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Abstract

The rapid development of two-dimensional (2D) materials has revolutionized various �elds of

science and technology, o�ering immense potential for diverse applications. Novel techniques

have emerged which bestow scientists with the capability to tailor the properties of 2D mate-

rials speci�cally for their intended applications. One of the many �elds in which 2D materials

are employed is catalysis. Requirements for modern catalysts are a high e�ciency and stability.

Both are governed by their atomic make up, structure and support, all of which can be rationally

designed to optimize their performance. One incredibly promising system capable of supporting

nano catalysts are so called cluster superlattices. These structures, made up of a templating

support and long range ordered nano clusters, are self organizing and highly versatile, allowing

a near endless combination of metals and supports. Their application so far has been hampered

by their instability, as the long range order of the cluster degrades at temperatures of a few

hundred centigrade or atmospheric pressures.

In this work, a newly synthesized 2D material - the so called cluster superlattice membrane

(CSLM) - which aims to solve these instability problems is presented. The remarkable proper-

ties and versatility in possible application is not limited to catalysis but encompasses the �elds

of optoelectronics, and magnetism as well. The material is synthesized through a bottom-up

approach, combining precise control over atomic arrangements and advanced transfer techni-

ques.

In the �rst manuscript the general idea and fabrication method of the CSLM is introduced.

Scanning tunneling microscopy (STM), low energy electron di�raction (LEED) and X-ray pho-

toelectron spectroscopy (XPS) are employed to study the carbon embedding process. Restruc-

turing in the a-C layer at elevated temperatures is observed, which in turn lowers the binding

of the Gr to the substrate, which is revealed to be a requirement for the successful delamination

from the Ir(111) substrate. A conventional hydrogen bubbling transfer method is then used to

remove the CSLM from the substrate and form the �nal free standing 2D material. Transmis-

sion electron microscopy (TEM) reveals the presence of a perfectly ordered cluster superlattice

inside the a-C matrix while TEM di�raction measurements and Raman spectroscopy provide

evidence for the graphene layer still being present.
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The second manuscript extends the idea of the CSLM from the graphene templating layer to

hexagonal Boron Nitride (h-BN). The embedding process with carbon on this structurally simi-

lar but atomically di�erent compound is studied via STM and XPS. The combination of h-BN

template and Pt clusters not only shows the versatility of the system, but allows to disentangle

e�ects of the carbon deposition onto the clusters from the interactions of the clusters with the

templating layer and the Ir substrate in the XP spectra. The C attaches to the clusters �rst,

and only after fully covering them forms the stabilizing network, while rehybridizing the h-BN

layer. High temperature annealing shows the C domes to be stable, but analysis of the Pt signal

shows intercalation of the cluster material below the h-BN layer.

In the third manuscript the moiré of h-BN on Ir(111) is used to grow a Si cluster superlatti-

ce, extending group of templatable elements even further. The callibration of deposited Si on

Ir(111) is done via a (
√
19×

√
19) Si/Ir(111) superstructure. H-BN is a large band gap insu-

lator and as such the perfect substrate to study the size dependent electronic structure of the

Si clusters via scanning tunneling spectroscopy (STS). Experiments show that with decreasing

cluster size the band gap of the Si is increased. Finally the thermal stability of the Si CSL is

investigated.

Chapter 6 details the development of a transfer strategy which is required to handle the CSLMs,

as they are asymmetrical and top and bottom of the membrane di�er strongly. The require-

ments for large scale delamination of the membranes are discussed and in�uences of size and

thickness on the process are tested via optical microscopy. Finally a working transfer method

is given which enables side sensitive transfers of large scale CSLMs.

Building on the work of all prior chapters, Chapter 7 a CSLM based on FePt clusters is trans-

ferred graphene side up to a new Ir(111) substrate and the protective properties of the graphene

are tested via exposure to oxygen radicals. X-ray adsorption near edge spectroscopy (XANES)

shows that the clusters don't oxidise as long as Gr is present. The ability of O to adsorb on Gr is

then used to etch away the Gr in a controlled fashion, to expose the clusters to the atmosphere

again, at which point the CSLM is ready to be used in experiments in nano catalysis.

The scienti�c appendix provides additional information on h-BN based cluster superlattice

membranes. TEM has been used to con�rm the clusters to be protected in the a-C layer after

the removal from the substrate. Di�raction shows the presence of h-BN. An annealing series de-

termines the stability and sintering mechanism of the CSL in the membranes up to 1050K. High

temperature imaging at 1350K provides direct evidence of particle migration and coalescence

happening inside the membranes.
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German Abstract

(Deutsche Kurzzusammenfassung)

Die rasante Entwicklung zweidimensionaler (2D) Materialien hat verschiedene Bereiche der Wis-

senschaft und Technologie revolutioniert und ein enormes Potenzial für vielfältige Anwendungen

erö�net. Neue Techniken sind entstanden, die Wissenschaftlern die Fähigkeit verleihen, die Ei-

genschaften von 2D-Materialien gezielt auf ihre beabsichtigten Anwendungen zuzuschneiden.

Einer der vielen Bereiche, in denen 2D-Materialien eingesetzt werden, ist die Katalyse. Die An-

forderungen an moderne Katalysatoren sind hohe E�zienz und Stabilität. Beide Eigenschaften

werden durch ihre atomare Zusammensetzung, geometrische Struktur und Trägermaterialien

bestimmt, die alle gezielt gestaltet werden können, um ihre Leistung zu optimieren. Ein äuÿerst

vielversprechendes System für Nano-Katalysatoren sind sogenannte Cluster-Übergitter. Diese

Strukturen bestehen aus einem strukturgebenden Templat und Nano-Clustern mit einer lang-

reichweitigen Ordnung und sind selbst organisierend und äuÿerst vielseitig. Sie ermöglichen eine

nahezu endlose Kombination von Metallen und Tremplatmaterialien. Ihre Anwendung wurde

bisher jedoch durch ihre Instabilität behindert, da die langreichweitige Ordnung der Cluster bei

Temperaturen von einigen hundert Grad Celsius oder hohem Druck zerstört wird.

In dieser Arbeit wird ein neu synthetisiertes 2D-Material vorgestellt - die sogenannte Cluster-

Übergitter-Membran (Cluster SuperLattice Membrane - CSLM), die darauf abzielt, diese In-

stabilitätsprobleme zu lösen. Die bemerkenswerten Eigenschaften und die Vielseitigkeit der mög-

lichen Anwendungen beschränken sich nicht nur auf die Katalyse, sondern umfassen auch die

Bereiche Optoelektronik und Magnetismus. Das Material wird durch einen Bottom-up-Ansatz

synthetisiert, der präzise Kontrolle über atomare Anordnungen und fortschrittliche Transfer-

verfahren kombiniert.

Im ersten Manuskript wird die allgemeine Idee und Herstellungsmethode der CSLM vorgestellt.

Raster-Tunnelmikroskopie (STM), Niederenergie-Elektronenbeugung (LEED) und Röntgenpho-

toelektronenspektroskopie (XPS) werden eingesetzt, um den Prozess der Kohlensto�einbettung

zu untersuchen. Eine Umstrukturierung in der amorphen Kohlensto� (a-C) Schicht bei erhöhten

Temperaturen wird beobachtet, was wiederum die Bindung von Graphen (Gr) an das Substrat
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verringert. Dies ist eine Voraussetzung für eine erfolgreiche Ablösung von dem Ir(111)-Substrat.

Anschlieÿend wird eine konventionelle Wassersto�blasen-Transfermethode verwendet, um die

Membran vom Substrat zu entfernen und das endgültige freistehende 2D-Material zu bilden.

Die Transmissionselektronenmikroskopie (TEM) zeigt das Vorhandensein eines perfekt geord-

neten Cluster-Übergitters innerhalb der a-C-Matrix, während TEM-Beugungsmessungen und

Raman-Spektroskopie Hinweise darauf liefern, dass die Graphenschicht weiterhin vorhanden ist.

Das zweite Manuskript erweitert die Idee der CSLM von der Graphen-Templatschicht auf hexa-

gonales Bornitrid (h-BN). Der Einbettungsprozess mit Kohlensto� auf dieser strukturell ähn-

lichen, aber atomar unterschiedlichen Verbindung wird mittels STM und XPS untersucht. Die

Kombination aus h-BN-Templat und Pt-Clustern zeigt nicht nur die Vielseitigkeit des Systems,

sondern ermöglicht es auch, die E�ekte der Kohlensto�einbettung auf die Cluster von den Wech-

selwirkungen der Cluster mit der Templatschicht und dem Ir-Substrat in den XP-Spektren zu

ent�echten. Das Kohlensto� heftet sich zuerst an die Cluster und bildet erst nach vollständi-

ger Bedeckung ein stabilisierendes Netzwerk, wobei die h-BN-Schicht um hybridisiert wird. Ein

Hochtemperatur Ausheilen zeigt, dass die Kohlensto�kuppeln stabil sind, aber die Analyse des

Pt-Signals zeigt, dass eine Interkalation des Cluster-Materials durch die h-BN-Schicht erfolgt.

Im dritten Manuskript wird das Moiré-Muster von h-BN auf Ir(111) genutzt, um ein Si-Cluster-

Übergitter zu erzeugen und die Gruppe der Übergitter formenden Elemente zu erweitern.

Die Kalibrierung des auf Ir(111) abgeschiedenen Si erfolgt über eine (
√
19×

√
19) Si/Ir(111)-

Überstruktur. H-BN ist ein Isolator mit groÿer Bandlücke und somit das perfekte Substrat, um

die gröÿenabhängige elektronische Struktur der Si-Cluster mittels Raster-Tunnel-Spektroskopie

(STS) zu untersuchen. Experimente zeigen, dass mit abnehmender Clustergröÿe die Bandlücke

des Si wächst. Schlieÿlich wird die thermische Stabilität der Si-Cluster-Übergitter untersucht.

Kapitel 6 erläutert die Entwicklung einer Transferstrategie, die für die CSLMs erforderlich ist,

da sich im Gegensatz zu herkömmlichen 2D Materialien die Ober- und Unterseite der Membran

stark unterscheiden. Die Anforderungen an die groÿ�ächige Ablösung der Membranen werden

diskutiert und der Ein�uss von Gröÿe und Dicke auf den Prozess wird mittels optischer Mi-

kroskopie getestet. Schlieÿlich wird eine funktionierende Transfermethode vorgestellt, die eine

groÿ�ächige, seitensensitive Übertragung von Cluster-Übergittermembranen ermöglicht.

Aufbauend auf den Arbeiten aller vorherigen Kapitel wird in Kapitel 7 eine CSLM auf der Basis

von FePt-Clustern mit der exponierten Graphenseite auf ein neues Ir(111)-Substrat übertragen.

Die schützenden Eigenschaften des Graphens werden durch die Exposition der FePt Cluster

gegenüber Sauersto�radikalen getestet. Röntgen-Absorptionskanten-Spektroskopie (XANES)

zeigt, dass die Cluster nicht oxidieren, solange Graphen vorhanden ist. Die Fähigkeit von Sauer-

sto�, sich auf Graphen abzuscheiden, wird dazu genutzt, um das Graphen kontrolliert zu ätzen
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und die Cluster wieder der Atmosphäre auszusetzen. An diesem Punkt ist die CSLM bereit, in

Experimenten zur Nano-Katalyse eingesetzt zu werden.

Der wissenschaftliche Anhang enthält zusätzliche Informationen zu h-BN basierten Cluster-

Übergittermembranen. TEM wurde verwendet, um zu bestätigen, dass die Cluster nach der

Entfernung vom Substrat in der a-C-Schicht geschützt sind. Elektronenbeugung zeigt das Vor-

handensein von h-BN. Eine Serie von Ausheilversuchen bestätigt die Stabilität und den Sin-

termechanismus der Cluster-Übergitter in den Membranen bis zu 1050K. TEM Messungen bei

1350K liefern direkte Hinweise auf Sintern durch Partikelwanderung und Koaleszenz.





Frequently used Symbols and Abbreviations

a�C - amorphous carbon
ALD - atomic layer deposition
CSL - cluster superlattice
CSLM - cluster superlattice membrane
CVD - chemical vapor deposition
DFT - density functional theory
Gr - graphene
h-BN - hexagonal boron nitride
LEED - low energy electron di�raction
LH - Langmuir-Hinshelwood mechanism
PC - polycarbonate
PPC - polypropylencarbonate
PDMS - polydimethylsiloxane
PMC - particle migration and coalescence
PMMA - polymethylmethacrytale
STM - scanning tunneling microscopy
STS - scanning tunneling spectroscopy
SERS - surface enhanced raman spectroscopy
UHV - ultra high vacuum
TEM - transmission electron microscopy
XANES - X-ray absorption near edge spectroscopy
XPS - X-ray photoelectron spectroscopy
XRD - X-ray di�raction
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1 Introduction

The origins of catalysis can be traced back to the earliest human practices of utilizing fermenta-

tion to produce alcohol. Even before a systematic understanding of catalytic processes emerged,

humans frequently employed catalysts without realizing it. Early usages of the word catalysis

refer to a "magical catalyst" that would help alchemists convert base metals into gold. It was

not until 1835 when Jöns Jacob Berzelius recognized the recurring phenomenon of accelerated

chemical reactions, that the term "catalysis" as we understand it was coined [1]. In his words:

"The catalytic power of substances seems to depend upon their ability to awaken the dormant

a�nities of other substances by their mere presence and not by their own a�nity.�[2]

He based his ideas on experiments by his contemporaries like Sir Humphry Davy, who suggested

in 1817, that the presence of Platinum could lead to combustible gases mixed with oxygen to

explode below their usual ignition temperature [3]. Further experiments with Platinum quickly

proved its potential, e.g. by Edmund Davy who showed in 1820 that one can oxidise alcohol to

acetic acid on the surface of Pt [4].

Today the global market for catalysts is estimated at USD 37.3 billion and is expected to hit

USD 61.8 billion in 2030 [5]. The industrial signi�cance of noble metal catalysts is undeniable,

as they play a crucial role in various processes, such the production of medicine or cracking of

petroleum hydrocarbons [6, 7]. Another notable example is their indispensable role in combus-

tion processes aimed at reducing pollutant emissions [8]. Consequently, it becomes imperative

to enhance the cost-e�ectiveness and e�ciency of these applied noble metals. Typically, noble

metals are utilized in the form of clusters, which are small particles comprising a few to a few

thousand atoms. Clusters occupy an intermediate state between single atoms and bulk mate-

rials [9]. Given that catalysis occurs on the surface of particles, smaller clusters make more

e�cient use of the available atoms compared to larger bulk particles. However, the advantages

of clusters extend beyond their surface-to-volume ratio. In this fascinating state of matter even

a slight alteration by a single atom can signi�cantly impact its properties, such as its magnetic
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1 Introduction

moment or reactivity [10, 11].

The study of clusters and their properties necessitates either highly localized probing techniques

or obtaining a collective signal from a large ensemble of clusters. However, the dependence on

the number of atoms within the cluster makes precise control of cluster size crucial. Other-

wise, the information obtained becomes convoluted by variations in atomicity. One method to

address this challenge is to select clusters based on their size and investigate them in a free

beam [12�14]. However, this approach severely limits the available techniques for measuring

the physicochemical properties of clusters.

A more e�ective approach involves supporting metal clusters on a surface, enabling the applica-

tion of a wide variety of surface science techniques. One very precise method is the soft landing

of size-selected clusters, which results in sparsely distributed and non-ordered clusters on the

surface [15�17]. These clusters can then be studied using scanning probe techniques.

Another approach lies in the use of periodic templates, which can, by themselves, lead to the

growth of ordered cluster arrays. The size distribution of the clusters templated for example by

moiré reconstructions is narrow enough to study size dependent e�ects via averaging techniques

like X-ray di�raction, X-ray photoelectron spectroscopy, or infra red spectroscopy [18�22]. Be-

cause all the clusters are of similar size and see the same environment it is possible to infer

information about processes on single clusters from the averaged signal [23]. One of the main

disadvantages of these systems however is their tendency to sinter under catalytic conditions

(e.g. high temperatures and pressures).

In this work we will use carbon embedding to stabilize cluster superlattices against sintering.

In the endeavour to apply the embedded clusters as model catalyst, a novel free-standing 2D

material, the cluster superlattice membrane (CSLM) is developed. This material houses the

cluster array on their template inside an amorphous carbon layer.

The growth steps of the fabrication, which are performed in ultra high vacuum (UHV) conditions

are observed using scanning tunnelling microscopy (STM) and low energy electron di�raction

(LEED). STM enables one to study the stability of the CSLs, �nd the adsorption areas of clus-

ters and pin point the attachment areas of the carbon. LEED con�rms the long range order

over large areas of the sample. In addition, we employ XPS to further investigate this material.

XPS provides not only information about the chemistry of the membrane, but enables us to

see below the amorphous carbon coverage to study intercalation e�ects, which are hidden from

LEED and STM. Optical microscopy is used to study the delamination process of the CSLM

from its growth substrate. The free standing 2D material is stable in ambient conditions and

as such enables further ex situ studies. Surface sensitive XRD and TEM provide additional

information about the order and stability of these systems.
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This thesis is structured as follows: In Chapter 2 the general concept of catalysis and the

role of clusters in the �eld are introduced. The issue of catalyst deactivation and strategies to

mitigate it are laid out. An overview about templated cluster systems and their applications are

provided. Finally the concept of the cluster superlattice membranes is described as a means to

combat shortcomings of other templated cluster systems and lay out a new avenue to fabricate

a stable model catalyst.

In the following experimental chapters the main �ndings of this thesis are presented: Chapter

3 describes the base fabrication methods and results forming the CSLM. Chapters 4&5 both

are work done on the templating layer of h-BN/Ir(111). First, the carbon embedding process

of Pt clusters and the thermal stability of the sytem is studied, then the template is used to

grow Si nano clusters. Chapter 6 serves as a manual how to handle the transfer of CSLMs to

arbitrary substrates, a pre requirement to the work described in Chapter 7, which demonstrates

the etching of the membranes via radical O.

Finally Chapter 8 provides a conclusion and a discussion of the experimental results. Future

work to be done on the CSLMs is outlined. The Appendix 9 contains new �ndings about h-BN

based CSLMs and their stability as a freestanding 2D material.
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2 Background

2.1 Clusters in Catalysis

The term catalysis describes the process of enhancing the rate of a chemical reaction by intro-

duction of a catalyst, which remains unchanged by the reaction [24]. As the reaction proceeds,

the catalyst forms intermediate compounds that ultimately lead to the production of the �nal

product. The catalyst continues to be available to assist in the reaction of additional inter-

mediate compounds, facilitating the reaction's progression. Today, more than 85% of chemical

products are made using catalysts [25].

Catalysts can be classi�ed into two categories based on their physical state relative to that of

the reactants. Heterogeneous catalysis refers to those processes in which the catalyst and the

reactants are in di�erent states of matter. For instance, a metal catalyst promoting reactions

involving gases [26]. On the other hand, homogeneous catalysis refer to those where the catalyst

and the reactants are in the same state of matter, such as acid catalysis [27].

Supported catalysts belong to the heterogeneous category and involve catalytically active metals

supported on various types of substrates. Deposition of the metal on the substrate is typically

performed via chemical preparation methods which facilitate the industrial scale deposition of

small metal particles on substrates (for further information the reader is guided to References

[28�30]). While metal thin-�lms have been studied for their catalytic activity, it is technically

di�cult, if not impossible, to coat substrates, as they typically are three dimensional structures,

limiting the carry over of results [31]. The support, typically porous metal oxides, zeolites or

carbon, provides a structural, stabilizing framework for metal particles [32]. Supported metal

catalysts are extensively used in industrial settings, e.g. car exhaust treatment, cracking of

petroleum hydrocarbons or clean energy technologies [33�36]. These industrial applications

also lead to high requirements for the catalysts, pertaining, but not limited, to their activity,

stability and cost which drives research in the �eld [37]. All of those properties are tied, in one

way or the other, to the size of the metallic particles.
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2 Background

One of the immediately obvious aspects of shrinking catalytic metal particles down to micro-

scopic crystallites is their superior surface to volume ratio, optimizing the available surface,

which can facilitate the requested reactions [38, 39]. As the reactivity per unit of active ma-

terial is increased the cost of a catalyst is reduced. Edges, di�erent facets, and corners of the

crystallites lead to a change in the coordination of atoms in the particles. Atoms in these

positions can be more or less prone to adsorption or desorption of reactant species. This also

positively impacts the reactivity of a catalyst, thus smaller particles are favoured [40, 41]. These

small particles are referred to as clusters, entities bridging the space between atoms and the

bulk material. The regime in which the aforementioned e�ects scale in proportion to the size

of the cluster is referred to as the scaling regime.

Figure 2.1: (a) Sketch detailing the change in geometric and electronic structure between a crys-
talline nanoparticle and a cluster. (b) Reaction pathways of CO + O2 � CO2 + O associated with
various neutral gold clusters in the size range of Au16 to Au35. Here, * denotes the adsorbed species
on a gold cluster. (c) Correlation between the electronic structure (electron a�nity measured by
UV photoelectron spectroscopy) of Au clusters and O2 reactivity predicted by ab initio calcula-
tions.(a),(c) Adapted from Ref.[42]. Copyright 2011 American Chemical Society.(b) Adapted from
Ref.[43]. Copyright 2014 American Chemical Society.

By further reducing the size to the nanometer and sub-nanometer scale, clusters enter the non-

scaling regime, where the e�ects of quantum mechanics set in, which can transform catalytically

inactive bulk metals such as gold into active nanoparticles [44, 45]. This is happening because,

as the number of atoms in a particle decreases, the former energy band of the metal starts to

split up into discrete energy "molecular" orbitals and �nally, in the limit of single atoms, into
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2.1 Clusters in Catalysis

atomic orbitals (see Figure 2.1 (a))[46]. The split into molecular orbitals leads to the appear-

ance of a highest(lowest) (un)occupied molecular orbital (HOMO/LUMO) [43]. The adsorption

energies of CO on Au clusters supported on TiO2 have been studied via infrared re�ection ab-

sorption spectroscopy, which shows an increase right after crossing into the non-metallic nano

cluster regime [47]. This also in�uences reaction pathways of species like CO and O2, depicted

in Figure 2.1 (b), that depend strongly on the gap between these molecular orbitals and the

geometric structure, which change strongly with the atom number of the clusters [42, 48, 48].

Ultra violet (UV) photoemission spectroscopy measurements of the electron a�nity (akin to

the work function of bulk materials) of Au clusters with fewer than 30 atoms have shown great

variations with the atomicity [49]. These variations are also represented in the predicted reac-

tivity towards O2 adsorption, as shown in Figure 2.1 (c) [50].

Another interesting e�ect on catalytic performance of Au nanoparticles stems from the presence

of a surface plasmon, a collective excitation of valence electrons. The exact energy of this excita-

tion depends, among other factors, on the size of the particle [51, 52]. In the case of nanometre

sized Au particles the absorption band lies in the visible spectrum and thus enables gold to

transfer charges when exposed to light, making it a viable photocatalyst [53, 54]. Other metals

such as Au and Cu in nanoparticle form exhibit similar photocatalytic properties [55, 56].

Figure 2.2: (a) Evolution of CO adsorption energy with Pd clusters size. The nonmonotonous
variations of the adsorption energy observed in the smallest size regime (i.e., diameter below 1.5
nm or below 100 atoms per cluster) are attributed to the molecular nature of clusters on that scale.
Adapted from Ref.[57]. Copyright 2013 American Chemical Society. (b) Left side: total number
of catalytically produced CO2 molecules as a function of cluster size. Right side: total number of
produced CO2 molecules per atom as a function of cluster size. Adapted from Ref.[58]. Copyright
1999 American Chemical Society.

The in�uence of the particle size on the catalytic performance has also been studied extensively

in Pt group metals [59�64]. It can be seen, for example, in the adsorption energies of CO on
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2 Background

Pd particles, depicted in Figure 2.2 (a), which varies strongly for particles below a diameter of

4 nm and asymptotically approaches its bulk value for larger particles, clearly demonstrating

the scaling and non scaling regime of clusters [57]. This dependence can also be observed in

Figure 2.2 (b) in the oxidation of CO to CO2 on Pt clusters, with Pt15 clusters having been

shown to be most reactive, again illustrating the importance of controlling the atomicity of

clusters [58].

Figure 2.3: Mechanism of CO oxidation on Pd(111) single crystal. At lower temperatures the
performance of the CO oxidation is limited by CO poisoning. At higher temperatures CO lifetime
on the catalyst is limited, and CO oxidation occurs via the Langmuir-Hinshelwood mechanism.
In the transition zone, both regimes overlap leading to a lower reactivity. Adapted from Ref.[65].
Copyright 2010 American Chemical Society.

To provide an example of the mechanism of a catalysed reaction, the oxidation of CO on a

single crystal surface of Pt group metals, depicted in Figure 2.3, will be discussed brie�y. The

chemical reaction is given by:

2 CO +O2 → 2 CO2 (2.1)

and follows the so called Langmuir�Hinshelwood (LH) mechanism, in which both constituents

adsorb on neighbouring sites of the catalyst and undergo a reaction [66]. O2 adsorbs dissocia-

tively on the Pt surface and can react with adsorbed CO [67]. The formed CO2 desorbs from

the surface, opening it up to further reactions [68]. For the LH mechanism to take place it is

necessary that no one adsorbate species is blocking access to the adsorption sides. This makes

the space requirement for the adsorption processes an important factor. CO requires a single

free site to adsorb, while the dissociative adsorption of the O2 leads to the single O atoms to

be spaced by two lattice constants. Thus CO can form dense adlayers, poisoning the Pt surface
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and preventing the reaction [69]. This is especially problematic at low temperatures, as not

only the space requirement of CO on Pt is lower than that of O2, but also the O2 activation

is decreased, further inhibiting the reaction [65]. Once formed a CO adlayer usually requires

removal via high temperature annealing to reform the catalyst [70].

Moving away from catalysis on �at single crystal surfaces to more complicated surfaces requires

the inclusion of steps, kinks and other structural defects that lead to under-coordinated atoms,

which in turn in�uence the process [71�73]. Extending the description even further to supported

nano clusters not only requires including the geometry and electronic states of the clusters, but

their interaction with the support as well (metal-support interaction). On the one hand, strong

metal support interaction (SMSI), which occurs in Pt group metals after chemical reduction in

high temperatures on reducing substrates like TiO2, has shown to greatly diminish catalytic

activity [74]. On the other hand, supports can actively promote the reactivity of clusters either

via spill-over e�ects or by actively supplying oxygen in the so called Mars-Van Krevelen mech-

anism [75, 76]. All these complicated, interwoven e�ects appearing even on simpli�ed systems

show that a true, complete understanding of applied catalysts is still far out and demonstrate

the need for model catalyst systems in which factors like cluster size, spacing, atomic make up

and support can be precisely controlled.

Degradation of Catalysts

Catalysts pose fundamental challenges which, in order to improve their performance in appli-

cations, have to be overcome. A catalyst needs to be speci�c and e�cient. A perfectly speci�c

catalyst only facilitates the desired reaction and no unwanted by-products are formed. The

e�ciency of a catalyst governs how fast a reaction takes place and how much of the actual

catalytically active material is needed, as well as how resistant to degradation the catalyst it-

self is. All catalysts su�er from degradation in some form and while some of the deactivation

mechanisms are reversible most of them aren't, making it imperative to design the catalyst in

such a way that degradation is limited as much as possible.

Figure 2.4: Mechanisms of catalyst deactivation. (a) Poisoning (for example via CO), (b) Ostwald
ripening, (c) particle migration and coalescence (PMC)
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Degradation of catalysts happens in a number of ways, for example through chemical deac-

tivation (poisoning), mechanical deactivation (deformation/abrasion or fouling) or thermal/-

chemical deactivation via sintering. Poisoning, which has been discussed above, happens when

species strongly adsorb in the catalytically active sites of the catalyst, blocking access to these

sites and thus deactivating the catalyst (see Figure 2.4). Mechanical deactivation can be either

caused by abrasion of the catalytically active metals or the support, or by fouling which is

a process in which the pores of the support get blocked leading to reactants being unable to

reach the catalyst itself. Sintering, meaning the coalescence of particles without crossing into

the liquid phase, can be caused by chemical processes, but can always be thermally activated.

The coalesced particles will either be less active due to the number of active sites decreasing or

completely deactivated if their reactivity was dependent on their small size.

Minimizing the impact of all degradation mechanisms at once is a complicated task requiring

the interplay of support, active metal, the purity of the reactants, their �ow rate, the pressure

and the temperature at play. Because the announced goal of this work is to speci�cally limit

thermally induced sintering, the next part will focus on the mechanisms of sintering and present

routes to stabilize catalysts against them.

Sintering can be categorized into two main processes: Ostwald ripening and particle migration

and coalescence (PMC) - also called Smoluchowski ripening [77]. Ostwald ripening, shown in

Figure 2.4 (b), describes a process in which atoms or molecules detach from one particle and ag-

glomerate at others. The generalized Gibbs-Thomson equation states that the vapour pressure

of smaller particles is higher than that of larger ones, due to their higher curvature. Statis-

tically this leads to more atoms detaching from smaller particles and agglomerating at larger

ones and thus to growth of larger particles and the consumption of smaller ones, explaining

natures tendency to favour larger over smaller particles.

PMC (Figure 2.4 (c)), on the other hand, describes sintering via migration of whole particles.

If the binding to the substrate is low and the particles su�ciently mobile, they will move and

once they get in close proximity of another particle, the energy gained by decreasing their total

surface area will lead to a merger of the two particles.

As sintering is generally irreversible, it is an important goal to understand which process is

dominant in any given system and how to rationally design a catalyst in a way that suppresses

this deactivation [77]. However, the exact contribution of each mechanism of catalyst sintering

is experimentally challenging to probe because the timescales of deactivation vary greatly from

an initial rapid sintering in seconds [78, 79] to long term e�ects which stabilize after many

hours [80]. Specialized experimental set-ups, such as transmission electron microscopes capable

of operating at high T and pressures in the milli-bar regime are required to monitor the evo-
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lution of particles in-situ as sintering only sets in under these conditions, further complicating

the endeavour [81]. Another, experimentally less demanding, strategy involves the analysis of

the particles after sintering. By measuring the particle-size distribution it can be possible to

di�erentiate PMC, which is predicted to result in a log-normal size distribution with a tail to-

wards the large particle sizes [82], from Ostwald ripening, where a tail towards smaller particle

sizes and a sharp cut-o� at higher sizes is expected [83]. Monitoring the average particle size

over time and inferring information from the rate of change was another suggested way to nail

down the sintering mechanism [83]. As the measured slope, however, is again dependent on the

observed time-scale it is not entirely clear that it has mechanistic signi�cance [77].

There are a number of strategies to stabilize catalyst nanoparticles that tackle one or both

mechanisms: PMC and Ostwald ripening can both be in�uenced by the choice of catalyst sup-

port. If the catalyst particles are well anchored to the substrate, such as Pd clusters on Rh(111),

sintering via PMC is heavily suppressed, whereas Ostwald ripening processes can be limited on

substrates which limit the atomic di�usion [17]. Pt atoms dispersed on Al2O3, for instance,

will aggregate into clusters during CO oxidation because the CO adsorption on the Pt lowers

its adhesion to the substrate, increasing its mobility [84]. A switch to CeO2 greatly enhances

the Pt stability due to the stronger bonding interaction with the Pt atoms [85�87].

Enclosing strategies that limit the mobility of particles can also be employed to suppress sinter-

ing. Overcoating of particles via atomic layer deposition (ALD) can be used in di�erent ways to

protect the catalyst [88]. An average overcoating of just 0.1 nm Al2O3 is su�cient to stabilize

Pd nanoparticles during methane decomposition at 260 ◦C [89]. In this study the alumina coat-

ing was found to preferentially bind to corners and steps of the Pd particles, leaving the active

Pd(111) surfaces exposed and stabilized. Overcoating , in general, needs to preserve access

to the nanoparticles and methods have been developed to either grow porous overcoatings or

fabricate pores after the growth, e.g. by thermal treatments [90]

Further important factors for the stability of supported metal nanocatalysts are metal loading

and size distribution of the nanoparticles [80, 91]. Ostwald ripening speci�cally can be targeted

by fabrication of catalyst particles which are very homogeneous , as it is driven by the di�erence

in particle size. In the extreme case of size selected metal nano clusters this can lead to greatly

improved stability as demonstrated by Wettergren et al. [16].

Bimetallic nanoparticles such as Pt�Rh or dual metal catalysts like Fe�Ni composites have

shown to possess higher activity than their pure counterparts as well as improved stability

[92, 93].

Combining these approaches, by choice of a suitable substrate, a narrow cluster size distribution

and overcoating one can expect to greatly enhance a catalysts stability in harsh conditions.
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2.2 Templated Clusters

Templated cluster arrays are a type of nanostructured material consisting of clusters patterned

via a template that guides the placement and organization of the clusters. As such, nano

cluster arrays possess great potential for use in catalysis [21, 39, 94, 95] , but also in di�erent

of applications ranging from electronics [96] to sensing [97]. The properties of the clusters

themselves such as size, shape, and composition as well as the geometry of the arrays are

tunable, bestowing the systems with a lot of �exibility.

Figure 2.5: (a) Au nanoparticle cluster array, fabricated via e-beam lithography, with constant
binding site diameter 200 nm and cluster edge-to-edge separation 50 nm. Scale bar is 200 nm.
Adapted from Ref.[97]. Copyright 2009 American Chemical Society. (b) SEM images of 60 nm
thick Ag deposited over SiO2 nanosphere template, nanosphere diameter: 300 nm. The scalebar is
200 nm. Adapted from Ref.[98]. Copyright 2017 Elsevier B.V. (c) Ordered array of Au�Pd nanopar-
ticles on a nanostructured thin alumina �lm on Ni3Al(111). STM image after deposition of 0.02 ML
Pd and post-deposition of 0.04 ML Au at 300 K. Image size is 200 nm×200 nm. The insets show the
corresponding Fourier transformation. Two domain structures of threefold symmetry with an angu-
lar di�erence in orientation of about 24◦ can be distinguished. Au atoms are captured exclusively
by the Pd nanoclusters. As a consequence, ordered arrays of bimetallic Au�Pd nanoclusters are
formed. Adapted from Ref.[99]. Copyright 2006 IOP Publishing, Ltd. (d) Ir cluster superlattice
grown at 300K on Gr/Ir(111). Average cluster size is 70 atoms. Image size is 0.5 µm×0.13 µm.
Inset is 500Å×300Å. Adapted from Ref.[100] under CC BY-NC-SA 3.0. Copyright 2009 IOP
Publishing, Ltd.

Cluster arrays, like the one depicted in Figure 2.5 (a), come in a variety of di�erent geometries,

with a particle size and spacing in the 10 nm to 100µm range. They can be fabricated via
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direct electron beam writing on a positive resist and subsequent chemical vapour deposition

(CVD) or ALD of the desired metal species [95]. After removal of the resist the patterned

clusters remain on the substrate. By exploitation of sintering mechanisms it is even possible

to fabricate nanoclusters with a size of 2 nm, albeit at the cost of large inter particle distances

[101]. As prepared Au, Ag and bimetallic Au�Ag cluster arrays have been shown to strongly

in�uence the surface enhanced Raman scattering (SERS) of di�erent species and thus lend

themselfes to chemical and biological sensing [97, 102�104]. Ag nanocluster arrays on alumina

prepared by e-beam lithography have been studied as a model catalyst in ethylene epoxidation

[105].

A second fabrication method for periodic nano cluster arrays is based the substrate itself acting

as template. This can be achieved by patterning the substrate before the deposition of the

cluster material. One such template is porous anodic alumina which is prepared by a series of

anodizations and removal of Al2O3 to form nanochannels in which the clusters can be deposited

afterwards [106]. As prepared Ag clusters have been studied for their photoconductivity and

as SERS sensors [107, 108]. Templating the surface with silica nanospheres allows a large scale

patterning of Ag nanoparticles as depicted in Figure 2.5(b) [98].

A very elegant method for the stabilization of ordered cluster arrays emerges from the use of

substrates that naturally form a template. These templates can cover large areas (>1mm2)

which don't require an active patterning, opening the door for an easily scalable approach

[109, 110]. One basis for such systems are ultra-thin oxide �lms on metals [111]. An FeO(111)

layer on top of the Pt(111) surface has been shown to drive self organization of Au atoms due

to its polar surface [112]. An alumina thin �lm on Ni3Al(111) can template metal nanoclusters

such as Pd, Au�Pd, Cu and V with a regular spacing of 4.1 nm [99, 113, 114] (see Figure 2.5

(c)). Not all metals however are templatable, Ag and Mn clusters have been found to coalesce

at higher coverages [114]. Au and Fe clusters templated by alumina have been studied for their

catalytic and magnetic properties respectively [57, 115]. An overview of alumina templated

cluster arrays can be found in Ref.[116].

Moiré reconstructions of 2D materials with their growth substrates, such as Gr/Ir(111) or h-

BN/Rh(111) are also able to e�ciently template cluster superlattices. Early experiments using

the moiré of Gr/Ir(111) to grow Ir clusters (depicted in Figure 2.5(d)) have opened the �eld to

a multitude of di�erent templating systems [117]. Today W, Ir, Pt, Ru, Re, Rh, Sm, Ni, Co,

Fe and Au clusters have been grown on graphene or h-BN on Ir(111), Pt(111), Ru(0001) and

Rh(0001)[100, 118�125]. The best organization of clusters has been found in Ir on the moiré of

Gr or h-BN on Ir(111) [116, 126]. Ir cluster superlattices stabilized on Gr/Ir(111) are highly

stable and will start degrading only above 550K. Some materials such as Co and Au, which do
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not form well de�ned cluster superlattices at room temperature, can either be seeded by one

of the better organized metals or deposited at lowered temperatures (200K) to improve their

order [100, 127].

Because of their controllable cluster size and regular spacing templated CSLs have already been

studied as model catalyst systems. Martinez-Galera et al. have shown in a combined STM and

XPS study, that Ir clusters templated by h-BN can be treated by O2 exposure to remove carbon

species and are capable of CO oxidation without sintering under reaction conditions [128]. The

group of Christian Papp has extensively studied clusters on Gr or h-BN on Rh(111). Due to

the great long range order of these systems it is possible to apply XPS as a probe to understand

processes happening in a single moiré unit cell of the system. This way they have studied the

adsorption and decomposition of ethene on Pt/h-BN/Rh(111) and were able to elucidate the

roles of edges and facets of the Pt clusters, as well as establish a new reaction pathway, not

present on the Pt(111) surface [129]. Similarly, they were able to study the CO adsorption on

Gr/Rh(111) templated Pt and Pd particles [21, 125]. However, due to their limited stability,

these systems are prone to sinter under harsher conditions and are thus only applicable in

carefully designed experiments.

Figure 2.6: (a) Top view and (b) side view [cut along the dashed line in (a)] of the relaxed
structure of graphene/Ir(111) obtained by DFT including vdW interactions. Regions of high-
symmetry stacking (fcc, hcp, top) are marked by circles (a) or arrows (b). Adapted from [130].
Copyright 2011 American Physical Society. (c) STM topograph of 0.4 ML Ir clusters on Gr on
Ir(111). Size is 22 nm×20 nm. (d) Top view of a structural model of Ir clusters on Gr/Ir(111). The
moiré unit cell is indicated by the white line. High symmetry sites are marked, where the center of
the carbon rings is located either at an fcc or on-top site with respect to the substrate. The center
of the nanoparticles is located at the hcp position of the carbon rings.(b) Cross-sectional side view
of the particles together with relaxation values derived from SXRD �ts. Not all C atoms are shown
for clarity. Adapted from [18]. Copyright 2013 American Physical Society.

As the stabilizing mechanism of clusters on Gr/Ir(111) is especially important in the scope of

this work, a more in depth explanation is provided: Graphene forms a moiré reconstruction,

displayed in Figure 2.6 (a), with a periodicity of 25.3Å on the Ir(111) substrate due to the
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slight di�erence in lattice constants (aIr = 2.72Å and aGr = 2.45Å)[109]. In these 10.32×10.32

Gr unit cells on 9.32×9.32 Ir unit cells, three high symmetry points, namely the hcp, fcc and

top region, can be identi�ed. Due to the change in relative horizontal positions between Ir and

C atoms in these regions, di�erent relative heights are exhibited between the layers (see Figure

2.6 (b)) [130]. In the hcp regions, where C atoms sit directly atop the Ir atoms the C 2pz orbital

hybridizes with the Ir d3z2−r2 orbital, locally giving the graphene an sp3 like character [117].

These rehybridizations of the C atoms directly atop the Ir atoms then disturb the π bonds of

the graphene, activating the neighbouring C atoms, which in turn can anchor metal atoms that

are deposited on the graphene, forming the seeds for the cluster superlattice. As more and more

metal atoms are deposited and attach to the cluster seed more C atoms rehybridize, further

anchoring the cluster. A STM topograph of the cluster superlattice together with a structural

model are shown in Figure 2.6 (c) and (d). The rehybridizing from sp2 to sp3 C bonds can

be seen in x-ray photoelectron spectroscopy (XPS) measurements of the C1s core level and is

consistent with density functional theory (DFT) calculations, as well as structural relaxation

�ts to SXRD data (see Figure 2.6 (e)) [18, 131, 132]. This mechanism also o�ers an explanation

for the di�erent thermal stabilities observed in metal clusters. Metals with extended d orbitals,

which essentially are the binding component of the cluster material to the graphene, have been

found to have the highest thermal stability [100].

h-BN/Ir(111) o�ers another versatile template for the growth of cluster superlattices [126, 133].

Figure 2.7: (a) STM topograph of 0.02 ML Pt on h-BN on Ir(111). The scale is 18 nm×18 nm. (b)
Relaxed DFT geometries of an Ir heptamer (brown balls connected by sticks) on h-BN on Ir(111).
Perspective view, highlighting buckling of h-BN with B atoms approaching the Ir heptamer atoms
and N atoms approaching the Ir substrate atoms. (c) Charge density di�erence between relaxed
system and subsystems of Ir cluster, h-BN, and Ir substrate without changing atomic coordinates
within each subsystem. Adapted from [126]. Copyright 2018 American Chemical Society.

The mechanism is similar to that of the Gr/Ir(111) system. The h-BN (ah−BN = 2.48Å) forms

a 29.1Å periodic moiré reconstruction on the Ir(111) substrate, in which a central BhcpNtop

region can be identi�ed that is able to stabilize clusters (Figure 2.7 (a)) [126, 134]. In this

region the h-BN buckles when metal atoms are deposited on top, with the N atoms moving

towards the substrate, while the B atoms move towards the cluster atoms (see Figure 2.7 (b)).
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Figure 2.7 (c) shows a charge density di�erence plot, indicating strong sp3 hybridization of the

h-BN below the clusters. This mechanism leads to a large energy gain for the cluster, making

the as grown cluster superlattices even more stable than their Gr/Ir(111) counterparts, with Ir

cluster superlattices being stabilized up to 700K [126].

2.3 The Concept of Cluster Superlattice Membranes

Cluster superlattice membranes (CSLMs) are a novel type of heterogeneous 2D material being

developed within the scope of this work. They consist of three main components: A templating

layer - Gr or h-BN - on which the second component, a cluster superlattice, consisting of clus-

ters evenly spaced nanometres apart, is grown. The third de�ning component is an embedding

layer, which, in this work is an amorphous carbon layer [135]. The goal for this new material

is to stabilize the cluster superlattice, enabling it to withstand even higher temperatures and

ambient or catalytic conditions without sintering.

The choice of templating material determines the exact cluster lattice spacing, but also o�ers

the opportunity to either grow on a conducting (Gr) or an insulating (h-BN) template. Also,

the binding mechanism between templating layer and embedding matrix is dependent on this

choice, possibly enabling di�erent fabrication steps.

The cluster superlattice itself can consist of the wide variety of di�erent cluster materials dis-

cussed earlier and all possible bi- or multi-metallic nano cluster combinations. The clusters

are scalable in size from the single atom limit up to a few hundred atoms, following a narrow

Poisson size distribution [117].

For the embedding layer carbon is a natural choice, as C can easily be deposited from the vapour

phase in atomic, dimer and trimer form, forms cage-like clusters on Gr, while forming stable

bonds with it [136]. It also strongly adsorbs on Pt/Ir, adhering perfectly to the noble metal

clusters and forms a conformal embedding without disturbing the long range order of the cluster

superlattice [132, 137]. The carbon embedding greatly stabilizes the clusters against sintering

via PMC up until 1050K. However, one can imagine many other embedding materials, each

coming with unique advantages and challenges. From oxide supports which actively increase

catalytic performance like TiO2, Al2O3 or CeO2, to elemental B to electrically isolate the clus-

ters from one another. The thickness of the embedding layer is another tunable quantity, with

extremly thin coverings like 1 nm Al2O3 possibly o�ering both stabilization and catalytic access

[89, 90], while thicker layers in the multi nano metre range can further increase mechanical and

thermal stability. A heterostructure of di�erent embedding materials could be used to further

bestow functionality to the system. For example, a thin carbon coverage followed by a thin �lm
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Figure 2.8: Concept sketch detailing the fabrication steps of a cluster superlattice membrane.(a)
Growth of a templated cluster superlattice. (b) Embedding of the cluster superlattice. (c) Split-o�
of the membrane from the growth substrate. (d) removal of the templating layer. (e) Post-growth
of the clusters.

of lead could be used to induce superconductivity in the clusters via proximity e�ect [138, 139].

The fabrication of CSLMs follows from the role of the components and is laid out in Figure

2.8. First, the templating layer is grown on a clean Ir(111) substrate, following an inhouse

developed recipe described in Refs. [126, 132]. CVD grown Gr or h-BN can cover large scale

areas of the sample, providing the basis for millimetre sized membranes. Cluster superlattices

are grown in situ via e-beam evaporation of metals onto the templating layer (Figure 2.8 (a))

[100, 126]. Figure 2.8 (b) shows the membrane after the stabilizing embedding matrix has been

grown. The embedding is done via evaporation of material from an e-beam or a Knudsen cell.

At this point the clusters are full covered by the a-C layer and protected against sintering via

PMC [132]. Application as a model catalyst however, is impossible at this point, because no

reactants will be able to reach the catalytic particles. Thus, the next following idea is to turn

the membrane around and remove the templating layer. This should, if successful, leave the

clusters stabilized by the embedding matrix like eggs in an egg carton. To this end, �rst the

removal from the substrate is necessary (Figure 2.8 (c)). Since the bonds between templating

layer and the substrate are enhanced during the previous growth steps it is necessary to weaken

them again before a large scale transfer is possible. One strategy for the reduction of binding
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of a carbon based membrane is an annealing step to 750K, which leads to a restructuring of

the amorphous C matrix to a more sp2 like network [135]. A second option is the intercalation

of di�erent species into the space between the Gr and the Ir(111). Candidates for this are K,

Br, Cs, Eu, or Li [140�143].

The hydrogen bubbling method is the basis for the delamination of the CSLM from the Ir

substrate [144]. After the preparation the crystal is removed from the UHV, covered by a poly-

methylmethacrylate (PMMA) support layer (either drop casted or spin-coated) and subjected

to a standard hydrogen bubbling transfer, �nally forming the free-standing hybrid 2D material

(see Figure 2.8 (c))[135].

One necessary requirement for the application of CSLMs as a model catalyst is the partial

or full removal of the templating layer, allowing reactants to reach the encapsulated clusters.

An opened CSLM is depicted in Figure 2.8 (d). Possible ways to remove the templating layer

include etching with oxygen or argon plasma. However, it is extremely important to chose an

approach which does not also damage the embedding matrix, meaning that either one has to

be very careful when using the oxygen approach, or the matrix has to be made from a material

which resists the etching agent.

Once opened, post growth of the cluster superlattice (Figure 2.8 (e)) can be performed to either

improve the properties, or bestow new functionality in the clusters by depositing di�erent metal

species on the opened CSLM.

Future research opportunities for the CSLMs are found foremost in the �eld of catalysis. The va-

riety of possible cluster materials and sizes, combined with di�erent supports and the predicted

high temperature stability lend themselves to experiments in high pressure and temperature

regimes, which lead to sintering in other supported systems. The narrow size distribution and

long range order of the systems allow the investigations of spill over and reverse-spill over ef-

fects, as well as the determination of the cluster shape during reactions. The ability to tune

the size of the clusters down to the atomic limit also enables studies into single atom catalysis,

an emerging �eld which makes optimal use of the catalytic metal atoms [145, 146]. As the

interaction between the single atoms and their support is even more important in single atom

catalysts than in nanoclusters, the choice of embedding material enables to study the interac-

tion e�ects in otherwise unchanged conditions [147�149]. Ideally, this capability will help bridge

the pressure gap in catalysis, which separates the understanding of traditional model systems

from industrial catalysts [150].

Closely related to its potential in catalysis, recently, a Pd CSL has been demonstrated to be

an e�cient hydrogen storage, displaying its capabilities for clean energy storage [20]. A CSLM

based on Pd clusters, either seeded by Ir or post grown after the template removal, could pro-
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vide enhanced stability for the CSL and prevent it from degrading during multiple absorption

and desorption cycles.

Further applications include magnetism and phase formation. Magnetic properties of clusters,

such as anisotropy and blocking temperature, depend on their size and shape [151, 152]. Their

interactions are governed by their spatial orientation. The spatial distance can be controlled via

choice of template and the size of the clusters is tunable through the deposited amount. The

a-C matrix stabilizes both, protecting the clusters from sintering or oxidizing. The separation

on the order of 1 nm lends itself to investigations into magnetic dipole�dipole interactions [153].

Connected to the opportunities in magnetism, phase formation can be studied in the cluster

in the membrane. It requires signi�cant energy for the clusters to escape their encapsulation,

as they essentially have to either pass through the a-C, or penetrate the graphene layer. The

penetration through the graphene layer has been observed on the substrate, as the chemical

potential at the single crystal surface is lower than in the clusters. However, once removed

from the growth substrate the driving force for this process would also be eliminated. Phase

transitions, for example of Fe�Pt clusters into the magnetically highly anisotropic L10 phase,

have already been investigated in similar systems. Sellmyer et al. have investigated the phase

transformation of randomly deposited Fe�Pt clusters in an a-C matrix and Capiod et al. studied

size selected and soft landed clusters, which don't form a dense superlattice, on the Gr/Ir(111)

template [154, 155]. The CSLM combines the advantages of both systems, enabling a high

density of clusters with a narrow size distribution housed inside the protective a-C matrix.
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ABSTRACT: Cluster superlattice membranes consist of a two-
dimensional hexagonal lattice of similar-sized nanoclusters sandwiched
between single-crystal graphene and an amorphous carbon matrix. The
fabrication process involves three main steps, the templated self-
organization of a metal cluster superlattice on epitaxial graphene on
Ir(111), conformal embedding in an amorphous carbon matrix, and
subsequent lift-off from the Ir(111) substrate. The mechanical stability
provided by the carbon-graphene matrix makes the membrane stable as
a free-standing material and enables transfer to other substrates. The fabrication procedure can be applied to a wide variety of
cluster materials and cluster sizes from the single-atom limit to clusters of a few hundred atoms, as well as other two-
dimensional layer/host matrix combinations. The versatility of the membrane composition, its mechanical stability, and the
simplicity of the transfer procedure make cluster superlattice membranes a promising material in catalysis, magnetism, energy
conversion, and optoelectronics.
KEYWORDS: nanocluster superlattices, membranes, two-dimensional materials, graphene, moire ́

The large number of two-dimensional (2D) materials
and their broad range of physicochemical properties
have led to considerable efforts toward 2D material-

based applications.1,2 In view of the respective application
requirements, the integration of graphene (Gr) or other 2D
materials with functional building blocks such as nanoparticles
and molecular species is a strategy to design 2D materials with
diverse functionalities. These 2D functional materials combine
the exceptional properties of Gr (e.g., mechanical strength,
flexibility, and electrical conductivity)3−5 with the desirable
properties and functionalities of the respective nanoscaled
building block.6−8 Examples of such hybrid materials are
carbon nanomembranes9−14 and graphene-nanoparticle com-
posites.8,15−17 Here we report on the fabrication of two-
dimensional membrane material containing a superlattice of
nanoclusters. This free-standing 2D membrane consists of a
metal cluster superlattice encapsulated within a stabilizing
framework of amorphous carbon (a-C) and Gr and is hereby
referred to as cluster superlattice membrane (CSLM). The
nanocluster building blocks within the free-standing membrane
can be controlled in composition, have a narrow size
distribution, a perfect long-range order, and their average
size can be tuned during growth from the single-atom limit up
to a few hundreds of atoms.
CSLMs are similar to graphene-nanoparticle compo-

sites8,15−17 and freestanding nanocrystal superlattices,18,19

because these materials host nanoclusters and nanoparticles
within a stabilizing matrix. The well-defined and well-

controlled size and thickness of CSLMs also make them
similar to carbon nanomembranes formed from cross-linked
supramolecular networks.9−13 They are both largely non-
crystalline, rigid, mechanically, and thermally stable 2D
materials.
What distinguishes CSLMs from the above examples is the

crystalline order of small clusters down to the atomic limit with
a small, but not atomic, lattice constant. Lateral long-distance
order is absent in graphene-nanoparticle composites,8,16,17 only
possible by top-down lithography in carbon nanomembranes13

and only for large crystals (sizes from 104 to 107 atoms) and
small areas in nanocrystal superlattices.19 In contrast, the
clusters in CSLMs are positioned on a superlattice, which
extends over macroscopic length scales (mm), with a lattice
constant (2.53 nm) that is much shorter than the current state-
of-art patterning. The identical environment and the similar
size of the clusters in the superlattice can lead to a collective
response to external stimuli and prevent smearing out single
cluster features.20−22
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Moreover, CSLMs are also distinct from cluster arrays
grown on a 2D template.23,24 Cluster arrays on templates
require the presence of the substrate to maintain their order.
They are sensitive and only of moderate stability with respect
to temperature and gas exposure. CSLMs can be used as
suspended sheets or on any substrate. They are robust, being
insensitive to temperature variation, and are easy to handle due
to their mechanical stability.

RESULTS AND DISCUSSIONS

Membrane Fabrication. The fabrication concept is
schematically presented in Figure 1a. It involves three main
steps: (i) the growth of a metal cluster superlattice on the Gr
moire ́ on Ir(111), (ii) the embedding with carbon, and (iii)
the removal of the carbon matrix-metal-Gr 2D hybrid sheet
from the Ir(111) substrate. Step (i) is based on template
growth of metal nanoclusters on a 2D layer, such as
monolayers of Gr or h-BN on Ir(111).23−26 Metal deposition
on Gr/Ir(111) induces local Gr rehybridization from sp2 to sp3

carbon in the hexagonal close-packed (hcp) regions of the
moire,́ whereby chemical bonds between the C atoms and the
cluster as well as with the substrate metal are formed. This

mechanism induces pinning of the clusters at the hcp areas,
leading to cluster superlattice with the moire ́ periodicity of
2.53 nm.20,23,26,27 The clusters were found to have epitaxial
growth with their dense-packed planes and their dense-packed
directions parallel to those of Gr.20,26 Figure 1b shows an STM
image of a such a cluster superlattice formed by deposition of
0.4 ML of Ir on the Gr moire.́ The clusters’ sizes display a
Poisson distribution with an average size sav = 35 atoms defined
by the deposited amount; see the inset of Figure 1b for a
structural model. As seen in the LEED pattern of Figure 1c, the
Gr, Ir, and moire ́ reflections are clearly visible after cluster
deposition. In contrast to the bare Gr moire ́ on Ir(111), Figure
S1, additional moire ́ reflections are visible after cluster
deposition, as characteristic for a highly ordered cluster
superlattice with the same lattice constant as the Gr moire ́
that covers the whole surface.
The deposition of elemental carbon on the cluster

superlattice leads to the conformal embedding of the clusters
without disturbing their perfect lateral order; for more details
see ref 28. Each cluster is encapsulated in a stable protective
cap, which provides exceptional thermal stability against
sintering for temperatures up to 1350 K and protection
against molecular adsorption.28

Figure 1. (a) The concept for the fabrication of the cluster superlattice membrane. (i) The growth of a cluster superlattice by metal
deposition on the moire ́ of Gr on Ir(111), (ii) embedding of the cluster superlattice with elemental carbon, and (iii) lift-off from the metal
substrate. (b) STM topograph of an Ir35 cluster superlattice formed on the Gr moire ́ after the deposition of 0.4 ML Ir at 300 K. Inset: a
structural model of the Ir35 cluster on Gr/Ir(111). (c) The corresponding LEED image acquired at 72 eV. First order Ir (blue) and Gr
(yellow) reflections are encircled. They are surrounded by moire ́ reflections. (d) Optical image of the Ir/Gr/Ir(111) sample after the
deposition of 7 ML carbon through a shadow mask and annealed to 850 K. (e) STM topograph acquired at the regions where carbon is
shadowed by the mask, and the Ir cluster superlattice has sintered due to annealing to 850 K. (f) STM topograph of a cluster superlattice
embedded in 7 ML carbon and annealed to 850 K. (g) LEED image corresponding to (d) taken at 72 eV. The STM image sizes in panels
(b,e,f) are 45 nm × 45 nm.
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To increase the yield of fabrication and enhance
delamination (see below), we deposited carbon, step (ii),
through a shadow mask of 48 regularly spaced circular holes
with a diameter of 300 μm in a square grid arrangement as
shown in Figure S2. The mask prevents carbon deposition at
the parts of the sample below the shadowed regions. This way
multiple cluster membranes can be fabricated at the same time
and with identical preparation conditions. In addition, as a
requirement for a successful electrochemical delamination (see
below), after the deposition of C the sample is annealed to 850
K. The circular areas covered with 7 ML of carbon appear dark
under the optical microscope and are surrounded by brighter
carbon-free regions; see Figure 1d.
The STM image, depicted in Figure 1e, reveals that in

masked areas without carbon the clusters sintered due to
annealing. The sintered Ir clusters have an inhomogeneous size
distribution and are not ordered. The carbon embedded areas
display a rough surface without well-defined structure, see
Figure 1f. In Figure 1g, the LEED pattern sampling of both
areas with and without the carbon cover displays an enhanced
diffuse background together with moire ́ reflections. We
conclude that the moire ́ reflections must stem from the areas
without the carbon cover, because after deposition of the same
amount of C without a mask the LEED pattern is only diffuse
(LEED is unable to probe the order of the cluster superlattice
buried under 7 ML of C, see Figure S1). Therefore, the
deposited layer must be considered to be amorphous carbon
(a-C), a mixture of sp2 and sp3 hybridized C without long-
range order. At this step, the membrane’s lateral size and shape
can be controlled by using differently patterned shadow masks,
and its thickness can be controlled by adjusting the deposited
amount of carbon.
Transfer. To establish the membranes as a 2D material and

in order to make use of them on different substrates, it is

necessary to delaminate them from Ir(111). For delaminating
the cluster membrane from the Ir(111), we included two steps
that reduce the membrane-Ir adhesion into the fabrication
process. Prior to hydrogen bubbling and removal from the
UHV chamber, the membranes were (1) heated to 850 K and
(2) intercalated with Eu at 750 K. The heating step was
decisive, see X-ray Photoemission Spectroscopy, for successful
membrane removal, and the Eu intercalation improves further
the yield of delaminated membranes. Intercalation of foreign
species such as Eu between Gr and Ir(111) breaks the Gr−Ir
interfacial bonds and further weakens the adhesion.29,30

After removing the sample from the UHV, a reinforcing
poly(methyl methacrylate) (PMMA) film is placed above the
CSLMs. For electrochemical delamination, we used a setup
similar to refs 31 and 32 shown in the schematic of Figure 2a.
The sample is immersed into a 10% NaOH solution and used
as the cathode, while a Pt wire serves as the anode. A low
negative bias (slightly below the electrode potential of
hydrogen evolution, ∼1.6 V) is applied for a prolonged time
(24 h) to the sample for underpotential intercalation of water
and slow water reduction.33,34 After delamination, the CSLMs
adhering to the PMMA, see Figure 2b, can be placed on a
substrate of interest, e.g., SiO2 or a TEM grid. The Ir crystal
can be reused. We note here that the fabrication of smaller
membranes (300 μm, through the use of a shadow mask) is
beneficial, because the smaller lateral extension of the
membranes allows for more effective intercalation of Eu and
water and thus more efficient delamination.
Furthermore, attempts to remove unprocessed cluster

membranes using conventional electrochemical delamination
processes as applied for Gr layers grown on metal surfaces31,32

were unsuccessful. This points to a stronger adhesion between
the cluster membrane and the Ir(111) surface compared to
pristine Gr, which is due to hybridization of the carbon 2pz

Figure 2. (a) Schematic of the electrolysis setup for the hydrogen bubbling transfer of the membrane. The membrane/Ir sample coated with
PMMA is immersed in NaOH solution. The Ir sample serves as the cathode, whereas a Pt wire is the anode. (b) Optical image of the cluster
superlattice membranes supported on PMMA. (c) Raman spectra of the free-standing cluster superlattice membrane (blue) and of graphene
(red) using a 532 nm laser. (d,e) X-ray photoemission spectra of the Ir 4f7/2 and C 1s of the Gr/Ir(111) surface, Pt/Gr/Ir(111), C/Pt/Gr/
Ir(111) at room temperature, and after annealing to 850 K, moving from top to bottom. To distinguish the cluster signal from the Ir(111)
substrate, a Pt cluster superlattice was used instead of Ir.
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orbitals of Gr with the substrate Ir(d3z2−r2) after the deposition
of clusters and capping C, see refs 27 and 35, and our own X-
ray photoemission spectroscopy (XPS) results below. The
increased binding hinders the intercalation of water and ions
during the bubbling process and prevents delamination of the
membrane.
To confirm the preservation of the Gr part in the membrane

after transfer, we performed Raman spectroscopy character-
ization. Figure 2c shows the Raman spectra of the CSLM
(blue) after transfer to a TEM grid and suspended graphene
(red) taken from the region with sintered clusters, that is, the
region not covered with a-C. The spectrum of graphene does
not contain the contribution from a-C, and the single Raman
peaks are fitted with the Lorentzian functions. We identify here
the characteristic graphene G mode, defect-induced D and D′
modes, and the double resonance Raman modes 2D, D+G′,
and D+D″.36,37 In the spectrum of the CSLM, the double
resonance graphene modes are also clearly visible, whereas the
G, D, and D′ modes overlap with two broad a-C bands (at
∼1379 and 1580 cm−1) shown by the dashed lines. The a-C
bands fitted with the combination (50/50) of Lorentzian and
Gaussian functions are consistent with Raman data on a-C
films.38

X-ray Photoemission Spectroscopy. In order to under-
stand the reasons why heating to 850 K is decisive for
successful delamination, the UHV steps of the membrane
fabrication process were studied with XPS. To be able to
distinguish the cluster signal from the Ir(111) substrate, the Ir
clusters were replaced with Pt following the same growth
procedure as for Ir clusters but this time without the use of the
shadow mask. Figure 2d shows the Ir 4f7/2 core level spectrum
of 1 ML of Gr on Ir(111) surface.
The spectrum consists of two distinct peaks at 60.32 and

60.85 eV, corresponding to emission from the surface, IrS, and
bulk, IrB, atoms, respectively.39 Deposition of 0.35 ML Pt at
room termperature reduces IrS and a new interface component,
IrInt (blue in Figure 2d), appears, centered at 60.60 eV. The

interface component emerges from the Ir surface atoms now
chemically binding to Gr. The reason is that due to Pt
deposition and cluster formation, the Gr rehybridizes under-
neath the clusters. Thereby the rehybridized C atoms in Gr not
only bind the Pt clusters but also form chemical bonds to Ir
surface atoms whereby IrInt emerges and IrS diminishes.40

Additional deposition of 2 ML carbon leads to a further
increase of IrInt and a decrease of IrS as has been found before
for C deposition on Gr/Ir(111).35 The deposited C triggers
rehybridization of a large part of the residual sp2-hybridized Gr
and thereby in turn a transformation of bare Ir surface atoms
contributing to IrS to Ir surface atoms binding to rehybridized
Gr and thus contributing to IrInt.
As shown in Figure 2d, by heating to 850 K, the IrInt

component decreases significantly while IrS recovers, suggest-
ing that interface chemical bonds between the membrane and
the Ir surface layer are partly released. Since the embedded
metal clusters remain ordered after heating to 850 K under the
C film,28 the release of the Ir-membrane chemical bonds must
be associated with reorganization in the membrane itself.
We have also tracked the C 1s core level at each relevant

step, that is, Gr/Ir(111), deposition of clusters and carbon, and
heating to 850 K, Figure 2e. The C 1s peak of pristine sp2

bonded Gr is sharp and located at 284.12 eV (C1). Deposition
of Pt clusters leads to the formation of a Gr hybridization
shoulder at 284.81 eV (C2),

27 which is consistent with the
appearance of the interface component IrInt. After the
deposition of 2 ML C, the spectrum broadens as the result
of the amorphous character of the deposited C in which the C
atoms are in multiple unspecified configurations.
Heating to 850 K results in a reduction in the width of the

spectrum, suggesting an increase of the amount of sp2 bonds in
the membrane. At the same time, a shoulder appears at the low
binding energy (283.60 eV) side of the C 1s peak, marked as
C3. One plausible explanation for its emergence is permeation
of C through the Gr sheet to the Ir substrate (monomer
permeation upon room-temperature deposition was noticed

Figure 3. (a) Large scale (77 nm × 77 nm) HRTEM image of the cluster superlattice membrane. (b) EDX spectrum of the membrane
showing a strong signal correlated to the presence of Ir. (c,d) Diffraction images recorded on the membrane, showing the cluster lattice (c)
and the Gr lattice (d) spots, taken at different magnifications in reciprocal space. Both patterns cannot be represented in one reciprocal
space image due to their vastly different scale. The first order spots are marked with blue and red, respectively. (e) A zoom-in HRTEM image
(23 nm × 23 nm) of the cluster membrane, showing a closer look of the clusters’ crystalline structure. Inset: sketch of the orientation of the
clusters within the black square of panel (e); red indicates cluster epitaxy with the Gr lattice and blue shows randomly oriented clusters. (f)
A zoom-in on a cluster having a lattice that resembles the (111) Ir plane; the image size is (2 nm × 2 nm). (g) The line profile corresponding
to the red dashed line of panel (f).
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before in ref 35 and 41), which in turn could result in the
formation of small graphene clusters which provide a C 1s
component at this location, as was shown by Lacovig et al.39

We also note that room-temperature permeation could
contribute to the IrInt component of the Ir 4f7/2 core level.
Summarizing the observed changes in the Ir 4f7/2 and C 1s

core levels, we argue that after heating to 850 K the C atoms in
the membrane reorganize, and as a result the Gr−Ir substrate
bonds formed during embedding are at least partly released.
The resulting weaker binding between Gr and Ir allows for
intercalation of water and explains the easier delamination of
the CSLM.
Transmission Electron Microscopy. To confirm the

presence and order of the metal clusters in the free-standing
CSLM, we used high-resolution transmission electron
microscopy (HRTEM). Figure 3a shows a large scale
HRTEM bright field image of the membrane, where the Ir
clusters can be recognized as dark spots forming a hexagonal
lattice. The energy-dispersive X-ray spectrum of Figure 3b
confirms the dark spots to be Ir clusters (Na and Si are
residues from the transfer process). The average cluster
diameter is measured to be 12 ± 2 Å, that is, close to the
expected value for bilayer clusters of 35 atoms (note that the
HRTEM images show a projection of the structure). The long-
range periodic arrangement of the Ir nanoclusters is preserved
throughout the membrane, evident from the superlattice
diffraction pattern of Figure 3c, from which a superlattice
parameter of 2.5 nm is derived.
The electron diffraction pattern of Figure 3d, taken at an

order of magnitude larger magnification in reciprocal space
confirms the presence of Gr in the membrane. Direct
comparison between the diffraction patterns for the Gr lattice
and the cluster superlattice reveals that the two lattices are
generally well-aligned with only a slight deviation in
orientation of 1.5°-2° (note that the cluster superlattice spots
are slightly elongated, suggesting domains of slightly different
angles); see also Figure S3. Such a small misalignment is
typical for a superlattice on Gr/Ir(111) and results from the
angular spread of Gr on Ir(111) due to small angle grain
boundaries,25 which is magnified by a factor of 10 through the
moire.́ Moreover, the ratio between the graphene lattice
constant and the superlattice constant, αGr/αSuperlattice, is 0.094,
that is, smaller than the expected ratio of 0.097 between the
αGr and the moire lattice constant αmoire before cluster
deposition. Although the origin of this strain effect is not
settled, we speculate that it might result from a graphene
expansion underneath the clusters (invisible to HRTEM) and a
Gr compression in between, as found in density functional
theory calculations,42 which could be frozen due to
embedding.
Magnified HRTEM images such as the one given in Figure

3e show that the metal clusters are crystalline as obvious from
their lattice fringes. Often the fringes resemble the (111) lattice
plane of Ir. A zoom-in on an Ir cluster reveals a clear hexagonal
structure. The in-plane nearest neighbor distance measured
from the line profile of Figure 3 is 2.65 ± 0.05 Å, which is
slightly smaller than the Ir bulk value of 2.715 Å.20,26 The
reduced in-plane cluster nearest neighbor distance compares
well with the results of surface X-ray diffraction experiments for
similar-sized nonembedded Ir clusters on Gr/Ir(111), where a
compressive in-plane strain of 2.5% was measured.20

Because the metal clusters grow epitaxially on Gr prior to
embedding and lift-off, their (111) lattice plane is parallel to

the surface and their dense packed atomic rows are parallel to
the dense packed rows of the cluster superlattice.26 To uncover
whether changes in the cluster orientation and structure take
place during embedding and lift-off, we looked at each cluster
of Figure 3e individually, marked the directions of their fringes,
and compared them with the superlattice directions as shown
in Figure S4. About 54% of the clusters’ fringes are aligned
along the high symmetry lines of the superlattice (marked with
red in the inset of Figure 3e) and thus with those of Gr,
whereas 24% are now misoriented. Thus, the rest of the
clusters do not exhibit any clear structure (19%) or are missing
(3%). The induced misorientation of the clusters presumably
has taken place during embedding or could be caused by the
observed reorganization of the C bonds during annealing to
850 K.
On the basis of the experiments reported here, CSLMs are a

robust, flexible, inert, and stable hybrid 2D material. What we
show is only the first example of this type of material. While we
used Gr/Ir(111) as our prototypical template, the fabrication
procedure can be expanded to different cluster template
substrates such as Gr or h-BN moire ́ on Ir(111), Ru(0001),
and Rh(111) and thin alumina films.24,43−50 Because of this,
the fabrication process can include a wide range of cluster
materials (alkali metals, transition metals, rare earths, semi-
conductors)26,35,51−53 with different physicochemical proper-
ties. In fact, we also were able to form CSLMs with Pt clusters
and also with h-BN as the 2D layer. We speculate that the
embedding matrix can be formed by a variety of materials of
which insulating oxides (e.g., Al2O3) would be attractive in
view of potential applications in nanocatalysis or nano-optics.

Potential Applications. The properties of the CSLM,
being a 2D lattice of small equally sized clusters and itself being
mechanically and thermally stable due to its embedding matrix,
provide an application potential that still needs to be realized
through further steps in material processing and by integration
of the CSLM into devices. We argue that CSLMs can be
potentially useful in single electron transistors (SETs), phase
formation, and application as electrocatalytic electrodes.
SETs use the gate controllable Coulomb blockade of

quantum dots to control electrical transport.54,55 A cluster
superlattice with a narrow size cluster distribution enables the
use of a group of clusters for the switching through Coulomb
blockade, thereby making the process more robust and
simplifying contacting compared to a single cluster device.
Moreover, it could also be the basis for fabrication of an entire
array of SETs, all with the same Coulomb blockade
characteristics. Lastly, a superlattice of metallic clusters is
also a playground for the investigation of hopping transport
and charge localization, as, for example, demonstrated by
Whitham et al.56 As detailed in the Supporting Information
(compare Figure S5 and corresponding explanations), Pt-
CSLMs using h-BN as the 2D layer display discrete energy
levels in a tunneling experiment as a result of Coulomb
blockade. These energy levels could be effectively used as on
and off states through the use of a gate electrode in a SET.
Moreover, the stability of the CSLM under high temper-

atures could allow the synthesis of phases that require high-
temperature processing, for example, the high magnetic
anisotropy L10 phase of FePt,57−59 without losing the regular
cluster arrangement. The protection of the clusters from
oxidation would also enable the study of magnetic materials in
a 2D lattice, for example, an analysis of dipolar interactions of
small superparamagnetic clusters in close spacing.60
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Lastly, postprocessing by etching of the 2D layer and
uncovering the cluster metal surface will make the membrane
active for catalytic applications and enable the development of
efficient catalysts of high selectivity.47,61−65 Of specific interest
is the exploration of few or single atom cluster superlattices for
use in single atom catalysis.61,62

CONCLUSIONS
In conclusion, we have fabricated the first free-standing cluster
superlattice membrane. The cluster superlattice is self-organ-
ized on the Gr moire ́ on Ir(111) and encapsulated within an
inert and stable nanometer-thick amorphous C film. A
prerequiste for lift-off from the Ir(111) is weakening of the
membrane binding to the substrate by annealing. Annealing
causes internal matrix reorganization and enables subsequent
intercalation which further weakens binding. After the removal
of the membrane from the Ir(111) substrate with electro-
chemical methods, HRTEM measurements confirmed the
presence of a highly regular cluster superlattice with
intercluster distance of ∼2.5 nm. The Gr lattice is preserved
throughout the membrane, confirmed by diffraction spots. In
the example presented here, the cluster average diameter is 1.2
± 0.2 nm, consistent with bilayer Ir clusters of 35 atoms. The
cluster size and composition, as well as the membrane
thickness and shape, can be controlled during the bottom-up
fabrication procedure. The use of different 2D layer templates,
cluster materials, and sizes, as well as embedding materials,
make cluster superlattice membranes a diverse material with a
wide range of physicochemical properties.

EXPERIMENTAL METHODS
The sample preparation, STM imaging, and LEED were done in an
ultrahigh vacuum system in Cologne with a base pressure in the 10−11

mbar regime. The Ir(111) crystal was cleaned using several cycles of 2
keV Xe+ sputtering and flash annealing to 1550 K. The Gr monolayer
was grown on Ir(111) by a two-step process: adsorption of ethylene
until saturation at room temperature and subsequent thermal
decomposition at 1300 K, and 300 s ethylene exposure at 1300 K
in ethylene pressure of 1 × 10−7 mbar. The resulting Gr coverage was
close to 100%, as checked with LEED and STM.
Ir and C were evaporated on Gr/Ir(111) at room temperature from

an e-beam evaporator using high purity rods with a deposition rate of
∼10−2 ML/s at an evaporation pressure below 5 × 10−10 mbar. The
deposited amount θ was calibrated by deposition of C and Ir on the
clean Ir(111) surface and subsequent annealing to 1470 K for C and
800 K for Ir. The heating step leads to the formation of compact
monolayer islands of Gr or Ir islands, respectively. STM imaging was
used for the determination of the island coverage and thus the
deposition flux. The deposited amount of C is given in monolayers
with respect to the atomic density in Gr, while the deposited amount
of Ir is specified in monolayers with respect to the surface atomic
density of Ir(111).
STM imaging was done at room temperature, using tunneling

currents I in the range from I = 0.1−0.6 nA and sample bias voltages
Us in the range Us = −(0.8−2.0) V. The average cluster size of 35
atoms for 0.4 ML of Ir was obtained using the equation sav = Amθ/n,
where n is the cluster number density equal to 1, θ is the metal
coverage, and Am is the area of the moire ́ cell equal to Am = 87 Ir
substrate unit cells.23 The STM data were processed (background
subtraction and contrast adjustment) using the WSxM software.66

Optical microscopy imaging was done with a Keyence VHX-6000
in Cologne. The Raman spectra were acquired in the backscattering
geometry using a 532 nm laser and the Renishaw inVia confocal
Raman microscope with a 100× objective (NA = 0.85). The
integration time per spectrum was 60 s, and the laser power was 0.1
mW. During the measurements, no change in Raman spectra was

observed ruling out sample degradation. From the fit of the single
Raman peaks with Lorentzian functions, we obtained full width at
half-maximum of ∼10 cm−1 for G, D, and D′ modes for both
suspended graphene and graphene in the CSLM.

The HRTEM imaging, EDX, and selected area electron diffraction
(SAED) images were acquired using FEI TITAN 80−300 equipped
with image side aberration corrector for the objective lens in Vienna.
The microscope was operated at 80 kV accelerating voltage to reduce
the potential knock-on damage at the sample. HRTEM images were
acquired in negative Cs (∼−10 μm) imaging condition, providing
strong local contrast at the atomic site. For electron diffraction
patterns, two different camera lengths were used, a smaller length of
240 mm for graphene spots and a relatively larger length of about 1.7
m for the spots of the superlattice which appear quite close to the
direct spot because of the larger lattice periodicity.

The UHV X-ray high resolution photoemission spectroscopy
experiments were conducted at the SuperESCA beamline of the
synchrotron radiation source Elettra (Trieste, Italy). The Ir(111)
crystal was spot-welded on a Ta wire and mounted on a manipulator
with a W filament placed behind the sample. The samples were
prepared in situ using similar procedures as described in the STM
section with the same evaporators and very similar rates in a
background pressure below 10−10 mbar. The quality of the Gr/
Ir(111) was checked by LEED and by verifying the absence of C and
O contaminants in the XP spectra after cluster growth. The XP
spectra were acquired at variable temperatures in normal emission.
The Ir 4f7/2 and C 1s core level spectra were measured in normal
incidence using photon energies of 140 and 390 eV, respectively, with
overall energy resolution (photon beam and electron energy analyzer)
better than 50 meV. For the fitting of Ir 4f7/2, we subtracted a Shirley-
type background and corrected to the Fermi edge. The Ir 4f7/2 spectra
components were then fitted with an asymmetric Doniach-Šunjic ́
function convoluted with a Gaussian as is typical for transition metal
core levels.
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(10) Turchanin, A.; Gölzhaüser, A. Carbon Nanomembranes from
Self-Assembled Monolayers: Functional Surfaces Without Bulk. Prog.
Surf. Sci. 2012, 87, 108−162.
(11) Angelova, P.; Vieker, H.; Weber, N.-E.; Matei, D.; Reimer, O.;
Meier, I.; Kurasch, S.; Biskupek, J.; Lorbach, D.; Wunderlich, K.;
Chen, L.; Terfort, A.; Klapper, M.; Müllen, K.; Kaiser, U.; Gölzhaüser,
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Di�raction

Figure S1: LEED patterns acquired at 72 eV of the Gr/Ir(111) (left) and the CSLM (right)
covering the whole (6 mm) Ir(111) crystal.

Shadow mask

evaporation mask

Mask plate

Figure S2: 3D rendered image of the mask plate with the evaporation mask, consisting of
48 holes of 300 µm diameter.
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Figure S3: Di�raction patterns of the cluster superlattice (a) and graphene (b) acquired
on the membrane. Overlaying of the directions of the two di�raction patterns showing a
misalignment of 1.5o.
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Figure S4: A zoom-in TEM image of two Ir clusters in the membrane. The directions of the
fringes observed in the clusters are marked and compared with the high symmetry directions
of the superlattice, red indicates cluster epitaxy with the superlattice and blue randomly
oriented clusters.

Coulomb blockade

To demonstrate the functionality of the CSLM, we have designed a CSLM in which Pt5̄5

clusters are encapsulated within insulating h-BN and semiconducting a-C (1.6 ML). When

contacting with STM, the system is e�ectively a double barrier tunnel junction, in which

the two tunnel junctions are the Ir/h-BN/clusters and clusters/(a-C/tunnel barrier)/tip, see

the schematic in Figure S5a. Room temperature I-V spectra acquired through this set-up,

re�ect Coulomb blockade and Coulomb oscillations phenomena, characteristic of a single

electron tunneling. An example is shown in Figure S5a, the I-V spectrum displays sharp

step-like changes with a period of 0.35 V, a Coulomb staircase. As a consequence, the

di�erential conductance of the CSLM, Figure S5b, has discrete electronic energy levels with

the same period. These distinct energy levels resulted from Coulomb oscillations could be

e�ectively used as on and o� states through the use of a gate electrode, in a single-electron

transistor (contrary to the semiconducting gap used in �eld-e�ect transistors, a SET relies

on the Coulomb energy gap). The use of a superlattice of clusters over single nanoparticles

simpli�es the fabrication process and reduces the involved costs (compared to contacting a
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single cluster device), making a SET device industrially feasible.
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Figure S5: a) I-V characteristic recorded with an STM tip at room temperature on a CSLM
consisting of 1.6 ML a-C/Pt clusters/ h-BN on Ir(111). The system forms a double barrier
junction resulting in a Coulomb staircase. Inset: The experimental set-up, showing the two
tunnel barriers; clusters/h-BN/Ir and clusters/(a-C/tunneling barrier)/tip. b) The di�er-
ential conductance obtained by numerical derivation of panel (a), showing discrete energy
levels as a result of Coulomb oscillations. The red circles denote experimental data and the
blue solid line serves as a guide to the eye. set points: -1.5 V, 0.5 nA
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4 Manuscript 2: Carbon Embedding of Pt

Cluster Superlattices Templated by

Hexagonal Boron Nitride on Ir(111)

This chapter wholly consists of the above-named manuscript and its supplement, published 19th
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ABSTRACT: With the goal to delevop the fabrication of a new
type of Pt-nanoparticle carbon−support electrocatalyst, we
investigate the carbon embedding of Pt cluster superlattices
grown on the moire ́ of a monolayer of hexagonal boron nitride (h-
BN) on Ir(111). Our combined scanning tunneling microscopy
(STM) and X-ray photoelectron spectroscopy (XPS) study
establishes conformal C embedding of the Pt clusters on h-BN/
Ir(111) without deterioration of superlattice order, preferential and
strong binding of the embedding carbon to the Pt clusters, and
upon annealing the formation of a homogeneous amorphous
carbon (a-C) matrix. There are indications that while the a-C
matrix and the Pt clusters bind strongly to each other, upon
annealing both weaken their binding to h-BN.

■ INTRODUCTION

Novel 2D materials and material systems offer new research
opportunities and applications. Examples range from the magic
angle bilayer graphene (Gr) that displays superconductivity1 to
carbon nanomembranes that offer new ways for efficient
filtering of gases and liquids.2,3

Recently, a first example of a cluster superlattice membrane
(CSLM) was fabricated: a new 2D material consisting of a
superlattice of similar sized Ir clusters sandwiched between Gr
and an amorphous carbon matrix.4 The fabrication of this
material is based on (i) the templated growth of a superlattice
of clusters atop the moire ́ of a 2D material, e.g., Gr, with a
metal substrate, (ii) the embedding of the cluster superlattice
into a matrix, e.g., amorphous carbon (a-C), and (iii) the lift-
off of the hybrid material from the substrate. CSLMs have
potential for new research opportunities in nanocatalysis. For
the case of a Pt superlattice, once the 2D layer is stripped off
from the membrane, an a-C membrane with very densely
spaced Pt catalyst particles of similar size would result. Because
of the unique synthesis method, the Pt particles are size-
tunable to the atomic limit. As we will show, the Pt particles
can be expected to be firmly bound to the a-C matrix and
assumed to resist aggregation even under harsh conditions.
These properties would make such a membrane an attractive
electrocatalyst for fuel cell research.5,6

In the present work we investigate a decisive step in the
formation of a Pt cluster superlattice membrane, namely, the
embedding into an a-C matrix. The complementary chemical

information from XPS and structural information from STM
yields a comprehensive picture of the embedding process.
Pt cluster superlattices were templated previously on Gr/

Ir(111),7,8 Gr/Ru(0001),9 alumina films on Ni3Al(111),
10

monolayer hexagonal boron nitride on Rh(111),11,12 and h-BN
on Ir(111).13 Here we investigate the carbon embedding for
Pt/h-BN/Ir(111) because this system has excellent superlattice
order and high sintering resistance (no effect up to 650
K)13which make it an attractive candidate for CSLM
formation. Because all components of the system (substrate,
2D-layer, clusters, and embedding matrix) are composed of
different elements, the chemical processes during carbon
embedding can be tracked without ambiguity through XPS.
The present study extends our previous combined XPS/STM
investigation of binding and thermal stability for Pt/h-BN/
Ir(111)13 and compares to our carbon embedding inves-
tigation for Ir/Gr/Ir(111).14 The latter had the disadvantage of
having the embedding matrix and the 2D-layer being
composed of the same chemical element, C, making it difficult
to disentangle the processes with XPS.
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Here we thoroughly investigate the structural evolution and
the changes in binding between the different membrane
components upon increasing amounts of carbon deposited and
upon additional thermal annealing. Our investigation estab-
lishes not only conformal C-embedding of the Pt clusters on h-
BN/Ir(111) without deterioration of superlattice order but
also an excellent thermal stability of the embedded Pt
superlattice up to 850 K.
Before we present our results, we briefly summarize the

knowledge on the h-BN/Ir(111) and Pt cluster superlattices
templated thereon to prepare for the results presented below.
H-BN/Ir(111) forms a moire ́ superstructure with (11.7 ×
11.7) h-BN unit cells matching (10.7 × 10.7) Ir surface unit
cells, which results in a 29.1 Å repeat distance. The layer
displays one chemisorbed and reactive valley in each moire ́
unit cell within an otherwise flat, physisorbed mesa.15 In the
valleys, defined by the locations in the moire ́ where N atoms sit
atop Ir substrate atoms, the sp2-hybridized h-BN displays
partial sp3 character whereby bonds with the Ir substrate and a
reactive spot toward the vacuum are formed.15 Note that an
sp3-hybridized layer displays σ-bonds normal to the layer into
both half-spaces. Upon deposition of Pt, clusters are formed in
the reactive valleys, whereby the sp3 binding motif is modified
and strengthened. Pt clusters are stable against sintering up to
650 K, while for higher temperatures the superlattice decays
through intercalation and cluster coalescence.13

■ METHODS

STM was conducted in the ultrahigh-vacuum system Athene in
Cologne, and XPS data were recorded at the SuperESCA
beamline of Elettra, the synchrotron radiation facility in
Trieste, Italy. The base pressure of both systems is in the 10−11

mbar range. Ir(111) was cleaned by O2 glowing at T = 1100 K
in a pressure of pO2

= 1 × 10−6 mbar for 600 s, followed by

sequences of 2 keV noble gas sputtering and flash annealing to
1500 K.
A gas dosing tube with a pressure enhancement factor of 80

compared to the readout of the ion gauge was used for growth
of h-BN in Cologne. At 1250 K the sample was exposed to an
ion gauge pressure of p = 5 × 10−9 mbar of borazine (B3H6N3)
for 30 s, resulting in well-oriented h-BN monolayer islands.
Areas without h-BN coverage were later used to calibrate the
deposited amount of Pt. At Elettra the borazine pressure was
increased to 1 × 10−6 mbar, as no gas dosing tube was installed
and the time was increased to 300 s. The absence of room
temperature CO adsorption in the XP spectra was used to
confirm a 1 ML coverage of h-BN. The h-BN was shown to
consist of well-ordered domains via low-energy electron
diffraction, both in Cologne and in Trieste.
Pt or C was deposited on the sample from a multiple e-beam

evaporator at a typical rate on the order of 5 × 10−3 ML/s,
with the Pt ML corresponding to a full layer of pseudomorphic
Pt on Ir(111) and the C ML to a fully closed Gr layer. The
pressure remained below 2 × 10−10 and 2 × 10−9 mbar during
Pt and C deposition, respectively. To enable fast XPS
measurements of the sample during deposition, the evaporator
was mounted adjacent to the analyzer. The deposition rates
were calibrated by determination of the coverage of either Gr
or pseudomorphic Pt islands formed on Ir(111) via STM in
Cologne with a relative error of about 5% and via the intensity
of the C 1s core level in relation to the Ir 4d core level in
Trieste with a relative error of 15%.
STM was conducted at room temperature with tunneling

currents on the order of I = 0.5 nA and a sample bias in the
range of V = ±2 V. STM images have been processed by using
the WSxM software.16

All XP core level spectra were measured in normal emission
with an energy resolution better than 50 meV. Ir 4f and Pt 4f

Figure 1. STM topographs of Pt cluster superlattices on h-BN/Ir(111) formed by deposition of 0.55 ML Pt at 300 K (a) without and (b, d−f) with
additional C deposited. Carbon amounts are (b) 0.2, (d) 0.4, (e) 0.8, and (f) 1.6 ML. (c) shows the height along the blue line in (a) and the green
line in (b). The inset in (d) is a composite of the topograph and its derivative to increase the contrast of the molecular orbital resolution (see text).
The image size is 34 nm × 34 nm in all cases.
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spectra were recorded at a photon energy of hν = 140 eV, C 1s
spectra were measured at hν = 390 eV, B 1s at hν = 320 eV,
and N 1s at hν = 500 eV. After calibration of the binding
energy (BE) to the Fermi edge a polynomial background was
subtracted from the data. Doniach−Ŝunjic ́ functions con-
voluted with a Gaussian were used to fit the Ir, C, and N
spectra. The Pt core level was fitted with asymmetric pseudo-
Voigt functions.
XRD data shown in the Supporting Information were

collected at beamline P23 of Petra III/DESY in Hamburg. The
sample was prepared in Cologne, exposed to ambient
conditions, and later reintroduced into a vacuum of p = 10−8

mbar in Hamburg.

■ RESULTS AND DISCUSSION
Carbon Embedding Characterized by STM. For

reference, Figure 1a displays a cluster superlattice on h-BN/
Ir(111) after deposition of 0.55 ML Pt at 300 K, without any
additional carbon deposition. Each moire ́ unit cell contains
precisely one Pt cluster with a (111) plane parallel to the
substrate. Although the clusters are of similar size in atom
number with an average of sav = 63 ± 8 atoms per cluster, only
clusters of monolayer and trilayer height or above are visible.
The height distribution and lack of two layer clusters are a
consequence of the collapse of metastable monolayer clusters
on the h-BN/Ir(111) moire ́ as described by Will et al.13

Upon deposition of 0.2 ML carbon, many clusters reshape
into a multilayer configuration. Remaining monolayer clusters
(roughly 15%) show clear signs of carbon adsorption, with
carbon decorating the rim of the monolayer clusters as visible
in the inset of Figure 1b. Figure 1c shows the line profiles
before the deposition of C (blue) and after the deposition of
0.2 ML C (green). Note that the baseline of height in the
profiles is somewhat uncertain, as the tip does not reach down
to the Gr with certainty. At 0.4 ML carbon deposited (Figure
1d), the cluster superlattice has become more uniform in
cluster shape. Molecular orbital resolution, stemming from the
adsorbed carbon, is now visible. Still all clusters are distinct and
confined to their own moire ́ unit cell. At higher coverages of
0.8 or 1.6 ML, represented by Figures 1e and 1f, the carbon
starts to fill in the space between the clusters and to form a
network (see arrows in Figure 1f). Based on the STM
topographs, there is no indication that the order of the cluster
superlattice is disturbed by C embedding. This is supported by
the SXRD data presented in Figure S1 of the Supporting
Information, where an Ir cluster superlattice embedding on h-
BN/Ir(111) was investigated.17 In conclusion, the carbon
embedding of the Pt cluster lattice on h-BN/Ir(111) proceeds
similar as for an Ir cluster lattice on Gr/Ir(111) investigated in
ref 14.
Carbon Embedding Analyzed by XPS. XPS measure-

ments, following C deposition, were performed for a Pt cluster
superlattice formed by deposition of 0.1 ML Pt on h-BN on
Ir(111). The Ir 4f7/2 core level of the substrate was measured
and fitted with three components: IrB attributed to the Ir bulk
atoms at the binding energy 60.86 eV (blue in Figure 2a), IrS
attributed to Ir surface atoms without bonds to h-BN or
adsorbates at 60.34 eV (brown in Figure 2a), and Irint
attributed to Ir surface atoms chemically binding to the h-
BN at 60.63 eV (ochre in Figure 2a), following the approach of
Orlando et al. in ref 18. From the comparison of the two data
points in Figure 2b for the relative intensity of Irint at zero
carbon coverage, it is obvious that the interface component is

Figure 2. (a) XP spectra of the Ir 4f7/2 core level of the Ir(111)
substrate with a monolayer of h-BN and after subsequent deposition
of 0.1 ML Pt and increasing amounts of carbon measured at a photon
energy of hν = 140 eV at room temperature. The measured data are
indicated by blue circles, and the fit is a black line. From top to
bottom: pristine h-BN prior to deposition, after deposition of 0.1 ML
Pt resulting in bare clusters and after embedding in 0.2, 0.8, and 1.6
ML carbon. (b) Intensity of the interface component (Irint)
normalized to the sum of the interface and surface component (Irint
+ Irs) as a function of carbon coverage. The lower and upper data
points at zero coverage represent the system before and after
deposition of 0.1 ML Pt, respectively.
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already increased by deposition of 0.1 ML Pt when compared
to pristine h-BN on Ir(111). This is due to the formation of Pt
clusters, which enlarge the moire ́ valleys and thus the sp3-
hybridized h-BN areas binding to Ir surface atoms.13,19 After
the deposition of 0.2 ML C, the Irint component has grown
significantly at the expense of the IrS component. In good
agreement with the observed behavior in the STM topographs,
the increase in intensity of the Iint peak normalized to the
intensity from all Ir surface atoms slows down significantly
above 0.8 ML C (Figure 2b), indicating that from this point on
the changes taking place are mostly carbon−carbon based
interactions. The increase of Irint implies an increase of sp3

hybridization of h-BN, which in turn has to be triggered by
chemical bond formation between C and the h-BN sheet. We
will see below that these bonds are formed predominantly at
the cluster rim.
During carbon embedding the Pt 4f7/2 core level was

monitored via fast-XPS with a time resolution of 1 min per
spectrum. As obvious from Figure 3, a significant shift of the

BE from 71.0 to 71.6 eV takes place during the initial stages of
the carbon deposition, accompanied by a broadening of the
peak. Beyond a C coverage of 0.2 ML the peak position and
width remain constant. We interpret these changes as follows:
Initially, the deposited C preferentially covers the Pt clusters,
similar to the C embedding of iridium clusters.14 These Pt−C
bonds cause a rapid change of the Pt 4f level up to 0.2 ML C
deposited. Then, the clusters are entirely covered, and no more
changes of the Pt 4f core level take place.
To obtain insight into the formation of the embedding

carbon matrix, the C 1s core level was measured after stepwise
deposition of carbon on the cluster superlattice as shown in
Figure 4. Because of the multitude of possible binding
configurations, the C 1s peak is notoriously difficult to fit for
C in an inhomogeneous environment. Here we simplify the
situation through a four component fit as shown for the
spectrum in Figure 4a, which was recorded after 0.2 ML C
deposition. The first component Csp1 at 283.55 eV is attributed
to carbon in an sp1 configuration, that is, linear carbon

multimers or C bound with single bonds to Pt.20,21 Note that
the majority of carbon species in the vapor arriving at the
surface are linear carbon trimers.22 The components Csp2 at
284.1 eV and Csp3 at 285 eV result from sp2 (graphitic) or sp3

(diamond-like) hybridized carbon atoms.7,23,24 The origin of a
broad fourth component CX, fitted at a BE of 286.9 eV, and of
a fifth component CB indicated in Figure 4a, but not fitted, will
be discussed below. The increase in carbon coverage allows the
carbon to form bonds to other carbon atoms shifting the
intensity from the original Csp1 into the Csp2 and Csp3

components. Figure 4b displays the C 1s spectrum with the
same components fitted to it as in (a) after the deposition of
1.6 ML C. The Csp1 component is significantly decreased, while
the increase of the Csp2 and Csp3 components signifies that the
embedding matrix is an amorphous carbon film with a mixture
of sp2 and sp3 bonding. The plot of the relative intensities of
the fitted components in Figure 4d confirms that the
membrane consists of a network of sp2- and sp3-bonded
carbon. The relative and absolute intensity of Csp1 drops
because the ratio of carbon in direct contact with the Pt
clusters and the h-BN surface shrinks and sp1-bonded
multimers are integrated into the network, as more and
more carbon is deposited.
The broad component CX, not discussed yet, covers two

carbon configurations. First, we have evidence for a slight CO
adsorption on clusters from the O 1s core level (data not
shown). The corresponding C 1s signature for CO is in the
range of 286.9 eV, matching roughly the BE of CX.

25

Moreover, C that forms C−N bonds contributes to CX. The
BE of C−N bonds in the C 1s core level was found to be 287.1
eV, matching the position of CX quite well.

26 Further evidence
for the formation of C−N bonds stems from the analysis of the
N 1s core level, discussed below. As expected, the relative
intensity of CX drops with increasing amount of C deposited
(compare Figures 4b and 4d).
Figure 4a also indicates a component CB, which has not

been fitted, with an estimated BE of 281.5 eV. It decreases with
an increase in coverage and appears to vanish at a coverage of
0.8 ML f C (compare Figure 4c). A peak at the same energy
and with similar intensity is also present in the C 1s core level
spectrum after 0.3 ML carbon deposition on bare h-BN, in the
absence of metal clusters (compare Figure S2). A peak with
similar binding energy has been observed in C 1s spectra of
compounds with a low carbon to boron ratio.27,28 Even though
the origin of this peak cannot rigorously be deduced, we
propose that the peak stems from single C atoms initially
forming bonds to the B and disappears when the C is
incorporated into the matrix, forming bonds to other C atoms
and gaining more of an sp2/sp3 character.
The last chemical signatures monitored during embedding

are the N 1s and B 1s core levels of the h-BN, shown in Figures
5a and 5b. As h-BN remains intact as a 2D material upon
adsorption, changes in both signals are subtle. The broadening
of the N 1s and B 1s peaks with C deposition indicates an
increased chemical variety of the boron and nitrogen bonds,
caused by the interaction of the h-BN layer with the carbon. As
obvious from the quantitative analysis of the evolution of the
full width at half-maximum (FWHM) with C coverage, the
broadening is significantly slowing down as the coverage
reaches 0.8 ML (Figure 5c). For 0.8 ML C the h-BN is almost

Figure 3. Time-resolved XP spectra of the Pt 4f 7/2 core level during
the embedding process of a 0.1 ML Pt cluster superlattice on h-BN/
Ir(111). Selected spectra are displayed on the right as line profiles for
C coverages of 0, 0.2, 1.4, and 2.6 ML, from top to bottom.
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completely covered by C, and newly arriving C binds to
already deposited C rather than to h-BN.
The N 1s core level spectrum is fitted with three

components. The first two are the Nmesa component at
397.62 eV and the Nvalley component at 398.50 eV, as
introduced by Orlando et al.18 for bare h-BN on Ir(111). The
third component NC, located at the binding energy of 399.4
eV, evolves with carbon deposition (see Figure 5e) and is
attributed to carbon−nitrogen bonds, consistent with Yan et
al.26 N atoms contributing to this component form bonds with
C atoms, which correspond to the C 1s CX component
introduced above. From the intensity of the NC component it
is obvious that only a small fraction of N atoms of the h-BN
bind to C atoms (Figure 5e).
Altogether, the XPS data suggest three stages of C

embedding for the Pt cluster superlattice. (i) Initially, the
deposited C binds preferentially to the Pt clusters and the
rehybridized h-BN area along their rim. The small Pt clusters
are well saturated with carbon already after deposition of 0.2
ML (compare Figure 3a), and at the rim C−N and C−B bonds
are formed (Figure 5c), which reflect through the sp3 binding
motif of h-BN also down to the Ir substrate (Figure 2a). (ii)
Upon subsequent deposition more C−N and C−B bonds are
formed, but as the geometry for rehybridization is less
favorable in the mesa, the induced changes slow down
(compare Figures 2a and 5c). (iii) Beyond 0.8 ML deposited
essentially the entire h-BN layer including the clusters are
covered by C. Therefore, further C deposition leaves the Ir 4f,
the B 1s, and N 1s core levels unchanged (compare Figures 2b

and 5c). The closed C film grows in thickness, and changes are
only present in the C 1s core level (compare Figure 4).

Annealing and Thermal Stability of an Embedded
Cluster Superlattice on h-BN. Besides of fundamental
interest, the thermal stability of embedded cluster superlattices
is of decisive importance for their subsequent use. Specifically,
lift-off of an embedded cluster superlattice from the metal
substrate for application in nanocatalysis requires in the case of
the Gr/Ir(111) intercalation at elevated temperatures and
annealing up to 850 K.4 A similar requirement is to be
expected for the membrane lift-off from the h-BN/Ir(111)
template.
Figure 6 displays STM topographs of an annealing sequence

for a 0.55 ML Pt cluster superlattice, embedded with 1.6 ML
carbon. The sample without annealing is shown in Figure 6a as
a reference. The visible order decreases at 850 K as shown in
Figure 6b. The clusters are mostly intact. No large-scale
sintering has taken place, as in the case of bare cluster
superlattices.13 Further annealing to 1050 and 1250 K as
shown in Figures 6c and 6d hardly changes the morphology,
and even at the highest annealing temperature the carbon
cover of the clusters stays intact. The stability of the
embedding matrix is quite similar to the case of carbon
embedding of Ir cluster superlattices on Gr/Ir(111).14

However, STM imaging is limited to the embedding matrix,
and no information about the encased Pt clusters can be
inferred from these topographs.
To gain information about the thermal stability of embedded

clusters themselves, fast-XPS measurements of the Pt 4f7/2 core
level spectrum of a 0.1 ML Pt cluster superlattice were taken

Figure 4. (a, b) XP spectra of the C 1s core level of the embedding carbon covering a 0.1 ML Pt cluster superlattice on h-BN/Ir(111): (a) after
embedding in 0.2 ML C and (b) 1.6 ML C. As fit components Csp1 (brown), Csp2 (ochre), and Csp3 (blue) of sp1-, sp2-, and sp3-bonded carbon at
BEs of 283.55, 284.1, and 285 eV were used, respectively. An additional component CX (beige) centered at a BE of 286.9 eV is used to fit the
shoulder at the high-energy side (see text). Additionally an unfitted component CB at a BE of 281.5 eV is indicated (see text). (c) XP C 1s core
level spectra after increasing amounts of C deposited on Pt/h-BN/Ir(111). (d) Change of the relative intensities of the fit components in (a, b) as a
function of carbon coverage. Lines to guide the eye.
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during annealing of the sample as shown in Figure 7a. Two
effects of the annealing are visible: A gradual shift toward lower
binding energies sets in above 600 K and is finalized at 1000 K.
At high temperatures the peak also becomes narrower in the
region around its maximum. After the sample has reached 1200
K the heating was switched off, and fast XPS measurements
continued during cooling of the sample to 500 K (see bottom
part of Figure 7a). During cooldown, thermal broadening
diminishes and consequently the Pt 4f7/2 peak sharpens,
without changing its position. The core level shift by about 350
meV toward lower binding energy and the sharpening of the
peak indicate irreversible changes in the cluster superlattice.
For quantitative analysis high-resolution spectra after

stepwise flash annealing and subsequent cooling to room
temperature are more suitable, as thermal broadening is largely
absent and equal for all spectra. Figure 7b displays four such
spectra fitted with two components: The first component
Ptcluster (ochre) is attributed to Pt atoms in the clusters on h-
BN, initially centered at 71.8 eV, with freedom to move to

lower binding energies. It matches in FWHM and energetic
position the core level spectrum of the unannealed and
embedded Pt cluster superlattice, shown as the first spectrum
in Figure 7b. The second component, Ptint, is attributed to Pt
atoms that escaped from their carbon cages and now are
intercalated and in direct contact with Ir, as either monolayer
island or surface alloy. Its width and energetic position at 71.0
eV are chosen to be identical with the width and energetic
position of Pt deposited directly onto Ir(111) and annealed to
1250 K, as shown in the core level spectrum of Figure 7c. We
note that the component Ptint cannot be attributed to bulk-like
Pt in large compact clusters on h-BN, as according to Figure 6d
even after annealing to 1250 K no such clusters formed.
At 850 K the cluster component has slightly shifted in BE

down to 71.55 eV, and a small percentage (<5%) of Pt has
intercalated. The downshift in binding energy at 850 K is likely
to be caused by a reconfiguration of carbon bonds in contact
with cluster metal. During this process the bonds are changed,
but not lost, as the bare Pt clusters exhibit a BE maximum at

Figure 5. (a, b) Normalized spectra of the (a) N 1s and (b) B 1s peaks of h-BN on Ir(111) with a 0.1 ML Pt cluster superlattice and after stepwise
deposition of carbon. (c) Full width at half-maximum of the B 1s and N 1s peaks as a function of carbon coverage. (d, e) Three-component fit of
the N 1s peaks of (d) without and (e) with an additional 1.6 ML carbon deposited.
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71.0 eV. After annealing to 1050 K roughly 15% of the Pt has
intercalated, increasing up to 50% at 1250 K as apparent from
Figure 7d. The Ptint signal is additionally attenuated by the h-
BN layer, while the Ptcluster is not. In Figure 7d we corrected
the intensity for this via Ptint = Ptint,0 × exp[d/λ], with d = 3.3
Å, the distance between h-BN and the Ir(111) surface,15 and λ

= 9 Å, the inelastic mean free path, as described in ref 29.
Further photoelectron diffraction effects were ignored in this
analysis.
Evidently, intercalation is the key decay mechanism of a

CSLM based on a monolayer of hexagonal boron nitride. The
driving force for intercalation is the substantial energy gain,
when the cluster Pt penetrates h-BN and becomes adsorbed to
Ir(111). For a CSLM lifted off and flipped around such that
the h-BN layer is facing the vacuum, the situation is evidently
changed. The cluster metal does not find a better binding site
after penetration of the h-BN layer, but just the vacuum. When
additionally the amorphous carbon matrix is made thick, e.g.,
10 ML instead of 1.6 ML, also penetration of cluster material
through the matrix to the new substrate is suppressed. Thus, a
higher thermal stability of the CSLMs in this situation can be
expected.
The mechanism of Pt intercalation into the space between

Ir(111) and h-BN remains elusive. Intercalation through
preexisting point defects is one obvious possibility. Such
point defects exist in substantial number for h-BN/Ir(111)
(compare Figure 4b of ref 19). For the isostructural material
Gr and for graphite, point defects were indeed proven to be of
crucial relevance for the intercalation of many transition and
rare earth metals.30−34 A second possible mechanism of
intercalation is etching of the encaged Pt metal through the h-
BN layer, i.e., high-temperature creation of defects enabling
permeation. In fact, metal adatoms were shown to lower the
vacancy formation energy in Gr substantially.35

The evolution of the C 1s component during stepwise
annealing, plotted in Figure 8, is indicative of a reorganization
of the amorphous carbon membrane into a homogeneous
amorphous carbon film with a high sp2 content with increasing
temperature. A fit of the data using the same components as
for the core level spectra taken during embedding in Figure 4

Figure 6. STM topographs of an embedded Pt cluster superlattice,
formed by 300 K deposition of 0.55 ML Pt and 1.6 ML C on h-BN/
Ir(111): (a) as grown and embedded at room temperature, (b) after
annealing to 850 K, (c) after annealing to 1050 K, and (d) after
annealing to 1250 K. All images are 34 nm × 34 nm.

Figure 7. (a) Time-resolved normalized XP spectra of the Pt 4f7/2 core level during annealing of a 0.1 ML Pt cluster superlattice embedded in 1.6
ML C from 400 to 1200 K (top panel) and subsequently cooling to 500 K (bottom panel). (b) High-resolution spectra of the Pt 4f7/2 core level
fitted with the components Ptcluster for Pt in clusters and Ptint for intercalated Pt. (c) High-resolution spectrum of the Pt 4f7/2 peak of 0.1 ML Pt
directly deposited on Ir(111), annealed to 1250 K, and cooled to RT. (d) Relative intensities of the two components as a function of annealing
temperature. The filled circles at 1250 K correspond to the direct Pt on Ir(111) deposition and the open circles to the Pt clusters on h-BN. Lines
are to guide the eye.
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reveals already after annealing to 550 K (Figure 8a) that the
spectrum can be described by only the two components Csp2

and Csp3. The Csp1 and CX components have completely
vanished. The disappearance of Csp1 shows that the remaining
sp1-hybridized C has integrated into the C network forming sp2

or sp3 bonds, whereby the membrane is stabilized. The
disappearance of the CX component can be traced back to two
changes. For CO, which might be trapped in the membrane,
the increase in temperature leads to desorption. Moreover, the
C−N bonds, which we proposed to contribute to CX, are
apparently broken due to the reorganization of carbon into
more favorable bond configurations. The fit after annealing to
1250 K shown in Figure 8b shows that at this point the peak of
the C 1s core level has significantly sharpened and consists
mostly of sp2-hybridized carbon. Figure 8c gives the relative
integrated intensities of Csp2 and Csp3 components as a function
of annealing temperature. The changes in relative intensities
are large until 650 K. Beyond that the relative intensities are
almost constant. The strong initial decrease of the FWHM is
caused by the decrease of the relative intensity of the Csp3

component, while the decrease above 850 K is due to a
decrease in the Gaussian FWHM of the Csp2 component,
indicating further reconfiguration in the carbon membrane
toward a more uniform embedding matrix.
Lastly, the corresponding Ir 4f7/2 core level fits are plotted in

Figures 8d and 8e. The quantitative analysis in Figure 8f shows
the normalized intensities of the IrS and Irint components as a
function of temperature. Up to 850 K the two components
evolve complementaryIrS increases and Irint decreases. Our
interpretation is as follows: Upon annealing, the entire
membrane reorganizes, whereby the binding between the
membrane and the Ir substrate is weakened. Considering that
binding of h-BN normal to its plane, i.e., to the substrate and
to cluster and a-C matrix, is through the sp3 binding motif, a
weakened binding of h-BN to Ir(111) implies thus also a
weakened binding of h-BN to clusters and the a-C matrix.
Indeed, the absence of all indications for C−N and C−B bonds
in the C 1s spectra after annealing is consistent with this
interpretation. Also, scratching experiments with the STM tip

show that the embedding matrix together with the clusters can
be removed from the h-BN after heating (compare Figure S3),
while this is impossible when Gr is used as a 2D layer.14 Thus,
it appears open whether a lift-off procedure will delaminate the
membrane between Ir(111) and the 2D layeras for Gror
between the 2D layer and the a-C matrix with the enclosed
clusters. The latter would be in fact not unwanted when
considering the potential use of the membrane for electro-
catalysis, where the Pt metal cluster must display an open
surface exposed to the reactants. Experiments to explore the
lift-off of the cluster superlattice membrane with h-BN as a 2D
layer after annealing to ∼850 K are therefore of great interest.
Heating beyond 850 K causes intercalation of the Pt cluster
material, whereby Irint decreasesthe component character-
istic for clusters present in the valleys of the h-BN layer. IrS
decreases as well, since the intercalated Pt now forms bonds
with the surface atoms, whereby these Ir atoms do not
contribute anymore to IrS.

■ CONCLUSIONS
We established, through STM topographs and XPS core level
analysis, three regimes in the carbon embedding process of
cluster superlattices templated on h-BN on Ir(111). First, the
incoming carbon binds to the metal clusters and the sp3

rehybridized area along their rim. This process also leads to
a reshaping from the metastable monolayer clusters into
multilayer clusters. Second, further C deposition onto the
covered clusters then leads to an increase in valley size as more
h-BN becomes sp3-hybridized. The geometry for hybridization
of the h-BN becomes less favorable further away from the
original valley and thus limits the amount of C that can form
bonds to the h-BN. Third, after all possible bonds are
saturated, C starts forming a closed carbon film, which is
tunable in thickness and consists mostly of sp2- and sp3-
hybridized carbon compounds. The thermal stability and
evolution of the cluster membrane were studied via the same
methods, and the embedded clusters were found to be stable
up to 850 K. After annealing to this temperature, the
amorphous carbon matrix was shown to form a more coherent
sp2/sp3-hybridized carbon membrane which is only loosely

Figure 8. (a, b) XP spectra of the C 1s core level after annealing the 0.1 ML Pt cluster superlattice embedded in 1.6 ML C to (a) 550 K and (b)
1250 K, fitted with the components Csp2 and Csp3 (compare Figure 4). (c) Changes in the integrated relative intensities of the Csp2 and Csp3

components (left y-axis) as well as the total FWHM of the peak (right y-axis) as a function of annealing temperature. (d, e) Spectra of the
corresponding Ir 4f7/2 core levels of the substrate. The fit uses the same components IrB, IrS, and Irint as for the core level spectra in Figure 2. (f)
Relative intensities of IrS/IrB and Irint/IrB plotted as a function of annealing temperature. Lines are to guide the eye.
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bound to the h-BN. Above 850 K the clusters decay via
intercalation between h-BN and the Ir substrate. Some clusters
remain in the matrix until the highest observed temperature of
1250 K.
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Figure S1: Reciprocal space map of the (H=0,K,L) plane after the deposition of 0.5 ML Ir
clusters on h-BN/Ir(111) embedded in 2 ML C. The signal at (H=0, K=0.91, L), highlighted
by the dashed ellipse, indicates the presence of a cluster superlattice below the carbon
embedding. The correlation length, derived from profiles at constant L is 20 nm.1
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Figure S2: XP Spectra of the C 1s core level of carbon deposited either directly on h-
BN/Ir(111) (red), or on 0.1 ML Pt clusters on h-BN/Ir(111) (blue).

Figure S3: STM topograph of 0.55 ML Pt deposited on h-BN, embedded in 1.6 ML C after
annealing to 1250 K and scratching the surface with the STM tip (right side). The carbon
matrix with the clusters (left side) can be entirely removed from the h-BN, a process that is
impossible if Gr is used as a 2D layer. The image size is 43 nm x 28 nm.
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and Pantelis Bampoulis*

Cite This: J. Phys. Chem. C 2022, 126, 6809−6814 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Periodic structures of silicon are of interest in quantum-
dot-based applications because of their unique optical and electronic
properties. We report on the fabrication of stable quasi-ordered Si
nanocluster arrays on the moire ́ of a hexagonal boron nitride (h-BN)
monolayer on Ir(111). The h-BN monolayer promotes the growth of
regular Si nanoclusters at 130 K and electronically decouples the clusters
from the underlying metallic substrate. Using scanning tunneling
microscopy and spectroscopy, we have investigated the cluster binding
sites, their electronic structure, and their thermal stability. We find that the
clusters display a size-dependent bandgap and that they are stable up to
577 K, after which cluster coalescence degrades the arrays.

■ INTRODUCTION

Nanostructured materials exhibit novel and tunable properties
that are much different from their bulk counterparts, and
therefore hold great promise to advance current applications
and inspire future ones.1−3 Recent advancements in the
formation of cluster superlattices with exceptional long-range
order and controllable cluster sizes provide a roadmap to
design bottom-up functional materials with the desired
catalytic and electronic properties.4−11 The fabrication of a
silicon cluster superlattice is motivated by the clusters’
potential in electronic and spintronic devices. For example,
Si quantum dots have shown promise as active materials in
qubit architectures for quantum computing12−14 and display
interesting charge transport characteristics.15 Moreover, the
photoluminescence and high quantum yield of Si nanoclusters
make them also an interesting material for optoelectronic
applications. The quantum size effect, resulting in a blue-shift
of the energy gap, and surface passivation effects, limiting
nonradiative recombination processes, are believed to be the
heart of these optical properties.16−22

Despite the significance of Si to the current electronic
industry, superlattices of small and stable Si nanoclusters have
yet to be realized. Fabrication reproducibility and cluster
disorder pose significant challenges, which could potentially
limit the effectiveness and predictability of Si-cluster-based
systems. The scalable fabrication of well-ordered arrays of Si
nanoclusters integrated on an insulating substrate is anticipated
to enable better utilization of their properties and encourage
the use of Si clusters to advance the existing information
technology. The use of similar-sized cluster arrays will allow

easy patterning of electrical contacts anywhere on the array,
making devices containing the desired cluster density.23

Furthermore, the identical environment and similar size of
the clusters will provide a collective response without smearing
out the single cluster properties.
A monolayer of h-BN on Ir(111) system is an excellent

template to grow arrays of similar-sized clusters. It provides (i)
periodic nucleation sites where deposition of atoms lead to the
growth of epitaxial and similar sized clusters,24,25 (ii) the large
bandgap of h-BN electronically decouples nanoclusters from
the metallic Ir(111), preserving and allowing to measure their
electronic structure.25 We demonstrate that Si forms a quasi-
ordered network of small clusters on h-BN when deposited at
130 K and have identified their binding sites. The Si
nanoclusters display a wide range of sizes implying a large
variety of the number of atoms between different clusters.
Moreover, the nanoclusters are electronically decoupled from
the underlying substrate and have a size-dependent energy
bandgap.

■ EXPERIMENTAL METHODS
Sample preparation, STM, and LEED imaging were conducted
in the ultrahigh-vacuum system ATHENE in Cologne. The
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background base pressure was in the 10−11 mbar regime.
Cleaning of the Ir(111) crystal was done by using several
cycles of 2 keV Xe+ sputtering and flash annealing to 1550 K.
The h-BN monolayer was grown on Ir(111) by exposure to a
background pressure of 5 × 10−9 mbar of borazine (B3N3H6)
at 1230 K. Borazine exposure was through a gas dosing tube
which enhances the pressure at the sample location by a factor
of 80. The h-BN monolayer was grown to near completion
coverage as confirmed by STM and LEED experiments.
Si was evaporated on h-BN/Ir(111) and Ir(111) at 130 and

300 K from a home-built Si evaporator with a deposition rate
of 0.11 MLE/min at an evaporation pressure around 1 × 10−9

mbar. The deposited amount θ was calibrated by Si deposition
onto clean Ir(111) and subsequent annealing to 670 K for 30
min. The heating step leads to the formation of compact Si-
induced islands. As we show in the main text, STM imaging
was used for the determination of the island coverage and thus
the deposition flux. The deposited amount of Si is given in
monolayers with respect to the surface atomic density of
Ir(111).
STM imaging was done at room temperature by using

tunneling currents I in the range I = 0.1−0.6 nA and sample
bias voltages Us in the range Us = −(0.8−2.0) V. The STM
data were processed (background subtraction and contrast
adjustment) by using the WSxM software.26

■ RESULTS AND DISCUSSION

Figure 1a shows a large-scale scanning tunneling microscopy
(STM) image of the Ir(111) surface after exposure to Si vapor
at 300 K and annealing to 670 K for 30 min. The inset depicts
structures (small clusters and wires) formed just after Si
deposition at 300 K. After annealing, small Si-induced islands
(marked with a black dashed outline) cover about 10% of the
surface. The patches are grouped into two domains rotated by
13° with respect to each other as seen also in the fast Fourier
transformation (FFT) of the topograph in Figure 1b. Figure 1c
shows an atomically resolved image of a Si-induced island next
to bare Ir(111). The island exhibits a complex reconstruction
strongly resembling the ×( 19 19 ) R23° reconstruction of
the Si/Pt(111) system seen in STM and diffraction experi-
ments.27,28 Similar to Si/Pt(111), (i) the reconstructed Si/
Ir(111) surface is located in the same atomic layer as the
Ir(111)-(1 × 1), and the Ir(111)-(1 × 1) surface has the same
level of apparent height with the basis of the Si-induced
reconstruction; (ii) the reconstructed surface is modified by
triangular-shaped features of dark and bright contrast rotated
by about 23° with respect to the main directions of Ir(111);
and (iii) it can be accurately described as a ×( 19 19 )
R23° superstructure. The unit cell of the superstructure is
indicated in Figure 1c, in which bright and dark triangular
intrusions are in the unit cell. Therefore, the same atomistic
model as for Si/Pt(111), in which the building block of the
reconstruction is a Si3Pt tetramer, can be adapted to Si/
Ir(111). These observations rule out the growth of silicene on
Ir(111) for submonolayer amounts of Si, in line with ref 29.
To limit Si−Ir alloying during cluster formation, we cover

the Ir(111) crystal with a complete monolayer of h-BN. Figure
2a is a large-scale STM image of h-BN on Ir(111). The lattice
mismatch between the two surfaces leads to the formation of a
long-range moire.́ The moire ́ periodicity amounts to 2.91 nm, a
consequence of (11.7 × 11.7) h-BN unit cells matching (10.7
× 10.7) Ir unit cells.30 Atomic-scale STM imaging (inset of

Figure 2a) reveals the h-BN atomic latticea honeycomb
lattice with a period of 0.248 nm.30 The corresponding FFT
(Figure 2b) shows the first- and second-order moire ́ spots.
Chemisorbed valleys appear as either dark depressions or
bright protrusions with a darker interior depending on sample
bias. They are separated by flat physisorbed mesas.30 In the
valleys, N atoms sit atop Ir atoms, leading to a partial sp3

hybridization in h-BN and a higher reactivity at these sites.30

Deposition of metals or C atoms on h-BN/Ir(111) results in
the formation of regular arrays of clusters.24,25 The clusters
bind at the chemisorbed valleys modifying and strengthening
the sp3 binding motif.25 Almost perfect superlattices of a
variety of elements have been already created on h-BN/
Ir(111).24,25 These cluster superlattices display high thermal
stability. For example, Ir and Pt cluster superlattices on h-BN/
Ir(111) retain their order and number density up to 700 K,24,25

more than 100 K higher temperatures than on h-BN/
Rh(111)31,32 and about 200 K higher than on Gr/Ir(111).33

In addition, h-BN provides electronic decoupling of the
clusters from the underlying metallic substrate.25

Deposition of 0.2 ML of Si on h-BN/Ir(111) at 300 K leads
to the formation of small clusters and islands randomly
scattered across the h-BN; compare Figure 2c and the
corresponding FFT image in Figure 2d. This is in sharp
contrast to the well-defined metal cluster superlattices,24,25

indicating high mobility of the Si atoms on h-BN/Ir(111) at
300 K. To reduce the mobility of Si atoms, 0.2 ML of Si was
deposited on h-BN at 130 K. At variance with the 300 K

Figure 1. (a) Scanning tunneling microscopy (STM) topograph of Si-
induced islands (marked with a black dashed outline) on Ir(111) after
the deposition of Si at 300 K and annealing to 670 K for 30 min.
Inset: Si-induced surface structures before the annealing step. (b) The
corresponding FFT image revealing the two domains of the islands
rotated by 13°. (c) An atomic scale STM image at the boundary of a
Si-induced island and the Ir(111) pristine surface. The unit cell of the

×( 19 19 ) R23° superstructure is overlaid on the image. The
image sizes are 220 nm × 120 nm in (a), 33 nm × 33 nm in the inset
of (a), and 5 nm × 5 nm in (c).
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results, Si deposition at 130 K promotes self-organization of Si
into small clusters covering the surface. The previously
observed islands are absent (Figure 2e). Note that STM
imaging is conducted at room temperature. The clusters show
the first signs of order; weak but visible moire ́ spots can be
discerned in the corresponding FFT image (Figure 2f).
Deposition of 0.4 ML of Si at 130 K improves cluster

ordering and regularity. Figure 2g is an STM image recorded at
room temperature of Si clusters formed after the deposition of
0.4 ML of Si on h-BN at 130 K. The corresponding FFT image
(Figure 2h) shows well-defined hexagonal spots, indicating that
many of the clusters follow the moire ́ periodicity of h-BN on
Ir(111), forming an imperfect Si cluster superlattice. Several
clusters are displaced from the superlattice points. There is also
a small fraction of clusters occupying more than one lattice
site.
High-resolution imaging of the clusters (Figure 2i) reveals a

cluster structure resembling the molecular orbitals observed on
C clusters,34 fullerenes,35,36 and sp2-nanodiamonds.37 This
observation indicates that the Si clusters might be predom-
inantly sp2-hybridized. The observation is in line with the
notion of endohedral Si fullerenes as a stable structural model
for Si clusters consisting of a few tens of atoms.38−40 In earlier
theoretical studies the most stable cluster motif assumes a

spherical compact structure, similar to the carbon fullerene
cages. But in contrast to the empty C fullerenes, endohedral Si
fullerenes consist of two shells of atoms. The outer shell is a
fullerene-like sp2-hybridized cage surrounding the inner shell,
which is composed of stable atoms with saturated dangling
bonds.38 Figure 2j shows a line profile across several Si clusters
(the location is indicated with the blue line in Figure 2i). The
clusters have a height of about 0.5 nm, indicating a monolayer
or a bilayer atom cage. Moreover, the clusters exhibit a wider
range of lateral sizes (see the distribution of the footprint
diameter in Figure 2k) compared to regular cluster super-
lattices,24,25 implying a substantial variation of the number of
Si atoms between different clusters. As is obvious from the
STM and corresponding FFT images of Figure 2, the Si
clusters have inferior order compared to the lattices formed by
Pt, Ir, and C clusters on h-BN/Ir(111).24,25

To determine the preferred binding sites of Si clusters on h-
BN, we intentionally removed several Si nanoclusters with the
STM tip (Figure 3). This is achieved by scanning under low
tunneling resistance conditions, suggesting a weak binding
between Si and h-BN. The underlying h-BN moire ́ superlattice
becomes again visible after cluster removal but appears to be
defective. Nevertheless, the moire ́ lattice directions and the
valley regions (darker regions) can be identified; these are the

Figure 2. (a) Large-scale STM topograph of h-BN/Ir(111) showing the moire ́ superlattice. Inset: atomically resolved STM image of the h-BN/
Ir(111) moire ́ superlattice with moire ́ unit cell indicated by the diamond of black lines. (b) The corresponding FFT image reveals the moire ́ spots.
(c) The same sample after deposition of 0.2 ML of Si at 300 K; small Si clusters and islands are randomly scattered across the surface. This is also
reflected by the diffuse FFT image in (d). (e) STM image of small Si clusters formed after deposition of 0.2 ML of Si on the clean h-BN/Ir(111) at
130 K. The Si nanoclusters display first signs of order reflected in the appearance of faint moire ́ spots in the FFT image in (f). (g) STM image of a
Si cluster array formed after deposition of 0.4 ML of Si on the clean h-BN/Ir(111) at 130 K. The Si nanoclusters are quasi-ordered. (h) The
corresponding FFT image shows the moire ́ spots. (i) Atomically resolved STM image of the Si nanoclusters on the h-BN/Ir(111) moire.́ (j) Line
profile across several clusters acquired along the blue line in (i). (k) A distribution of the footprint diameter of the clusters depicted in panel (g).
The image sizes are 60 nm × 40 nm in (a), (c), (e), and (g), 13 nm × 13 nm in (i), and 7.5 nm × 7.5 nm in the inset of (a).
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positions where the overlaid white dashed lines in Figure 3a
cross each other. Surprisingly most of the clusters sit within
mesa regions of the h-BN or are off-centered from the valleys.
This observation suggests a preference toward the binding of Si
to the mesa of h-BN. In comparison, clusters of Pt, Ir, and C
bind at the more reactive valleys, i.e., regions where h-BN
hybridizes with Ir.24,25 At the mesa regions, it is common to
find point defects already prior to deposition of Si, such as the
ones visible in Figure 3b. The dangling bonds associated with
such point defects and the orientation-specific Si bonds
(contrary to metals) could be the cause of the stronger
binding of Si at these locations. These competing binding sites
lead to the imperfect order of the clusters.
Scanning tunneling spectroscopy was employed to study the

electronic structure of Si nanoclusters on h-BN. Figure 4 shows
numerically derived dI/dV (V) curves obtained on small
(footprint diameter smaller than 1.5 nm), intermediate
(footprint diameter of 2 ± 0.5 nm), and large Si clusters
(footprint diameter larger than 2.5 nm) compared to the bare
h-BN regions. Each curve is the result of averaging about 100
obtained on different but similarly sized clusters marked with
blue for small clusters, green for intermediate clusters, and
magenta for large clusters. While hBN exhibits no clear

bandgap as a result of the hybridization of h-BN with Ir, the
nanoclusters are clearly semiconductive. The h-BN template
has sufficiently decoupled the nanoclusters from the underlying
metal. Quantum confinement in the nanoclusters leads to an
electronic bandgap that strongly depends on their size. Small
clusters have a bandgap of about 3.4 eV, intermediate of 2.8
eV, and large of 2 eV. For the determination of the bandgaps,
the curves were plotted in a logarithmic scale. The band edges
were then estimated to be the points where the dI/dV signal
starts to deviate with respect to the noise level. These bandgap
values are significantly larger than the energy bandgap of bulk
Si (1.1 eV) and are well within the theoretical calculations for
small amorphous and crystalline Si clusters.41

Lastly, we have investigated the stability of the Si arrays
upon annealing to high temperatures. Figure 5a shows a large-
scale STM image of a Si nanocluster array formed at 130 K and
imaged at 300 K. Figure 5b is the corresponding FFT image
with the well-defined moire ́ spots. The quasi-ordered arrays of
Si nanoclusters are stable up to 577 K. Annealing of the
clusters to 577 K has no apparent influence on their size,
shape, density, and order; see the topography in Figure 5c and
the corresponding FFT in Figure 5d. Annealing to higher

Figure 3. (a) STM topograph after deposition of 0.4 ML Si at 130 K
and imaging at 300 K. In the lower half, the Si clusters have been
removed with the STM tip. The grid of white dashed lines is matched
to the center of the h-BN moire ́ valleys. (b) Atomically resolved STM
image of the h-BN/Ir(111) moire ́ superlattice containing point
defects (indicated with the black arrows) at the h-BN mesas. The
image size is 20 nm × 15 nm in (a) and (b).

Figure 4. (a) Differential conductance dI/dV as a function of bias
voltage V taken on h-BN/Ir(111) (black), small (blue), intermediate
(green), and large (magenta) clusters, marked with the corresponding
color in the topography inset (size: 13 nm × 16 nm). The spectra are
the result of averaging over single spectra recorded at the center of Si
clusters of similar size.
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temperatures leads to degradation of the arrays. Figures 5e and
5f show the STM and its FFT after the sample was annealed
677 K. The clusters arrays have lost their order, apparent from
the weakened moire ́ spots and the increase of the diffuse
background near the center of the FFT image. Many larger
clusters are found across the surface, suggesting cluster array
degradation through coalescence. Metal cluster arrays on h-
BN/Ir(111) and Gr/Ir(111) degrade also through cluster
coalescence albeit at higher annealing temperatures.24,25,42

■ CONCLUSIONS
The interaction of Si with the Ir(111) and the monolayer of h-
BN on Ir(111) was investigated with scanning tunneling
microscopy. Submonolayer amounts of Si form a surface alloy
with the Ir(111) with a ×( 19 19 ) R23° reconstruction.
Deposition of Si on monolayer h-BN on Ir(111) at 130 K leads
to the growth of an imperfect Si cluster superlattice. The
nanocluster superlattice remains stable up to annealing
temperatures of 677 K. The h-BN monolayer effectively
decouples the nanoclusters from the underlying Ir(111)
substrate, allowing to measure their size-dependent electronic
bandgap. Small clusters have a bandgap of 3.4 eV, which
decreases with increasing the size of the cluster, reaching a
value of 2 eV for large Si clusters. We have identified the
preferred Si binding site to be the mesa regions of h-BN, which
is in contrast to the metal and C clusters formed similarly on h-
BN. Point defects at the h-BN mesas possibly cause Si to bind
at these locations.
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6 Transfer Methods for Cluster Superlattice

Membranes

6.1 Introduction

The emergence of two-dimensional (2D) materials has revolutionized the �eld of materials sci-

ence, o�ering extraordinary properties and promising prospects for a wide range of technological

applications [156]. Graphene, the pioneering 2D material, ignited tremendous interest due to

its exceptional electrical, thermal, and mechanical properties [157]. However, researchers soon

realized that the realm of 2D materials extends far beyond graphene. A diverse family of 2D

materials, including transition metal dichalcogenides (TMDs), hexagonal boron nitride (h-BN),

phosphorene, and their respective van der Waals heterostructures, have since been discovered,

each with their own unique set of properties and exciting potential [158�161].

While the synthesis and characterization of 2D materials have witnessed substantial progress,

the successful integration of these materials into practical devices remains a signi�cant chal-

lenge [162]. One critical aspect that demands attention is the transfer of 2D materials from

their growth substrate onto desired substrates or device platforms. The transfer process not

only a�ects the quality, stability, and uniformity of the transferred material but also determines

its compatibility with speci�c applications [163].

The transfer of 2D materials involves delicately separating the material from its original sub-

strate and placing it onto a target substrate or device while preserving its structural integrity

and desired properties. This seemingly straightforward task presents a host of technical hurdles

due to the extreme fragility and vulnerability of 2D materials to environmental factors, as well

as the need for precise alignment and controlled adhesion [164�166].

Cluster superlattice membranes (CSLMs) represent a unique class of heterogeneous 2D mate-

rials, characterized by one side composed of an amorphous carbon layer, and the other side

featuring a cluster superlattice encapsulated by a templating layer of graphene or h-BN [135].

Both the process of separating CSLMs from their growth substrate and their subsequent han-
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6 Transfer Methods for Cluster Superlattice Membranes

dling require specialized procedures to ensure the preservation of membrane integrity and proper

orientation upon transfer to the desired substrate. This chapter aims to provide a comprehen-

sive overview of the transfer methods speci�cally developed and employed for CSLMs, o�ering

a practical guide encompassing the preparation techniques and crucial steps involved in the

processing of this intriguing material.

6.2 Experimental Methods

Shadow masks with di�erent hole sizes and geometries were manufactured by the in-house

mechanical workshop. Polydimethylsiloxan (PDMS) is acquired from Gel-Pak and the GEL-

FILM PF-60-X4 and PF-60-X0 are used. Polymethylmethacrylat (PMMA) was bought from

Allresist as AR 300-12. Trichlormethane and 1 Mol NaOH solution are sourced from Carl Roth.

Power is supplied via a Keithley 2200-20-5.

A commercially available 2D heterostructure transfer system, consisting of an optical microscope

mounted above a temperature controlled sample platform and stamping stage with multiple

micro-manipulators from HQ Graphene was placed inside a laminar �ow box to ensure clean

working conditions. For additional manual preparations, manual steps and characterization a

stereo microscope was also placed in the same laminar �ow box.

6.3 Modi�ed Bubbling Transfer Method

One major development in the transfer process was a step away from the traditional hydrogen

bubbling method applied in [135]. In the traditional approach the 2D material is coated with

a supporting polymer layer (e.g. PMMA) and then removed from the substrate together with

the polymer layer in an electrochemical cell. The growth substrate (in our case Ir(111)) with

the 2D material is submerged in a NaOH solution (typically 1 Mol/L) and put on a negative

potential of minimum ∼1.5V. A Pt foil acts as the anode. The reactions taking place are as

follows:

Cathode:

2H+(aq) + 2e− → H2(g) (6.1)
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6.3 Modi�ed Bubbling Transfer Method

Anode:

2H2O(l) → O2(g) + 4H+(aq) + 4e− (6.2)

The evolution of gases happens at the interface of the electrodes and, in the case of the Ir, the

edges of the 2D material, slowly splitting it o� from the crystal. After the material is fully

delaminated it �oats up in the solution, supported by the polymer layer, from where it can be

picked up and processed further.

Figure 6.1: Optical microscope image of a cluster superlattice membrane on Ir(111) in 1 mol
NaOH solution on a 1.65V potential. The arrows point out the areas of gas and �uid intercalation
as well as the accompanying contrast change. The scale bar is 100 µm.

While this process is used successfully for the delamination and transfer of many 2D materi-

als, it relies on the polymer to support it throughout the process [167�169]. In our modi�ed

approach the Ir(111) crystal is placed in the NaOH solution without any polymer supporting

the 2D material. Intentionally keeping the bubbling process slow and controlled can lead to

the intercalation of the membrane with gaseous H2 or liquid H2O without detachment of the

membrane itself. The process is observed via optical microscopy, where the intercalated areas

are easily visible (see Figure 6.1). Membranes intercalated this way can then be picked up by

the stamping methods described later in this chapter. It is important to perform the stamping

in a timely manner after the Ir crystal is removed from the solution, as the water drying out be-

low the membrane will lead to its �rm reattachment to the Ir substrate. Our experiments have

shown that only membranes intercalated by either water or gas can be removed via stamping,

making the large scale intercalation of the 2D material vital to the success of this method. A

number of factors that in�uence the intercalation are discussed in the following.
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6.4 E�ects of CSLM Preparation

Following the growth of the cluster superlattice (as described in Chapter 3), various preparation

methods can be employed, impacting the subsequent intercalation process of the membranes.

These factors include the size of the membranes, the thickness of the carbon layer, oxygen etch-

ing of the sample, and post-annealing of the membrane. The optimization of these parameters

plays a crucial role in determining the e�ciency and outcome of the delamination process.

Both oxygen etching and annealing should, in principle, enable an easier separation of the

membrane from the substrate. While in situ oxygen etching removes the templating layer in

between the carbon covered regions of the sample and thus enable easier intercalation of H2O

from the side of the membranes, the number of prepared samples was not large enough to make

a strong statement about the e�ectiveness of this method. Due to it being non destructive to

the actual membrane however, it was applied in the fabrication of most samples. Annealing

has been shown to reduce the binding between the templating layer and the substrate and is

a crucial step in the fabrication of the cluster superlattice membranes, as not annealed mem-

branes were not able to be delaminated from the substrate [135]. Another possible approach to

explore at this step is the pre-intercalation of Gr with species which lower the binding between

Gr and the Ir(111) substrate. Earlier studies have found Cs to easily intercalate Gr and assist

in the transfer of large areas of Gr [170, 171]. In our experiments Eu intercalation at 750K was

attempted, but neither the full intercalation of the membranes, nor an e�ect on the transfer

process could be con�rmed.

The in�uence of membrane diameter on the H2O intercalation has been investigated on a sam-

ple with a multitude of di�erent sized membrane spots. A mask with holes of diameters 0.3mm,

0.5mm, 1mm, 1.5mm and 2mm was used to grow accordingly sized membranes on an Ir(111)

substrate. The resulting sample was placed in 1mol NaOH solution at a voltage of 1.65V and

monitored with an optical microscope (see Figure 6.2 (a)). As visible in Figure 6.2 (b), after

multiple hours in the solution, the intercalation starts from the outside edge of the membranes.

Figure 6.2 (c) shows intercalation happening from a single spot in the middle of the 1mm

membrane and Figure 6.2 (d) the fully intercalated membrane. The intercalation of the largest

(2mm) starts shortly after and begins with a small area on the bottom right (Figure 6.2 (e))

and proceeds from there through the whole membrane (Figure 6.2 (f)). Futher gas production

then leads to the membrane forming a volcano like dome on the substrate (Figure 6.2 (g)).

Only after this, intercalation of the other membranes takes place (Figure 6.2 (h)). A continu-

ous bubbling then leads to the rupture of the membranes after enough gas has been produced

(Figure 6.2 (i)). The intercalation of the membranes (safe for the 1mm begins at the edges and
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Figure 6.2: Optical microscope image of cluster superlattice membranes of di�erent sizes and a
a�C thickness of around 50 ML on a Ir(111) crystal in 1 mol NaOH solution on a 1.65V potential.
The membrane disks have a diameter of 0.3mm, 0.5mm, 1mm, 1.5mm and 2mm. The scale bar
is 1mm in all images.

this mechanism would indicate a faster total intercalation of smaller membranes, however after

repeated experiments there is no evidence of a correlation of size and successful intercalation

of the membranes. To ensure large membranes as well as a high enough number of successes a

mask with 19 0.8mm holes in a hexagonal pattern was used in further experiments.

A second important factor in the fabrication of the membranes is the thickness of the carbon

membranes. In experiments, membranes with around 5 ML C, 10 ML C and > 50 ML C were

tested. Figure 6.3 shows the intercalation of a 5 ML C membrane. It is visible that the in-

tercalation starts from the edge as well as multiple points in the middle of the membrane. As

the intercalation progresses the membrane progresses small ruptured areas become apparent

(Figure 6.3 (b)). Gas that is produced in the electrolysis in these areas escapes and no further
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Figure 6.3: Optical microscope image of cluster superlattice membranes of di�erent sizes and a a-
C thickness of around 5 ML on a Ir(111) crystal in 1 mol NaOH solution on a 1.65V potential. The
membrane disks have a diameter of 0.3mm, 0.5mm, 1mm, 1.5mm and 2mm and are highlighted
by red circles. The scale bar is 1mm in all images.

intercalation can be observed. This leads to small areas of intercalated membrane separated by

completely unintercalated areas (Figure 6.3 (c)).

In comparison, thicker membranes show fewer signs of intercalation starting in the middle of

the membrane, are less prone to rupturing and easier to fully intercalate. In fact, the 50 ML C

membranes can be seen to form large bubble like structures above the substrate. It is not pos-

sible to completely detach the membranes from the substrate via gas pressure as all observed

membranes ruptured before detaching (Figure 6.2 (i)). The intercalated membranes show a

web-like structure when still on the substrate and a dome or volcano like shape when inter-

calated with a large gas volume. Both deformations indicate strain present in the membrane

as the equilibrium shape would be either �at when on the substrate of half dome like when

intercalated by gas.

Figure 6.4: Optical microscope image of cluster superlattice membranes of di�erent sizes and
a a-C thickness of around 50 ML on PDMS. The membrane disks have a diameter of 1mm and
1.5mm. The scale bar is 1mm in all images.

After detachment from the substrate the behaviour of thin and thick membranes also di�ers.

While thin membranes attach very well to the polymer supports, the thick membranes curl up

on themselves (see Figure 6.4). This curling behaviour has also been observed after transfer to
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a new substrate and limits the applicability of thick carbon membranes. Both, the curling after

detaching and the "volcano shape" on the substrate, can be explained with a high amount of

tensile stress on the upper side of the amorphous carbon matrix. In practice membranes with

a thickness of around 10 to 20 ML C have shown to o�er a good compromise between large

intercalated areas and low stress related curling. It might be possible to reduce the stress in

the a-C matrix by embedding at elevated temperatures, or incorporation of other species into

the a-C matrix to relieve the stress.

6.5 Simple Carbon Side up Transfer

The simplest possible transfer is a transfer of the CSLM to a new substrate without the neces-

sity to rotate it. Such a transfer can be employed when the direction the membrane is either

not of relevance, for example in sample preparation for transmission electron microscopy, or

when access to the a-C side is actually wanted. After successfully intercalating the membranes

on the Ir(111) substrate, any kind of polymer tested was able to pick up the membrane. The

challenge was to �nd which polymer provides a clean release once the membranes are supported

on the new substrate. A quick way to achieve this is by picking the membrane up with PDMS

and stamping it to a new substrate. While placing the PDMS on the desired membrane area it

is important to ensure no air is encapsulated. Heating during this step is to be avoided, as it

can lead to the CSLM attaching strongly to the Ir(111) substrate again. PDMS is viscoelastic

and as such the peeling speed will in�uence the adhesiveness between itself and the CSLM

[172, 173]. Removal of the PDMS should be performed in one swift movement to ensure the

best outcome.

After the removal from the substrate, the CSLM should be well attached to the PDMS. Washing

with de-ionized water is possible at this point in time without signi�cant loss of 2D material.

Afterwards the PDMS/CSLM is stamped onto the target substrate. Immediate removal of the

PDMS at this stage will lead to suboptimal outcomes. Before removing the PDMS the attach-

ment of the CSLM to the new substrate can be improved by heating to 100 ◦C for 5min. Vacuum

annealing to 200 ◦C has also been found to reduce stress in 2D materials and removes interfacial

bubbles [173]. Before the removal of the PDMS it is important to let it cool down to room

temperature again. The PDMS is then removed as slowly as possible using a micromanipulator

[174]. Rates of 10 µm per second have been found to produce satisfying results.
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6.6 Turn-over Transfer

In order to transfer a membrane to a substrate with the Gr side facing the environment, it is

necessary to provide temporary support using a second layer as depicted in Figure 6.5. It is

crucial to remove the initial polymer support without damaging the second layer and ideally

achieve a high yield of transferred membrane. One potential approach to accomplish this is

through selective chemical etching. For instance, the membrane can be sandwiched between

PMMA and a thin copper foil. If the membrane adheres well to the copper, it is theoretically

possible to eliminate the PMMA using acetone. Subsequently, after placing the foil and mem-

brane on a new substrate, the foil can be removed using ferric chloride. However, this process

tends to result in signi�cant residue and relies on the attachment of the membrane to the copper

foil and the subsequent substrate, and has not been successfully implemented thus far.

Figure 6.5: General sketch of the turn-over transfer using a �rst polymer layer to remove the
membrane from the substrate and a second temporary layer to support the membrane during the
turnover process.

An alternative to etching removal of support layers is a mechanical route in which the mem-

brane is stamped from less adhesive polymers to more adhesive polymers. As PDMS can be

bought in varying degrees of adhesiveness and o�ers a generally residue free transfer it is the

ideal starting process for this double transfer route. Starting with the lowest available adhesion

grade and stamping it with a higher adhesion grade PDMS, it is possible to transfer and turn

around small areas of CSLM. The higher the adhesion of the second stamping polymer, the

more material can be removed from the original PDMS layer. While being clean and quick, the

downsides of this procedure are losses of transferred area in the �rst step, as well as need for a

higher grade of adhesion, that also lowers the amount of transferable membrane to the target

substrate as it has to be released from the PDMS later. To avoid the troublesome mechanical

release of the CSLM from PDMS, a highly adhesive and easily solvable polymer is the ideal

choice for a second support layer.

Polycarbonate (PC) possesses a high adhesion to 2D materials, can be removed via trichlormethane,

and is easily assembled in thin layers as a stamp [174�176]. The assembly steps from Ref. [174],

depicted in Figure 6.6 were followed to produce a transparent stamp, which can be used to

transfer close to 100% of CSLM from PDMS onto PC.
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To start the process, the PC stamp is pressed onto the PDMS layer in areas containing the

CSLM and heated to 130 ◦C to soften the polymer layers. This improves adhesion between

2D material and the PC and allows any air bubbles to escape from between the layers. Once

both layers are in contact there is a stark contrast change of the CSLM observed under the

optical microscope, going from bright and re�ective to dark gray (see Figure 6.7 (a) and (b)).

Carefully applied pressure can aid the release of air bubbles. When the desired area is �rmly

attached and no bubbles are present the stack is cooled down to room temperature again, as

the adhesion of PC is lowered at elevated temperatures. Afterwards the PC stamp needs to be

removed slowly from the PDMS layer via micromanipulators.

To �nalize the turn-over process this stamp is then pressed onto the target substrate and

heated to 200 ◦C for multiple minutes. At this temperature the PC melts and, together with

the CSLM, �rmly attaches to the target substrate. The stamp can then be removed carefully,

so as not to smear the remaining PC layer. Afterwards the sample is cooled down to room

temperature (see Figure 6.7 (c)). The PC layer can later be removed by washing the sample

with trichlormethane. To ensure maximum adhesion of CSLM to the substrate it important

to perform the �rst washing step carefully by slowly lowering the sample into trichlormethane

at a slight angle. Once the �rst washing step is completed, the trichlormethane/PC solution

is removed and fresh trichlormethane is used to further wash the sample. This step can be

repeated as often as deemed necessary to remove the last residues of PC on the sample. Finally

the sample is rinsed in deionized water. The �nal result of a successful turn-over transfer can

be seen in Figure 6.8, which shows multiple large areas of transferred CSLM on Ir(111) with

the Gr exposed to the environment.

69



6 Transfer Methods for Cluster Superlattice Membranes

Figure 6.6: Preparation of the polycarbonate stamp. The polycarbonate (PC) solution is prepared
by dissolving 5% by weight polycarbonate in chloroform. The method for preparing the transfer
stamp is outlined in the �gure. The PC is drop cast onto a glass slide using a pipette (typically 5
drops) and a second slide is then used to sandwich and spread the solution between the two slides.
The slides are immediately slid apart, and left to allow the chloroform to evaporate. Excess PC
is then removed by a scalpel to de�ne a 1× 1 cm square of PC. A window is cut into a piece of
scotch tape, which is then used to pick up the PC from the glass slide. The tape is then used to
place the PC onto a block of PDMS, and excess tape is removed again using a scalpel. For the
completed stamp, the PC is held in place on the PDMS by the scotch tape. Adapted from Ref
[174]. Copyright 2018 Springer Nature.
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6.6 Turn-over Transfer

Figure 6.7: Optical microscope image of the same area of CSLM during di�erent stages of the
double transfer. (a) CSLM on PDMS, (b) CSLM sandwiched between PDMS and PC, (c) CSLM
on Au covered by PC.

Figure 6.8: Optical microscope image of CSLMs on Ir(111) after the turnover process (graphene
side facing the environment). The scale bar is 1mm.
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6.7 Conclusion and Outlook

A multitude of di�erent transfer processes have been tested and developed to gain control

over the orientation of CSLMs, transfer large areas and achieve clean transfers to arbitrary new

substrates. PDMS has been shown to be highly versatile in its application due to its viscoelastic

properties, commercial availability in di�erent levels of adhesiveness and cleanliness during the

handling.

PC stamps are producible by hand and o�er a great basis for the turn-over process. Changes

in temperature are able to soften it to provide better attachment to the membranes and later

on to the �nal substrate.

While the intercalation of the membranes on the Ir(111) has been identi�ed as the core step in

the transfer of CSLMs it is also the most variable step, depending on factors not yet entirely

understood. The preparation of the membrane, including thickness of the C layer, shape and

size of the membrane spots, O etching and alkali metal intercalation, the quality of the substrate,

the temperature of the intercalation �uid, the applied voltage and time all may play roles in

the process of intercalating the membranes. The levels of involvement of each of the parameters

would have to be further studied in a series of controlled experiments. The large parameter

space and required time to prepare even single samples makes it infeasible to investigate the

ins and outs of this process in this work as a su�cient set up has been found.

72



7 Functionalization of Fe�Pt Cluster

Superlattice Membranes via O Radical

Etching

7.1 Introduction

The �eld of heterogeneous 2D material structures is advancing rapidly, driven by the desire to

harness their diverse physicochemical properties for tailored applications [156, 177, 178]. Clus-

ter superlattice membranes (CSLMs) are a novel class of hybrid 2D materials, consisting of a

templating layer - graphene or hexagonal boron-nitride - hosting a hexagonal nanocluster array,

sandwiched by a stabilizing matrix. They present numerous opportunities for customization ,

with tunable cluster material and size, spacing, and choice of embedding material [100, 126, 135].

Fe�Pt clusters hosted in an a-C matrix represent an especially intriguing combination. The in-

terplay between Pt and Fe atoms in the clusters results in increased catalytic activity and

durability [179�183]. Additionally, Fe�Pt clusters in the L10 phase display enhanced magnetic

properties, such as superparamagnetic behaviour and a large magnetic anisotropy [155, 184�

188]. These properties make Fe�Pt clusters in CSLMs strong candidates for high-density mag-

netic recording media or research into dipole dipole interactions [154].

In order to fully harness the capabilities of CSLMs it is imperative that full control over the

fabrication and handling process is established. Furthermore, the predicted properties, such as

blockage of gas di�usion and catalytic activity after removal of the templating layer require ex-

perimental con�rmation. Fe�Pt based membranes provide a useful �ngerprint system for both

of these categories. If the membrane successfully blocks the di�usion of oxygen, the Fe atoms

should remain unoxidized after exposure to ambient conditions or atomic oxygen. Conversely,

if the membrane can be reopened in a controlled manner, the Fe atoms should oxidize after

exposure to oxygen. These tests not only con�rm the predicted properties of the CSLMs but

also serve as a means to optimize their performance for various applications.

In this chapter we report the successful transfer of a Fe�Pt based CSLM onto a new substrate,
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con�rm the membrane to be impenetrable to oxygen, and show a controllable way of reopening

the CSLM.

7.2 Experimental Methods

STM was performed in the UHV system Athene in Cologne, Germany. XPS data were measured

at the FlexPES beamline of MAX IV in Lund, Sweden. The base pressure in both systems is

in the 1× 10−11mbar range for both systems. Ir(111) samples were prepared in situ by cycles

of noble gas ion sputtering followed by �ash annealing to 1420K. Graphene was grown in a

two step process: First the sample is exposed to 1× 10−6mbar ethene (C2H4) for 20 s and then

�ashed to 1300K. Once the temperature is reached the sample is kept at 1300K and exposed

to 2× 10−7mbar ethene for 600 s before cooling down in UHV. Low-energy electron di�raction

was used in Cologne and Lund to con�rm a well ordered graphene layer.

Fe�Pt cluster superlattices are prepared on Gr via sequential deposition of Pt from an e-Beam

evaporator and Fe from a Knudsen cell at 1400K. To improve the ordering the sample was

cooled down to 250K in Cologne. Deposition rates were calibrated via the islands of Fe and Pt

formed on Ir(111) measured by STM in cologne and via the respective core level (Fe 2p, Pt 4d)

in comparison to the Ir 4d core level in Lund.

XANES spectra were measured in the total electron yield con�guration. The energy was calli-

brated via the binding energy of the C 1s core level.

STM was conducted at room temperature with tunneling currents in the order of I =0.5 nA.

Transfer and turn-over of the Fe�Pt CSLM from one Ir(111) substrate to another followed a

home-developed process, described in Chapter 6, consisting of the intercalation of H2O below the

membrane, followed by a lift o� from the original Ir(111) substrate via polydimethylsiloxan(PDMS)-

stamp, a second stamping with a polycarbonate (PC) stamp, and �nally the transfer to a new

Ir(111) substrate.

7.3 Results and Discussion

Figure 7.1 (a) shows an STM topograph of a cluster superlattice made up of 0.3 ML Fe deposited

at 250K onto 0.3 ML Pt cluster seeds on Gr/Ir(111). This seeding method gives the clusters a

long range order as well as a �lling of the moiré cells of around 91%, far surpassing that of pure

Fe clusters on Gr/Ir(111) [100]. Figure 7.1 (b) shows the XA spectra of a sample prepared at
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Figure 7.1: (a) STM topography of a 0.3 ML Fe + 0.3 ML Pt cluster superlattice on Gr/Ir(111).
Scale is 150×75 nm. (b)XA spectra at the Fe L3,2 edges, taken at RT. Spectra of a 0.3 ML Fe + 0.3
ML Pt cluster superlattice on Gr/Ir(111) in rising order: after degasing, after exposure to atomic
O, after O exposure and annealing to 850 K.
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MAX IV via 0.3 ML Pt seeding + 0.3 ML Fe deposition. The lowest (purple) spectrum shows

the Fe L3,2 edges in their initial state. A clear single peak at 708 eV can be identi�ed, which

is attributed to metallic Fe in accordance with literature (compare Ref. [189, 190]). No sign

of oxidation is visible in the signal and we conclude that this is the initial state of mixed Fe�

Pt clusters. Upon exposure to 100L of atomic oxygen and 1000L molecular oxygen (middle -

turquoise - spectrum) the signal now has shifted to slightly higher energies and developed a clear

double peak structure at 709.5 eV representative of oxidized Fe [189, 191]. After annealing the

sample at 850K for 30 s without supplying additional oxygen the signal returns to its original

shape and position at 708 eV. While the oxidation of Fe is a natural reaction to O exposure,

the mechanism of reverting back to the unoxidised state is not clear. One possibility is, that the

Fe�Pt clusters intercalate the graphene layer [132] and form a surface alloy with the Ir substrate,

losing the O in the process [192]. Another way to reduce Fe oxides is via a catalytic reaction.

Fe2O3 clusters have been found to be able to supply their own oxygen towards the oxygenation

of CO molecules [193, 194]. Fe�Pt nano particles have also been found to be active towards CO

oxidation [180]. Together with O adsorbed on the graphene the clusters could break FeO bonds

to form CO2, etch the graphene and, in turn, reduce the Fe. A second exposure to atomic O

after the annealing (not shown) has led to no di�erence in the observed spectrum, hinting at

the �rst mechanism to be the dominant one, as the Fe appears to be now protected against

oxidation. The formation of a surface alloy below graphene is the most likely situation, as no

signi�cant reduction in signal strength has been observed after annealing, which excludes large

quantities of iron di�using into the crystal.

With the goal to investigate the properties of freestanding CSLMs, 800 µm wide patches of

Fe�Pt CSLMs, based on the system depicted in Figure 7.1 (a), have been fabricated. After

the delamination and turn over process, as described in Chapter 6, they have been placed back

onto a clean Ir(111) substrate (see Figure 7.2 (a)). Precise manipulator controls combined with

a spotsize below 200 µm×200 µm enables measurements on a single membrane. To locate such

a membrane �rst the reduction of the Ir 4f signal was monitored during the movement of the

crystal in front of the beam. Later on the C 1s and Fe 2p signals were used to con�rm that the

desired membrane is placed in front of the beam. The XAS results of a turned-over Fe�Pt cluster

superlattice membrane are presented in Figure 7.2 (b). The lowest (purple) spectrum shows the

CSLM just after degasing at 500K. The same single peak at 708 eV as in the CSL experiment is

observed. No sign of oxidation can be detected, even though the membrane has been exposed to

ambient conditions for multiple days. To further establish that the graphene and carbon matrix

enclosing the clusters are leak tight the membranes are exposed to 100L of atomic oxygen. The
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Figure 7.2: (a) Photograph of an Ir(111) sample with Fe�Pt CSLMs transfered, graphene side
up, onto the crystal. The membrane diameter is 800 µm. The red circle highlights the membrane
that was measured via XPS. (b) XA spectra at the Fe L3,2 edges, taken at RT. Spectra of a CSLM
of 0.3 ML Fe + 0.3 ML Pt clusters in rising order: after degasing, after exposure to atomic O, after
O exposure and annealing to 850 K, after etching 5 times and exposure to atomic O, after etching
6 times. All spectra are normalized.

spectrum (second from the bottom, dark blue) looks identical to the spectrum after ambient

exposure, con�rming the graphene to be leak tight. Annealing at 850K for 30 s also does not

change the spectrum (middle, turquoise). Only after repeating the O exposure followed by the

high temperature annealing 5 times a change is observed when exposing to O again. This time

the Fe XAS spectrum (second from top, green) exhibits a clear double peak structure with the

second peak at 709.5 eV, indicating that now the holes in graphene, formed by the radical O

etching, have grown enough to expose the clusters to the environment again. This leads to

immediate oxidation upon O exposure (compare �gure 7.2 (a)). Similar to the in situ grown

Fe�Pt cluster superlattice, subsequent annealing reduces the Fe again (top spectrum, yellow).

However, as the graphene is etched open, further O exposures (not shown) leads to oxidation

again.
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7.4 Conclusion

In conclusion, we have demonstrated a way to grow a highly ordered Fe�Pt cluster superlattice

and form it into a free standing 2D cluster superlattice membrane, which has been shown to fully

block gas di�usion and is highly sintering resistant, opening up a pathway to study magnetic

cluster - cluster interactions or Fe�Pt phase transitions in samples which are exposed to ambient

conditions. Further, we have shown a controllable way to re-open the CSLM via cycles of

radical oxygen dosing followed by annealing to 850K. This treatment validates the CSLM as

a potentially highly stable model catalyst housing a wide variety of di�erent combinations of

metal nanoparticles in an amorphous carbon matrix.
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8.1 Cluster Superlattice Membranes

Templated cluster superlattices have been studied intensively after their discovery in the early

2000's. One major idea was their usage as a model catalyst, o�ering a variable template, host-

ing clusters with a long range order and narrow size distribution. This property would allow

averaging techniques like infra-red spectroscopy ,surface X-ray di�raction or X-ray photoelec-

tron spectroscopy to be used in the study of chemical reactions on single clusters. However,

even though some studies of catalytic e�ects of cluster superlattices exist, a major downside of

these systems is their instability. At high pressures or temperatures the lattices degrades due

to particle migration and coalescence.

Driven by the goal to functionalize cluster superlattices and to allow them to withstand higher

temperatures and pressures the concept of a cluster superlattice membrane was developed in

Chapter 7. Embedding the CSL in an a-C matrix of a few nano-meter thickness has shown to

greatly enhance its stability up to temperatures of 1050K. Although access to the clusters is

blocked after the embedding process, through the delamination of the stack of templating layer,

clusters and a-C matrix from the substrate a novel free standing 2D material is fabricated.

This paper combines in situ STM, LEED and XPS studies with ex-situ TEM and Raman spec-

troscopy measurements to follow the necessary steps in the development and fabrication of this

intriguing 2D material. STM topographs and LEED images were taken during the growth and

embedding of cluster superlattices to con�rm the perfect long range order and complete embed-

ding of the CSL. XP spectra of the Ir 4f and C 1s core level were measured and show an increase

in the interface component of the Ir signal as the CSL is grown and an even further increase

after the embedding. This result is interpreted as a stronger binding of the Gr to the Ir(111)

substrate. A subsequent annealing at 850K leads a reduction of this interfacial component, as

well as a narrowing of the C 1s core level to a more sp2 dominant signal.

This restructuring of the membrane is what facilitates the next steps: A conventional hydrogen

bubbling transfer at an overpotential of around 1.5V was performed to delaminate multiple
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circular membranes with a diameter of 300 µm, supported by PMMA. To con�rm the CSL,

hosted in the a-C matrix, to be intact, HRTEM was employed. Di�raction measurements also

show the regular spaced cluster superlattice, as well as the presence of the Gr layer. Raman

spectroscopy doubles as a con�rmation of the Gr coverage.

The work presented in Chapter 3 is the basis for all future applications of CSLMs and provides

a practical guide to follow in the preparation of this class of heterogeneous 2D materials. It is

still open to future work to exploit the versatility of the system itself, as only Ir and Pt clusters

were studied and embedded in a-C. Embedding with di�erent materials, such as oxides, has yet

to be experimentally tested. Issues here could arise from the need to supply additional oxygen

during the deposition of oxide layers and unwanted sintering of the clusters. A lack of strong

binding between the clusters and the embedding material could render the endeavour to apply

the CSLM as model catalyst futile as sintering might not be su�ciently suppressed once the

Gr layer is removed. On the other hand, too strong binding could lead to reduced e�ciency in

catalysis, due to strong metal support interaction. Di�erent embedding materials will change

the way the matrix interacts with the Gr and might open up new pathways to handle the

membranes after their removal from the substrate. Ideally one could envision a removal of the

embedded clusters and the matrix without the templating layer.

Further experiments are also required to elucidate the role of the annealing and intercalation of

europium on the delamination step. Especially the usage of intercalants is questionable, as it is

not clear how far the intercalated atoms can travel below the templating layer and if it is even

possible to fully intercalate a membrane in UHV with elements like Cs, Eu, Br or Li. Controlled

STM experiments in which the starting point of the intercalation is limited to a certain area of

the sample could show how mobile the atoms are below the Gr layer.

Improvement of the bubbling transfer is critical to future large scale defect and folding free

transfers of the membranes. The role of defects in the membranes, as well as the edges and

in�uence of size, shape and thickness of the membrane on the success of the transfer are also

unexplored as of yet.

8.2 Carbon Embedding of Pt Cluster Superlattices Templated

by Hexagonal Boron Nitride on Ir(111)

After the introduction of the CSLM, the next objective was to verify the versatility of the

system. As the sister-compound of Gr, h-BN produces the same templating and an even

stronger stabilizing e�ect for the growth of CSLs [126]. Its insulating nature makes it an ideal
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Ir(111)

template to study electron hopping transport between clusters [195]. Also, due to its di�erent

atomic constituents, it presents itself as the perfect templating layer to study the embedding of

CSL with a-C via in situ XPS measurements as shown in Chapter 4.

In situ STM and XPS measurements were performed in Cologne and Trieste respectively to

illuminate the embedding and the interaction of the a-C with the h-BN layer and a Pt cluster

superlattice. Spectra of all involved atomic species, B, N, Pt, Ir and C are presented in an

e�ort to understand the behaviour of the main components during growth and high temperature

annealing.

The growth process of the a-C matrix proceeds similar to the one already discussed beforehand

and in ref. [132]. Carbon �rst attaches �rmly to the Pt clusters. Next the C will accumulate

in the areas surrounding the clusters, further rehybridizing the h-BN, leading to an increased

binding between h-BN and the Ir(111) surface. This e�ect shows itself as an increase of the Ir

interfacial component, as well as a broadening of the B 1s and N 1s peaks, interpreted as an

increase in chemical diversity of the species. After the Pt and h-BN are covered (at roughly

0.8 ML of C) the changes in their spectra under continued C deposition slow down and the C

begins to form a network, forming the �nal matrix.

Annealing the membrane to high temperatures con�rms the Pt CSL to be stable up to 850K. At

these temperatures the C also recon�gures and becomes more graphitic, leading to a decreased

binding of the membrane to the Ir(111) substrate, similar to the Gr case discussed beforehand.

As expected, the embedded CSL, while appearing stable in STM topographs up to 1050K, will

su�er from intercalation of the Pt through the h-BN. This is indicated by a shift of the Pt 4f

signal towards a surface dominated one, as well as a decrease in the Ir 4f surface component

after the onset of the intercalation above 850K. The clusters seen in STM topographs (compare

Ref.[132] are partially empty carbon shells similar to Ref. [136].

This work shows that the similarities of h-BN and Gr based membrane templates go beyond the

obvious templating e�ect of the moiré unit cell. Amorphous carbon is a universally applicable

embedding material for CSLMs. It �rst binds to the clusters, then the templating layer and

�nally forms the matrix itself. One major di�erence between the h-BN and Gr based membranes

has been found in the interaction of h-BN with the a�C after annealing to 1250K. Here it was

possible to scratch away the a�C matrix and the embedded clusters with the STM tip, a process

impossible on the Gr template. The intercalation issue plaguing Gr templated CSLs above 850K

are also present in h-BN and could for the �rst time be identi�ed even under a thick a�C layer.

However, this also opens up the option to study the intercalation of other species like Cs, Li or

Eu which could, in the future, enable easier removal of h-BN based membranes, or block the

intercalation of Pt.
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8.3 Silicon Cluster Arrays on the Monolayer of Hexagonal

Boron Nitride on Ir(111)

Silicon quantum dots show great promise to be applicable for quantum computing and qubit

architecture. The expected size dependent electronic band gap and photoluminescence o�er

great opportunities for optoelectronic applications. In a bid to build devices based on Si nan-

oclusters it is necessary to fabricate well ordered arrays of similar sized clusters. Contacting

such an array is a non-issue and the close size distribution facilitates a collective response of

the clusters without smearing out the signal.

In an e�ort to apply the templating e�ect of the moiré structure to the non metallic Si clusters,

the growth of Si cluster superlattices on h-BN on Ir(111) has been studied in Chapter 5. STM,

STS and LEED were used to investigate growth, adsorption sides and electronic properties of

the Si clusters.

To begin with, a new surface reconstruction of Si on Ir(111) was identi�ed and in turn used to

calibrate deposited Si amounts. Similar to Au or Fe, Silicon does not form a cluster superlattice

when deposited on h-BN/Ir(111) at room temperature. In contrast, it forms islands above, or

even below the h-BN and large unevenly spaced out clusters. It is possible to form an imperfect

cluster superlattice by deposition at 130K. The binding site of Si clusters in the mesa region

of the moiré unit cell also di�ers from metals or C on h-BN and is likely related to semi-regular

point defects. STS measurements of the di�erential conductance of di�erently sized Si clusters

shows a clear size dependence of the measured band gap of the clusters.

The origin of the point defects in the moiré unit cell of h-BN/Ir(111) is still unresolved, as is

their role in the binding of Si clusters. DFT calculations could o�er an explanation for the

appearance of these semi-regular defects which appear to be present in all grown samples of

h-BN on Ir(111), even though they get barely any coverage in the literature. The most likely

candidate for the cause are B atoms which can di�use into the Ir substrate during growth and

segregate out during the cooling process [196, 197].

Further experiments are required to actually gauge the collective response of the Si cluster su-

perlattice. Photoluminescence measurements did not yield any results due to the Ir substrate

drowning out any response. If it is possible to embed the Si cluster, forming a CSLM there

would be a chance to study the size dependent optical response of a Si cluster superlattice. This

depends on the embedding process not leading to sintering of the Si clusters however, which,

due to the prevalence of SiC bonds, is a strong ask for the system. A change in embedding

material however could lead to the desired outcome.
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8.4 Transfer Methods for Cluster Superlattice Membranes

The implementation of cluster superlattice membranes in diverse settings necessitates the de-

tachment of the material from the substrate, along with a reliable method for handling the

material post-removal. There is a critical requirement for a clean, e�cient, and reproducible

procedure to precisely position the CSLM onto arbitrary substrates while ensuring the desired

orientation. Chapter 6 details the necessary fabrication steps and a working handling procedure

to access both sides of the membranes for further research purposes.

The singular most critical factor for the success of removal from the growth substrate is the

intercalation of the membranes with water or hydrogen gas. Only intercalated areas are able

to be lifted from the substrate via exfoliation methods. The main variables such as size and

thickness of the membranes and their in�uence on the water intercalation are discussed. Evi-

dence points to edge areas of the membranes as starting points for intercalation. However, the

seemingly logical conclusion that smaller membranes are easier to intercalate due to their higher

circumference to area ratio was not supported by experiments. Defects in the membrane, caused

by uneven carbon coverage or the morphology of the substrate also act as nucleation points for

intercalated areas. Due to this, thin membranes (∼5 ML C) show more initial starting areas

of intercalation. However, because thin membranes tend to rupture easily, gases developed

during the process have an easy way to escape from below the 2D material, hindering further

intercalation and render full removals unachievable. Thick membranes (∼50 ML C) have been

found to be fully intercalatable with the largest studied membrane being of circular shape with

a 2mm diameter. However, their handling is di�cult due to high amounts of tensile strain,

which easily leads to them crumpling or rolling up on themselves.

Depending on the use case, thick membranes can o�er advantages due to their large available

surface area e.g. as a model catalyst in electrochemistry or in experiments with large probe

sizes like XPS. Thin membranes o�er the ability to image the clusters with high resolution in

TEM, where large areas are not a requirement. A good compromise between the systems has

been found in an a-C coverage of roughly 10 ML C.

Two methods to handle CSLMs are presented: The �rst being a simple transfer with the a-C

side facing the environment afterwards and the second one being more involved, but enabling

access to the templating layer.

Stamping the intercalated membrane with any type of polymer leads to removal from the sub-

strate, so the focus shifts to a clean and easy transfer. Polydimethylsiloxane (PDMS) stamping

is a standard method in the transfer of 2D materials and works for the CSLM as well. Di�erent

methods to increase cleanliness and area of transferred materials, such as heating, are described.
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The second transfer method is key to further applications of CSLMs, as it exposes the tem-

plating layer to the environment. Future experiments hinge on the ability to access this layer,

either to contact it via electrodes, or to remove it to gain access to the embedded clusters.

A combination of polymer to polymer stamping, followed by chemical removal of the second

polymer layer has been shown to be a viable method to transfer the membrane to arbitrary

new substrates and has enabled the work described in Chapter 7.

Even though this chapter gives instructions on how to handle CSLMs to achieve desired results,

it by no means is to be seen as the be-all and end-all of transfer guides. There are a lot of

unanswered questions pertaining to all steps of the process. Starting with the synthetization

of the membranes themselves, the origin of the tensile strain in the membranes is not solved.

Strategies to lower the stress and thus reduce damages in the membrane after the delamination

could be deposition of C at elevated temperatures, or incorporation of metallic elements into

the matrix. In situ intercalation of elements to lower the binding between Gr and the Ir(111)

substrate are speculated to help in the following removal of the membranes, similar to the re-

moval of pure Gr [170, 171]. It has yet to be shown though, that this step is actually helpful, or

even that the intercalated species are mobile enough to reach the inner areas of the membranes

which are on the order of hundreds of micro-meters away.

The intercalation process in 1 Mol NaOH solution was typically performed at RT and an over-

potential of around 1.65V. All three factors (temperature, potential and concentration) can

impact the outcome [198�201]. Because of the potentials in�uence, also the geometry of the

electrochemical cell can impact the outcome. Until now, a non symmetric setup was used where

a Pt electrode was placed in a beaker on one side of the Ir crystal, leading to a di�erence in

voltage gradient over the crystal surface. Future set-ups could make use of a ring shaped Pt-

electrode, or a �ne Pt grid placed atop the Ir crystal to reduce or avoid this issue.

If future applications or experiments demand a more controlled delamination protocol, all these

elements of the preparation and intercalation step can be optimized. In the scope of this work

however, the parameter space is too large to e�ciently cover.

Finally a working transfer process is describes in detail. The combination of PC and PDMS

allows stamping from one polymer to the other followed by a chemical removal of the PC once

the CSLM is on the target substrate. This method has produced large areas of clean CSLM for

XPS experiments. There are still a number of polymers not yet tested for this purpose which

might improve the transfer. Polypropylencarbonate (PPC) for example has very similar prop-

erties to PC but exhibits stronger temperature dependent adhesiveness [202]. Polystyrol also

has been applied as a solvable temporary layer for successful transfers of graphene[203, 204].
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8.5 Functionalization of Fe�Pt Cluster Superlattice Membranes

via O Radical Etching

The penultimate step in the full application of CSLM in nano catalysis is the full or partial

removal of the templating layer, exposing the clusters to the environment again. To this end,

it was necessary to develop a procedure which can remove Gr without also damaging the a-C

matrix in a critical way. Prior work by Vinogradov et al has shown O radicals to be able to

adsorb on, and, through annealing, controllably etch graphene [205].

In Chapter 7 Fe�Pt cluster superlattice membranes were grown and transferred via a home-

developed transfer method to a secondary Ir substrate. XANES measurements of the Fe L2,3

edges monitoring the oxidation state of the Fe act as a �ngerprint of the state of the templating

layer. Non oxidized clusters con�rm a closed membrane which is impermeable to O. When

the clusters oxidize after repeated oxygen etching steps a partial opening of the Gr template

is reached. Annealing of the oxidized clusters shows a re-transformation to the non oxidized

state.

This chapter establishes a method to employ CSLMs in future catalysis experiments. The CSLM

can be transported with the Gr layer attached, without being impacted by the environmental

exposure. Before usage radical O exposure and annealing can then remove the protective

layer, laying bare the clusters. TEM imaging of the clusters during and after the O exposure

is still required to con�rm the excellent cluster ordering. Application of CSLMs in simple

electrocatalytic experiments such as the hydrogen evolution reaction, or in CO oxidation are the

next logical steps. Ideally it will be possible to study the reactions taking place on single clusters

via collective response of the whole cluster superlattice, enabling XPS, infra-red spectroscopy

and similar techniques to observe reactions hidden until now by the small size of the clusters.
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8.6 The Future of CSLMs

The completion of this thesis marks a signi�cant milestone for cluster superlattice membranes,

as they embark on an exciting new phase where their direct application in various experiments

becomes possible. By �ipping the membrane and placing it onto a metallic substrate, with the

templating layer exposed, a promising opportunity arises for STM to explore the backside of

the membrane. The opening process, which, so far, is only studied via XPS, could be imaged

step by step, including the oxygen radical adsorption and graphene combustion. Once opened,

the same system can also be used to study thermal stability, CO adsorption and oxidation,

and possible post-growth processes as well as their respective stability and catalytical viability

all in situ via STM and temperature programmed desorption. STS measurements will provide

insight into the electronic state of the clusters.

Further XPS studies on modern near ambient pressure systems will provide information about

the reactivity and stability of clusters outside of UHV conditions. Careful analysis and com-

parison to calculations will distinguish the reaction pathways of di�erent catalysed reactions.

Shrinking the clusters down to the atomic limit will enable studies into single-atom catalysis.

TEM investigations will provide information about the structure, as well as the stability of the

membrane. They also o�er the opportunity to observe the sintering of particles in a highly

controlled environment. Application of an opened CSLM as electrode in an electrochemical cell

(e.g. for CO oxidation or the hydrogen evolution reaction) would provide further information

about the reactivity of the clusters and could be used to probe the long term stability during

thousands of reaction cycles.

Moving away from carbon as embedding layer comes with unique opportunities but also chal-

lenges. The embedding process itself has to be studied to con�rm that a conformal embedding,

which does not disturb the long range order of the clusters, is possible. If that and the de-

lamination, are successful a whole new range of experiments opens up. Isolating embedding

materials such as Boron enable the study of electron hopping transport between the clusters.

Heterostructures of embedding materials (eg. lead on a thin a-C �lm) could be used to induce

superconductivity in the clusters, which could in turn lead to interesting e�ects when combined

with possible magnetic clusters. Oxide supports (e.g.. ceria or titania) would provide an easier

opening procedure, as they can't be accidentally etched via oxygen exposure. After the tem-

plate removal they are able to actively promote the catalytic reactivity of the embedded metals.

In the realm of magnetism X-ray magnetic circular dichroism measurements of Fe�Pt or Co�

Ptm based CSLMs will provide �rst insights into the predicted capabilities in phase formation

and magnetic interaction within the membranes. A collective response of the clusters could in
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principle would also be measurable via the magneto optical Kerr or Faraday e�ect. Magnetic

ordering between the clusters could be measured and imaged via spin polarized STM.

Taking a step back from so far unrealised systems, the growth and delamination process of

the CSLMs itself comes with a serious of unanswered questions. Where does the strain in the

material come from and how can it be reduced? Does intercalation of alkali metals facilitate a

better intercalation of the membrane? What are the ideal parameters for the �uid intercalation

of the membranes? All these questions could be answered in a series of experiments if the need

for a more controlled fabrication should arise.

In conclusion, it is a very exciting time for this intriguing 2D material class, which is �lled to

the brim with opportunities and open questions.
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9 Scienti�c Appendix: h-BN Based Cluster

Superlattice Membranes

As stated in Chapter 3 it is generally possible to create a free standing cluster superlattice

membrane based on a templating layer of h-BN. It was shown in Chapter 4, that Pt clusters

inside an a-C matrix on h-BN are protected against sintering and the formation of the em-

bedding matrix proceeds similarly to graphene templated membranes. What has been lacking

so far was direct evidence of the cluster order still being present after the removal of the h-

BN based membrane. Also the expected sintering resistance has not yet been directly proven.

Transmission electron microscopy is the ideal tool to image the clusters and determine their

thermal stability as well as the possible sintering mechanisms. In this chapter we will discuss

h-BN based CSLM as observed by TEM and compare them with the well known system of Ir

clusters on h-BN/Ir(111) as measured via STM.

0.6 ML Ir cluster have been grown in situ via e-beam deposition on a full monolayer of h-BN on

Ir(111). STM and LEED were performed at this step to con�rm the excellent order of the CSL.

Figure 9.1 (a) shows an STM topograph of the system of 0.6 ML Ir clusters on h-BN/Ir(111).

The expected excellent long range order with a inter cluster spacing of 2.9 nm and narrow size

Figure 9.1: (a) STM topograph of 0.6 ML Ir on h-BN/Ir(111). The average cluster size is savg = 68
atoms. The image size is 60 nm×60 nm. (b) Image of the corresponding LEED pattern at 80 eV.
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distribution of the system is clearly visible [126]. The corresponding LEED image, displaying

the Ir(111) and h-BN re�ections as well as the moiré reconstructions, is shown in Figure 9.1

(b).

Figure 9.2: (a) Optical microscope image of an h-BN based CSLM suspended over the holes of a
SiN TEM grid. Areas close to or over holes are highlighted in red. Scale bar is 50 µm. (b) HAADF
TEM image of an h-BN based Ir cluster superlattice membrane. Inset shows a zoom in on the FFT,
displaying the order of the superlattice. (c) HR TEM image of the Ir68 clusters. (d) Selected area
di�raction in the area of (b). The �rst order re�ections are highlighted via blue circles. Two spots
are hidden by the apperture. Red circles highlight the second order re�ections.

After the intercalation and PDMS stamp removal, following the procedure described in Chapter

6, the CSLM was then stamped onto a SiN TEM grid. The result is depicted in Figure 9.2(a).

Figure 9.2(b) displays a high resolution TEM image of the CSLM. The sample is remarkably

clean and barely any residues from the transfer process are found in the imaged areas. The inter

cluster spacing of 2.9 nm is preserved, as well as the order imposed by the former h-BN/Ir(111)

moiré structure. Fourier �ltering the image further strengthens the evidence for a fully pre-

served cluster ordering, as even second order re�ections are observed. Di�raction measurements

in the same area, depicted in Figure 9.2 (d), reveal the presence of the covering h-BN layer,
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which is not identi�able in the real spaces images or their FFT (compare Ref.[134, 206, 207]).

Figure 9.3: (a) Optical microscope image of an h-BN based CSLM suspended over the holes
of a heatable TEM protochip. The relevant sample areas are highlighted by red outlines. (b)-(e)
HAADF TEM images of an h-BN based Ir cluster superlattice membrane taken at RT after (b) no
annealing and heating for 30 s to (c) 850K,(d) 1050K,(e) 1150K,(f) 1350K. Insets show a zoom in
on the FFTs.

To study the thermal stability of the system a part of the same sample was transferred to a

heatable TEM grid (see Figure 9.3 (a)). Due to the presence of a native 40 nm thick SiN layer
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on the grid, the contrast of the TEM images on the clusters is low (Figure 9.3 (b)), even in

the best imaging conditions. The hexagonal pattern observed in the FFT corresponds to the

order of the CSL. Even though the contrast is bad, this information can still be used to gauge

the temperature at which sintering leads to the destruction of the ordered cluster superlattice.

After annealing to 850K for 30 s (Figure 9.3 (c)) the contrast has improved signi�cantly, without

degrading the long range order. This change is attributed to a desorption of contaminants, also

observed in XPS measurements in Chapter 7. At 1050K signi�cant sintering has occured,

and the long range order is only barely recognizable. The perceived increase in contrast is

due to increase in mean particle size. Even higher temperatures (1150K, Figure 9.3(e)) lead

to total disordering and creation of larger and larger clusters. The highest probed annealing

temperature of 1350K results in large clusters in the order of 5-10 nm.

The sintering mechanism at temperatures up to 1050K is not immediately obvious. Particle

migration and coalescence has been shown to be blocked by the carbon layer at this temperature

[208]. In CSLMs on the Ir(111) growth substrate intercalation through the Gr or h-BN layer

has been observed. The energy gained by a cluster by becoming part of the Ir bulk is large

enough to penetrate an h-BN or Gr layer at 1050K [132, 208]. In general, this mechanism could

also explain sintering via PMC. The clusters would escape their carbon shells and move around

the h-BN surface until they coalesce. While there is energy to be gained this way, the energy

barrier required for this sintering mechanism certainly is above that of the intercalation process

on the substrate, so we expect PMC to play a minor role in this temperature range.

Ostwald ripening on the other hand would require large Ir atoms to detach from the clusters and

move through the a-C matrix. The low solubility of Ir in C and the large inter cluster distance

stand against this [209]. However, a signi�cant restructuring of the a-C matrix has been observed

at temperatures above 850K in which the matrix goes from a mainly sp3 hybridized C to a

more graphitic sp2 dominated one [135, 208, 210]. This could open up channels in the a-C layer

through which the Ir atoms are able to move, similar to atoms in the VdW gap of graphite

[211, 212].

To further study the mechanisms of sintering in a CSLM a series of TEM images were taken at

high temperature (1350K). The results are presented in Figure 9.4. The clusters highlighted

by red circles act as reference points, as they do not change throughout the image series and

sample drift at this temperature is an issue. In the �rst 2 seconds a merger between two

smaller particles to the right (highlighted by blue circles) is observed. No signi�cant changes

take place between 2 and 4 seconds. Between 4 and 6 seconds two changes are visibile: The

movement of a whole particle highlighted by orange and the merger of at least 2 particles into a

signi�cantly larger one at a di�erent position, highlighted by a blue circle. The observed changes
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Figure 9.4: A series of TEM images taken at 1350K with a 2 s time step. The red circle highlight
reference points, blue and orange ones changes in the cluster positions.
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are the smoking gun evidence for a sintering via particle migration and coalescence happening

at 1350K, as Ostwald ripening would not induce movement of the particles. As it is unlikely

that the particles freely move through the carbon, it is suspected that at this temperature the

carbon has fully detached from the h-BN and the particles are suspended in the gap. Similar

results have been found in Ref. [208], where after annealing the system to 1250K the a-C layer

could be removed easily from the h-BN layer via scratching with an STM tip.

In conclusion, it was shown that h-BN based CSLMs are perfectly capable of stabilizing the

cluster superlattice during removal from the growth substrate. TEM imaging has revealed

the excellent long range order as well as the presence of h-BN on the sample. An annealing

series up to 1350K was done which presented evidence of the stability of the h-BN CSLM up

to atleast 850K. The sintering mechanism destroying the order is presumed to be Ostwald

ripening dominated up to 1050K. A time resolved TEM series was performed at 1350K, which

revealed that at this extreme temperature PMC is the predominant sintering mechanism
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