thin films also do not have a well-defined crystal structure which limits understanding
of surface effect in relation to its orientation. For example, theoretical calculations show that
certain geometry of platinum is more active and that the spillover process is favorable on
alumina (100) interfaces. With the design of well-defined and faceted catalyst particles on
single crystals supports, this can be experimentally investigated using single-particle
spectromicroscopy using the strategy presented in this thesis to image insulating substrates.
Use of faceted catalyst particles of various different sizes, which can be achieved by etching
of defined films after lithography, is the next step to take forward the study of size-effects in
well-defined nanoparticles. On the other hand, the nanoparticles obtained using lift-off and
employed in this work, although well-defined in terms of the diameters and shape, have a pancake like structure. The surface inhomogeneity of these particles may results in new types of
edge or corner atoms which are known to have peculiar reactivity. In addition, studies have
shown that preferential adsorption can take place along the rim of these nanofabricated
particles. Nanoparticles with large diameters and a small thickness can be designed to study
the variation in activity over the surface of these catalysts with in-situ TEM and STM. In situ
STM can determine the active site for chemisorptions by studying the diffusion of surface
adsorbates on the catalyst. Change in size, shape and morphology of these ordered particles
during reaction has not been explored and X-ray scattering measurement (e.g. GISAXS
studies) on such samples has to potential to unravel these details. Another aspect that remains
an open question is the difference in reactivity between nanoparticles of the same surface area
or surface-to-volume ratio that are fabricated horizontally and vertically on the support with
different heights. These can be prepared by EBL followed by wedge-shaped deposition and
the resulting nanoparticles in the same field-of-view would only differ in the length of the
interface with the support. The particle of different heights can all then be investigated
simultaneously in the X-PEEM and interface effects are expected to play a role. In addition,
the role of interfaces in multistep reactions can also be precisely studied using nanofabricated
model systems in the form of a “bilayer tandem catalyst”,[72] which is a powerful approach
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towards designing multifunctional catalysts and can be created by nanolithography as
nanoparticle/nano-island bi- or multi- layers. As an alternative approach to the metal on metal
oxide, the “active border” concept or “inverse supported catalysts”[74] where a well-defined
oxide particle covers a metal catalyst film, may be used to overcome the stability issues of
metal catalysts on support. This would also permit facile use of well-defined crystal facets of
the metal and enhancing our understanding of processes at the metal–oxide interface during a
reaction.
The reaction conditions (‘E’ in Figure 71) are also critical in any catalytic process. UHV
processes are far removed from real catalytic applications. Studies have shown that
investigations performed with high surface coverage of the adsorbate and at low temperature
can be related to more relevant catalytic processes at high pressures. To perform in-situ
studies at high pressures and high temperature on nanofabricated model systems, suitable
microreactors are required that can be used within the existing characterization tool. These
microreactors can also enhance the samples’ catalytic sensitivity for low throughput reactions,
needed especially for model systems that have small coverage of nanoparticles and low
surface area. Decoupling of reactions on the metal catalyst ‘A’, species ‘B’ and support ‘C’ is
often important to understand the role of these individual components. Using the technology
of microfluidics, micro- and nanoscale reactors can be designed by lithography within the
sample itself which can control the environment around each these elements
independently. Such reactors would also enable detection of the reaction product ‘F’ at the
level of a single-particle or a single-site. This would allow monitoring complex catalytic
reactions within a small field-of-view and overcoming detection issues in with low turnover
reactions associated with nanofabricated models systems. As an example, the role of the
zirconia and zinc oxide supports has been widely studied in methanol synthesis from carbon
monoxide. It is known that when copper catalyst is introduced on these supports, the copper
particle supplies hydrogen atoms to the support via spillover but the actual conversion of
carbon monoxide to methanol takes place on the support. The assumption is that reaction with
hydrogen atoms only takes places at the interface region between the support and catalyst and
not far away from the catalyst. Using the model system designed in this work and by
selectively studying the metal, metal-support interface and the support away from metal can
help understand the role of these cocatalyst supports with a bifunctional mechanism. The
techniques developed in this work to observe the spatial extent of hydrogen spillover can also
be used can be used to quantify the proposed reverse spillover effect in photocatalysis
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[207,252] which provides new ways to approach the conversion of solar energy into chemical
fuels such as hydrogen from water. The metal particle in semiconductor photocatalysts has
been understood to enhance the catalysed reduction of water while recent studies shown the
metal instead acts as the main sites for the recombination of hydrogen atoms produced from
the reduction of water at the semiconductor sites. The interface may also have an independent
role to play. This reverse spillover effect can be confirmed by selectively probing at the metal
site and by comparing it with the products formed at the support.
Many other fields of science benefit from this enhanced control of particles at the nanoscale.
For example, metal nanoparticles have found applications as nanoantennas due to their
resonant excitation which causes strong light scattering creating electromagnetic
enhancement.[249,253] The plasmon resonances in pairs of particles at such precise distance
have potential to further increase the near-field enhancement by large magnitude. This has
applications

in

optical

nanodiode

effect[254],

in

molecular

rulers,[255]

novel

nanoantennas,[253] and in nonlinear optical devices. Enhancing the spontaneous fluorescence
of molecules using such pairs has potential in chemical nanosensors and biosensors[256,257]
by employing single-molecule sensing and nanospectroscopy[258,259]. The development in
semiconductors technology, lithography tool, resist materials, proximity effect correction
strategies and mask fabrication will continue to push the limits of nanofabrication.
Nanofabrication will become an increasingly powerful and important tool for the
understanding of fundamental questions in catalysis and to further improve industry-relevant
catalytic processes. Research and development work for improvements of EUV resist remains
one of the major driving forces towards implementation of EUV lithography in industrial
applications. Motivation from catalysis to obtain metal nanoparticles can push this research by
introducing novel resist material based on metal nanoparticles. These resists could potentially
yield metal or metal oxides directly after exposure which will discard the requirement for
time-consuming etching or lift-off processes in the development of catalytic model systems.
Directed self-assembly (DSA)[260,261] and nanoimprint lithography (NIL)[68,70,136,262]
are two other techniques that have great potential in catalysis. DSA integrates the advantages
of the self-assembly properties of materials in nanoscale and of conventional lithography tools
to multiply the patterns and increase overall resolution of the lithographic process by
manifolds. DSA using block copolymers combined with EUV-ATL can overcome issues in
fabrication of transmission mask and decrease the pitch of the achieved particles multiple
times and thereby allowing high density of nanoparticle arrays. These patterns can then be
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used to generate templates for NIL, which allows replication of a pattern over a large area
with high-throughput. Nanofabrication can also be used in conjunction with other techniques,
such as cluster sources, that can produce nanoparticle sin the subnanometers size while
lithography would allow separation and identification of these particles.
Additionally, atomic understanding of nanofabricated model systems is also required using
computational methods to replicate large particles. This would help to predict the
requirements of the model systems and to reduce the resources involved in the
characterization of such systems. Various studies on nanoparticle arrays as model catalysts
have been performed using XPS, XRD, and TEM, while recent developments have shown
that studies are possible at the single-particle level without the need of having large area
patterning. This has allowed a detailed understanding of particle size effects and of the roles
of supports in stabilizing reaction intermediates. In addition to the developments in
nanofabrication, novel surface science techniques in heterogeneous catalysis and further
development in microreactors which will together open new opportunities to address the
unresolved questions in heterogeneous catalysis.
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