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Abstract

Membranes are an essential part of our lives and are constantly being improved with respect to
their physical and chemical properties as well as their filtration performances. Nevertheless, it
is advisable to search for new membrane materials that may outperform current ones, reduce
costs of production, and eliminate hazardous chemicals involved in fabrication processes.

This thesis addresses recently emerged membrane materials and investigates their suit-
ability as such. The first part involves carbon-based materials with a focus on graphene and
graphene oxide. Graphene is an atomically thin and two-dimensional material which was dis-
covered by A. Geim and K. Novoselov in 2004. Its applicability as a membrane has been
addressed in various research articles - a trend which continuous to grow. The handling of
large-area graphene however, poses several challenges impeding both membrane fabrication
processes as well as fundamental research experiments. This issue is addressed by developing
a surface engineering technique which increases the mechanical stability of graphene allowing
safe and improved handling of graphene.

Chemical modifications of graphene, e.g., graphene oxide, have been investigated as a
promising membrane material in recent years as well. Even though the synthesis of graphite
oxide is well known since 1859, the possibility of exfoliating individual graphene oxide sheets
to form layered membranes has opened doors for new applications. Here, graphene oxide lam-
inates are characterized with respect to their functionality as proton conducting membranes.
Hydronium and hydroxide ions are generated via photocatalytic water splitting and their mo-
bility through a graphene oxide membrane is studied, revealing a promoted diffusion transport
of hydronium ions owing to an energetically favored transport mechanism.

The second part of the thesis shifts the focus towards the material molybdenum disulfide.
The suitability of swift heavy ion and highly charged ion irradiation as a tool to perforate sus-
pended single-layer molybdenum disulfide is investigated. Both pore sizes and defect creation
efficiencies can be well adjusted via the potential energy in case of highly charged ion irradiation
and the energy loss per track length when dealing swift heavy ions. The irradiation conditions
described in this thesis result in pore sizes of a half to eight nanometers in diameter. Upon
further adjustements of ion types and properties larger and smaller pore diameter are expected
to be attainable as well.
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Simulations have forecasted for the chemical stoichiometry of the edges of molybdenum
disulfide pores to play an important role in membrane applications. Therefore, defects induced
by swift heavy ion and highly charged ion irradiation are investigated with respect to their
chemical composition revealing a depletion of sulphur and an accumulation of molybdenum
atoms close-by the ion modification which is also shown to be beneficial for catalytic reactions.

The last part addresses the influence of a substrate and the thickness of molybdenum
disulfide on the defect formation initiated by swift heavy ion irradiation. The presence of a
substrate is found not to be a prerequisite for defect formation. Further, not only do the defect
structures change for increasing layer numbers but so do the defects experience a transition
from continuous material modifications to discontinuous ones.
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Kurzzusammenfassung

Membranen stellen einen essentiellen Bereich des täglichen Lebens dar. Es verwundert da-
her wenig, dass physikalische und chemische Eigenschaften aktueller Membranmaterialien fort-
laufend verbessert werden, um noch effizientere und präzisere Filtermembranen zu realisieren.
Unabhängig davon umfassen Forschungsvorhaben aber auch neuartige Materialien, welche unter
Umständen bessere Ergebnisse liefern, Produktionskosten verringern und den Herstellungsprozess
umweltfreundlicher gestalten können.

Die vorliegende Arbeit thematisiert erst kürzlich entdeckte Materialien, deren Eigenschaften
sich für Anwendungen im Bereich der Membrantechnik empfehlen. Die erste Hälfte der Arbeit
umfasst die kohlenstoffbasierten Materialien Graphen und Graphenoxid. Graphen wurde erst-
malig im Jahr 2004 von A. Geim und K. Novoselov entdeckt und ist aufgrund seiner atomaren
Dicke ein für hochpermeable und zugleich selektive Membrananwendungen ein prädestinierter
Kandidat. Der Umgang mit großflächigem Graphen birgt allerdings einige Herausforderun-
gen. Es wird daher eine Methode vorgestellt, mit welcher sich die mechanischen Eigenschaften
Graphens modifizieren lassen und dadurch einen qualitativ verbesserten Umgang ermöglichen.

Neben Graphen in seiner unmodifizierten Form erfährt auch die oxidierte Variante, Graphe-
noxid, steigende Popularität. Obwohl die Synthese Graphitoxids schon seit 1859 bekannt ist,
ermöglicht insbesondere die Aufschichtung einzelner Graphenoxidlagen hin zu Laminaten echte
Anwendungen in der Membrantechnik. Vor diesem Hintergrund wird hier deren Nutzbarkeit
als protonenleitfähige Membranen untersucht. Mittels photokatalytischer Wasserspaltung wer-
den Hydronium- und Hydroxidionen generiert und deren Diffusionsmechanismen durch das
Graphenoxid untersucht. Der Transport von Hydroniumionen erweist sich dabei als energetisch
favorisiert und resultiert in einer erhöhten Beweglichkeit der Ladungsträger.

Der zweite Teil dieser Arbeit fokussiert die Aufmerksamkeit auf das Material Molyb-
dändisulfid. Zunächst wird die Möglichkeit adressiert, einlagiges Molybdändisulfid mittels
hochgeladener Ionen sowie schneller Schwerionen zu perforieren. Generierte Lochgrößen sowie
Effizienzen der Defektgenerierung skalieren mit der potenziellen Energie hochgeladener Ionen
bzw. dem Energieverlust pro Einheitslänge schneller Schwerionen. Die hier untersuchten Pa-
rameter ermöglichen die Erzeugung von Poren mit einem kontrollierbaren Durchmesser von
einem halben bis acht Nanometer.

Da der chemischen Stöchiometrie der Porenränder im Molybdändisulfid ein starker Ein-
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fluss auf die Leistungsfähigkeit als Membran zugesagt wird, soll diese folglich genauer unter-
sucht. Durch schnelle Schwerionen bzw. hochgeladene Ionen hervorgerufene Defekte weisen
in unmittelbarer Umgebung eine Verarmung an Schwefelatomen auf, was neben dem positiv
prognostizierten Effekt für Filteranwendungen nachweislich auch für katalytische Reaktionen
genutzt werden kann.

Zuletzt wird der Einfluss des Substratmaterials sowie der Schichtdicke des Molybdändisul-
fids kontrolliert variiert, um auch deren Auswirkungen auf die Wechselwirkung mit schnellen
Schwerionen zu untersuchen. Es kann gezeigt werden, dass sich Defektformen mit steigender
Lagenanzahl strukturell verändern und einen Übergang von kontinuierlichen zu diskontinuier-
lichen Modifikationen erfahren.
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1 Introduction

A membrane is characterized by its ability to retain atoms, molecules, ions or other particles
due to its physical and/or chemical properties while letting other species pass at the same time.
It acts as a separating agent to spatially isolate a certain type of particle from a larger essemble.
The diversity of membrane types and applications has long made them indispensable in fields
of medicine [1–3], water purification [4], food industry [5, 6], automobile sector [7, 8] as well as
in newly emerging fields of renewable energy sources [9, 10].

The rapidly increasing number of applications calling for further improvement of the me-
chanical stability, chemical durability, and separation efficiency of current state-of-the-art mem-
branes is equally accompanied by the demand of minimizing fabrication costs and has therefore
prompted membrane research to also investigate other materials than polymers and ceramics
which currently form the backbone of membrane industry. Especially the thickness of a mem-
brane sets an intrinsic limit for realizable permeability values of the fluid which is supposed to
be filtered. For cylindrical shaped membrane pores in, e.g., track-etched polymer membranes,
the Hagen-Poiseuille equation dictates an inverse proportional relation between the volumetric
flow rate and the membrane thickness assuming a laminar flow of the fluid [11]. With respect
to this issue, atomically thin, large-area, and robust membranes with an adjustable pore size
distribution would certainly be a good starting point for solving this issue [12]. It is therefore
of little surprise that two-dimensional (2D) materials have been heavily investigated as poten-
tial membrane materials since the discovery of the only one-carbon-atom-thick crystal, named
graphene, by A. Geim and K. Novoselov in 2004 [13, 14]. In the early days, it was produced
via exfoliation technique yielding highly crystalline graphene layers of the best quality at the
expense of reproducibility and with no option of up-scaling. More advanced synthesis growth
procedures have quickly solved these problems and adapted to industrial standards. Yet, there
is only a restricted number of suitable growth substrate materials making safe handling and a
defect-free transfer often inevitable.

1. The aim of chapter 4 Surface Engineering of Graphene is to present and investigate a
universal technique to increase the mechanical stability of large-area single-layer graphene
sheets during transfer without having to rely on the usual polymer support materials
which are prone to induce defects in graphene and leave contaminants once removed
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1 Introduction

again. The transferred graphene layer is analyzed afterwards by various spectroscopical
techniques characterizing the crystallinity and cleanliness of its surface.

Aside from graphene, which certainly still ranks among the most heavily investigated 2D mate-
rials, chemical modifications of it have been experiencing growing attention as well. Especially
graphene oxide (GO), the oxidized form of graphene, has shown exceptional properties in terms
of water permeability and filtration characteristics when used as a membrane laminate. It offers
a great deal of adjustable properties allowing it to cover a wide range of applications [15–18].
Only recently it was suggested to act as a proton conductor with the possibility of replacing
perfluorinated polymer membranes as the current undisputed top dog in this field [19,20].

2. To address the possibility of utilizing GO as potential proton conducting membranes,
elements of photocatalytic water splitting and proton transport through an ion selective
membrane are combined. GO oxide is employed in form of a membrane laminate and
used to spatially separate hydronium and hydroxide ions after photocatalytic water split-
ting with the help of titanium dioxide nanoparticles. The transport mechanism of both
hydronium and hydroxide ions through a GO membrane is studied in chapter 5 Graphene
Oxide Membranes: Selective Proton Transport for Hydrogen Generation revealing possi-
bilities for proton diffusion comparable to those of commercially available perfluorinated
polymer membranes.

Unless 2D materials or 2D laminates already display intrinsic filtration characteristics
due to their fabrication process, other techniques to adjust their properties are required. Ion
irradiation ranks among the most efficient and frequently applied techniques for material mod-
ification. In the semiconductor industry it is an extremely important technique to artificially
implant dopants into another material for increasing the overall electrical conductivity [21,22].
Ions used in this process typically have a kinetic energy in the keV-regime. Even though keV-
ions can offer exceptional spatial accuracy during irradiation and are by far the most often
encountered ion type in research laboratories, the amount of energy each ion can deposit into a
target material per unit track length is strongly limited. The reason for this lies in the interac-
tion mechanism of the ion and the target atoms which simply does not permit the deposition
of high energy densities [23,24]. This is even more critical for very thin materials and peaks for
2D materials where only a minimum of energy can be deposited. Hence, obtainable material
modifications and defects are limited in size which again confines the range of applications. It
is therefore necessary to look for other ion types and irradiation techniques.

Swift heavy ions (SHI) and highly charged ions (HCI) may solve this problem as their inter-
action with matter is fundamentally different to keV-ion irradiation allowing the deposition of
much higher energy densities [23,25]. The characteristic property of a HCI is its large amount
of potential energy stored in form of a high charge state. On the contrary, ions are referred
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to as SHIs when their striking property lies in their kinetic energy. A detailed description of
the characteristics of a HCI and SHI as well as the phenomena occurring during SHI and HCI
irradiation of solids are presented in chapter 3 Ion Irradiation of Solids. SHI irradiation in par-
ticular is a well-known technique to modify bulk materials and is also applied for fabrication
of track-etched membranes [26, 27]. The large kinetic energy allows the ions to penetrate bulk
materials at a nearly constant energy loss contributing to uniform and deep reaching material
modifications [28]. Recent work has shown that SHI may also be used to modify substrate
supported 2D materials by altering their surface morphology leading to pores [29], slits [30]
or foldings [31, 32] within the material whose geometries and sizes are adjustable by adapt-
ing irradiation conditions. This applies for graphene but other 2D materials as well including
molybdenum disulfide (MoS2), which is arguably the most famous representative of the group
of transition metal dichalcogenides (TMDCs). Two planes of sulphur atoms (S) encapsulate a
molybdenum (Mo) layer forming the thinnest obtainable MoS2 crystal. Even though a S-Mo-S
monolayer is a three-atom thick material, it is still referred to as a 2D material. It displays very
intriguing properties including catalytic qualities and a direct band-gap allowing applications
in (opto-)electronic devices. By modifying MoS2 with the help of ion irradiation its already
interesting properties may be improved even further or expanded such that completely new
fields of application become accessible, e.g., membrane science. The second part of the thesis
deals with the material MoS2 and focuses on SHI and HCI induced modifications relevant for
membrane applications.

3. The intend of chapter 6 Electronic Excitation and Perforation of Single-Layer MoS2 is
to investigate and compare the suitability of SHI and HCI irradiation for pore creation
in suspended single-layer MoS2 with a clear focus on pore diameters between one and
ten nanometers. In this regard, the characterizing properties of each ion type (i.e., the
potential energy Epot for HCIs and the energy loss per track length dE/dx for SHIs) are
varied and their implications on defect sizes and creation efficiencies in MoS2 are studied.

After establishing irradiation conditions for controllable defect creation, the chemical struc-
ture of these ion induced defect is studied motivated by a predicted significant impact on mem-
brane related applications affecting both water and gas permeabilities [33, 34]. Aside from
modeling the chemical structure of SHI irradiated MoS2, catalytic reactions, e.g., the hydrogen
evolution reaction, will be used as well to characterize the defect chemistry and stoichiometry
of given defects.

4. The aim of chapter 7 Chemical Structure of SHI Irradiated MoS2 for Catalytic Applications
is to develop a deeper understanding about the changes of the chemical stoichiometry
of single-layer MoS2 in close vicinity to a SHI impact. By combining surface sensitive
characterization methods with theoretical predictions and by probing catalytic properties,
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1 Introduction

information about otherwise hardly accessible chemical changes in the MoS2 due to ion
irradiation is investigated.

While perpendicular SHI irradiation is a suitable choice for introducing defects and pores
into single-layer MoS2, the situation may behave differently when dealing with substrate sup-
ported layers or with samples which are thicker than just one layer. It is therefore imperative to
understand the influence of the substrate and layer number during defect formation caused by
ion irradiation and debate how the structure of defects changes when such irradiation conditions
or material properties are varied.

5. Chapter 8 Defect Engineering of MoS2 discusses the implications of the underlying sub-
strate on the defect modifications originating from SHI irradiation. Layer-thickness de-
pendent studies are discussed to investigate possible limitations of perforating multi-
layered MoS2 via SHI irradiation. To visualize differences in morphology arising from
a change of substrate or layer thickness and not risk overseeing them in case their are
formed within the bulk of multi-layered MoS2, grazing incidence irradiation is applied to
guarantee modifications being located close the surface.
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2 Fundamentals

Chapter 2 gives an overview of different membranes classes, their classification according to
their filtration characteristics, and important values characterizing the properties of membranes.
Subsequently, the limitations of 3D membranes in terms of permeability are demonstrated and
a recently emerged material class referred to as 2D materials will be introduced. Due to their
unique physical properties, 2D materials have the potential to be utilized as next-generation
membranes for various applications.

2.1 Membrane Technology

2.1.1 Pressure-Driven Filtration

Approaches in engineering aiming to manipulate the transport of commonly gaseous and/or liq-
uid streams between two fractions with the help of (semi-)permeable membranes are commonly
referred to as membrane technology. The simplest model of a membrane can be understood as a
black box shown in Fig. 2.1. The feed solution containing the unfiltered liquids/gases interacts
with a membrane such that certain species of the initial feed are removed and a filtered solution
(permeate) is obtained. Parts of the feed solution that are retained by the membrane or feed
solution which is yet unfiltered are referred to as retentate [35].

Even though the driving force in all filtration processes is a difference in the electrochem-
ical potential across the membrane due to gradients in concentration, pressure, temperature,
and/or electrical potential, one certainly has to differentiate between membranes of different
pore sizes and the filtration technique itself. The four main pressure-driven membrane separa-
tion methods are i) micro-, ii) ultra-, iii) nano-filtration, and iv) reverse osmosis. A schematic
of these four filtration classes with exemplary filtrates, their respective operating pressures,
and typical membrane pore sizes are presented in Fig. 2.2. Microfiltration is operated at the
lowest trans-membrane pressure gradient among the four filtration regimes mentioned above
and allows the removal of larger species or bacteria. While the necessary pressure gradually
increases for the remaining filter grades, the respective pore diameters of the membranes and
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2 Fundamentals

Figure 2.1: Schematic of a membrane. The feed solution is split into the permeate which rep-
resents the already filtered product and the retentate which contains refrained par-
ticles and yet unfiltered feed. The requirements set for the permeate with respect
to, e.g., particle size and flux are strongly influenced by the membrane and its
properties.

Figure 2.2: Schematic of different pressure driven filtration processes including micro-, ultra-,
and nanofiltration as well as reverse osmosis. Pressure ranges, membrane pore sizes,
and common filter applications are given (examples in bold are typical retentates
of that specific filtration class and shown in the respective schematic).
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2.1 Membrane Technology

sizes of the filtered particles decrease likewise. Hence, filtration based on reverse osmosis re-
quires pressure differences of more than 100 bar but also allows the removal of smallest particles,
e.g., monovalent ions during desalination applications. It is important to note that not only
do the respective membrane structures differ but so does the transport mechanism. Micro-,
ultra-, and (to some extent) nanofiltration can be described with the pore-flow model which
assumes convective flow of the fluid passing through pores that are much larger than the feed
particles themselves [36]. According to the Hagen-Poiseuille equation 2.1, which applies well
for cylindrical pores in track-etched membranes [11], the total flow per unit membrane area J
can be described with the number of pores N, the pore diameter d, the viscosity of the liquid
µ, the thickness of the membrane l, and the trans-membrane pressure difference ∆p:

JHP = N
πd4

128µl ·∆p (2.1)

Often, the permeability pHP is referred to, which represents a normalized membrane flux with
respect to the pressure gradient and is given by eq. 2.2.

pHP = JHP/∆p = N
πd4

128µl (2.2)

However, it is worth noting that the pore-flow model does not apply for all membranes types.
For instance, reverse osmosis polymer membranes are dense materials and described best by
the solution-diffusion model. Here, separation of the different species of the feed solution relies
on their varying solubilities and diffusivities inside the membrane [37].

The selectivity S of a membrane is another important characteristic aside from the afore-
mentioned permeability pHP [38]. It refers to the ability of a membrane to retain certain
substances and is defined as the ratio of an easily permeating substance Seps and of the re-
tained substance Srs. Both Seps and Seps are defined as their respective concentration ratios in
the permeate and feed solution. Assuming a negligible change in concentration of the easily
permeating substance, the overall selectivity S is simply given by the inverse of Srs according
to eq. 2.3.

S = Seps

Srs
≈ 1
Srs

= crs,feed

crs,permeate
(2.3)
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2 Fundamentals

2.1.2 Electrodialysis

Another industrially used and highly developed process is electrodialysis, which relies on electri-
cally charged membranes and an electrical potential gradient in contrast to the aforementioned
pressure-driven filtration processes. Generally, charged functional groups are attached to the
polymer chains of the membrane material which reduce or even fully prohibit transport of
ions which are equally charged as the functional groups but allow passage of ions of opposite
charge. One differentiates between cationic membranes which carry negatively charged func-
tional groups and allow cations to pass and anionic membranes with fixed positive charges that
suppress cationic transport and permit anionic movement. Fig. 2.3 shows an exemplary elec-
trodialysis module made up of alternating layers of anionic (A) and cationic (C) membranes
which may be used for desalination processes. Two electrodes are positioned across the stack
of membrane layers to accelerate the dissolved ions in the solution. Initially, all interspaces are
filled with a feed and a pick-up solution. Due to the restricted movement of anions (cations)
through the cationic (anionic) layers, every second membrane interlayer space is gradually de-
pleted of ions while the adjacent ones (those of the pick-up solutions) are enriched with ions.
The concentrated and demineralized products are then extracted separately [39].

Even though polymer membranes do not play an important role in this thesis, the filtra-
tion principle of electrodialysis can be adapted to the still fairly new graphene oxide membrane
laminates which will be discussed in section 2.3.2 on p. 18 in more detail. Actual filtration
measurements relying on the mechanisms of electrodialysis are presented in chapter 5 on p. 69.

2.2 Improvement of State-of-the-Art Membranes - a
Two-Dimensional Approach

Currently, polymer-based membranes cover a wide range of applications in fields of micro-,
ultra-, nano-filtration, reverse osmosis, electrodialysis, gas separation, and many more [40–42].
A variety of requirements are imposed on a filtration membrane including a high permeability
and selectivity, both of which are directly correlated with each other as shown for ultrafiltration
measurements of the protein bovine serum albumin (BSA) in Fig. 2.4 [38]. A high permeability
is usually accompanied by a low selectivity and vice versa. Simply increasing the permeability
by reducing the thickness of the material without altering other properties might only work up
to a certain extent before compromising the mechanical stability of the membrane.

2D materials may present a solution to this problem. Their outstanding mechanical
strength [43, 44] compared to many polymers (e.g., free-standing, large-area graphene with
an experimentally verified elastic Young modulus and equibiaxial strength of 1000 GPa and
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2.2 Improvement of State-of-the-Art Membranes - a Two-Dimensional Approach

Figure 2.3: Schematic of an electrodialysis process. Stacks of alternating cationic and anionic
exchange membranes and an electrical potential gradient across the module allow
the deionization of liquids [39].
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2 Fundamentals

Figure 2.4: Trade-off between separation factor 1/Sa and hydraulic permeability for different
ultrafiltration membranes and BSA as the filtered proteins. Reproduced with per-
mission. Copyright © 2005 Elsevier B.V. [38].

100 GPa, respectively, compared to polystyrol with a Young modulus of 3.1 GPa and a tensile
strength of 0.05 GPa [44–46]) and chemical resistance [47, 48] make them attractive candi-
dates as future membrane materials (the exact values of their mechanical properties may differ
depending on their defect density and fabrication method [44]). Still, they display sufficient
mechanical strength and chemical resistance to withstand high pressure differences and many
chemicals during filtration processes. Their selling point in multiple ways, however, is their
atomic thickness. Because they are de facto all-surface, any modification (e.g., adsorption of
stabilizing agents, defects or contact to other 2D materials) will have a disproportionally large
impact compared to 3D materials whose majority of atoms/molecules are shielded within the
bulk material.

Layered 2D materials have been experiencing growing interest for the last years as well and
have been used as membranes in various configurations and modifications. Especially graphene
oxide laminates, which are stacks of multiple individual graphene oxide sheets, have shown
intriguing filtering properties not at least because of their functional groups located on the
basal planes and edges of the crystallites. In ref. [15] R. Joshi et al. performed one of the
first filtration experiments with a graphene oxide membrane of only few µm thickness. Some
of the measurements are reproduced in Fig. 2.5 showing the possibility of ionic and molecular
filtration using graphene oxide membranes. Larger molecules (e.g., glycerol) were successfully
removed while smaller ions (e.g., K+, Mg2+) could pass.
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2.2 Improvement of State-of-the-Art Membranes - a Two-Dimensional Approach

Figure 2.5: Permeation rates through a 5 µm thick graphene oxide membrane were normalized
per 1 M feed solution. No permeation was detected for the solutes located in the grey
area. The thick arrows indicate the detection limit, which depends on the solute.
Copyright © 2014, American Association for the Advancement of Science [15].
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2.3 2D Materials

Even more evident than the impact adsorbed materials or functional groups have on in-
dividual 2D materials or laminates of 2D materials are the advantages of porous atomically
thin layers (e.g., single-layer graphene, single-layer MoS2, etc.) when utilized as a membrane.
Here, their minimal thickness can be fully exploited in form of a highly reduced flow resis-
tance of the fluid when passing through the porous membrane. Numerous theoretical and
experimental studies have been dedicated to study water permeation (Fig. 2.6 (a)), ion con-
ductance (Fig. 2.6 (b)), and salt rejection (Fig. 2.6 (c)) through atomically thin materials
driven by pressure [33, 49–52], osmosis [53, 54], or electrical potential gradients [55, 56]. Cer-
tainly, what stands out is the high number of publications investigating different pore edge
terminations which were shown to influence water transport by de-/increasing transport energy
barriers [33,51]. Further, pore functionalization and pore charges were shown to alter the ionic
conductance through atomically thin membranes allowing the realization of, e.g., cation/anion
selectivity [57]. Desalination has been another highly investigated topic where 2D membranes
have been employed. Various perforated and modified 2D materials have shown an exception-
ally high water flux with a salt rejection close to 100 % [12,33,51].

Despite the multitude of experiments and creativity of material modifications associ-
ated with them, there is barely (if not none experiment at all) demonstrating measurements
with large-area 2D materials exhibiting artificially generated pores sizes between two and ten
nanometer in diameter with a clear emphasis on a controllable defect creation or synthesis tech-
nique. Only a few approaches have been presented which come close to this pore size regime
and with an option of scalability [58,59]. If the focus of an experiment that has been published
as a research article lies on a precise pore size, perforation is usually achieved with help of a
focused electron/ion beam which is in no way scalable and restricts experiments to small-area
devices [60–62]. In case of large-area membrane measurements, keV-ion irradiation followed
by plasma or chemical etching is usually the method of choice, which however is limited in
accuracy with respect to pore size distribution [63–65]. It is therefore imperative to find new
modification techniques which allow a large-area perforation of 2D materials with a narrow
pore size distribution - especially in the pore size regime of ultrafiltration.

2.3 2D Materials

Two-dimensional (2D) materials had long been thought of as thermodynamically unstable and
had only been theoretically investigated. Especially the work of R. E. Peierls and L. D. Landau
[66–68] and later of N. D. Mermin and H. Wagner [69,70] demonstrated the instability of low-
dimensional materials due to atomic displacements caused by thermal fluctuations. Their extent
would be comparable to interatomic distances, hence tearing low-dimensional materials apart
and prohibiting their existence. Due to this, it was an even bigger surprise when A. Geim and
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2 Fundamentals

K. Novoselov successfully isolated a one-atom thick layer of hexagonally oriented carbon atoms
in 2004, followed by many other 2D materials, both substrate supported or fully suspended
[13, 14, 71, 72]. The interest in this new class of materials has drastically grown ever since.
Due to their versatile intrinsic properties, material specific characteristics, and the possibility
to create almost completely new materials when combining them (by simply stacking them on
top of or next to each other as schematically shown in Fig. 2.7) both academia and industry
show great interest in this material class trying to exploit their properties in fields of (opto-
)electronics [73,74], membrane science [75,76], catalysis [77,78], mechanical engineering [79,80],
and many more. Three representatives of the class of 2D materials and/or their chemical
modifications will be presented in the following. Intrinsic properties as well as their utilization
as a membrane will be elucidated and still debated and troubling problems discussed.

Figure 2.7: Schematic of stacked various 2D materials yielding fundamentally new material
properties. Reproduced with permission. Copyright © 2013, Nature Publishing
Group [81].

2.3.1 Graphene

Almost two decades after the discovery of 2D materials and the successful synthesis of countless
variations, the most famous representative of the 2D material class remains graphene, which
can nowadays easily be produced at wafer-scale dimensions and remains the only true 2D
material that has been used as large cm2-scaled membranes so far [63,82,83]. An optical image
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2.3 2D Materials

of a 4" Cu wafer fully covered with single-layer graphene is shown in Fig. 2.8 (a). Graphene
is a single-atom thick sheet of carbons atoms arranged in a hexagonal, sp2-hybdridized lattice
structure, as illustrated in Fig. 2.8 (b). Each carbon atom shares a strong σ-bond with its three
direct neighbors. The fourth electron of each atom occupies the 2pz orbital whose orientation
is perpendicular to the lattice. This electron along with one electron from all the other carbon
atoms overlap and form a delocalized π-system which is mainly responsible for the outstanding
electronic properties of graphene [71, 84]. Its unit cell is defined by its lattice vectors ~a1 and
~a2:

~a1 = a

2(3,
√

3), ~a2 = a

2(3,−
√

3), (2.4)

where a denotes the carbon-carbon distance of 0.142 nm. The three nearest neighbors of each
atom can be described with δ1, δ2, and δ3:

δ1 = a

2(1,
√

3), δ2 = a

2(1,−
√

3), δ3 = −a(1, 0) (2.5)

It becomes evident that the lattice is split into two individual sub-lattices A and B, whose atoms
are highlighted in yellow and blue in Fig. 2.8 (b), respectively. Depending on the direction
along the crystal lattice, one distinguishes between the zigzag (marked in green) and armchair
(marked in blue) orientation. Fig. 2.8 (c) shows the first Brillouin zone of graphene’s reciprocal
lattice with its unit vectors ~b1 and ~b2:

~b1 = 2π
3a (1,

√
3), ~b2 = 2π

3a (1,−
√

3) (2.6)

Even though first experiments focused on graphene’s extraordinary electrical properties,
while usually being fully supported by a substrate material, its utilization in suspended form,
e.g., as a pressure sensor or filtration membrane, quickly found interest. Only recently it was
shown by I. E. Roslon et al. that graphene pores may be used as a precise and low-cost gas
effusion sensor. By sudden pumping of gas through perforated graphene using optothermal
forces and closely monitoring its varying frequency response, the authors were able to differ-
entiate between several gases due a different oscillating behavior of graphene resulting from a
varying molecular weight of the effusing gas [85]. Even more prominent and obvious are ac-
tual graphene-based filtration membranes. Experiments include desalination measurements [64]
with a high fouling resistance [86], gas separation modeling [59], and even investigate graphene’s
suitability for DNA sequencing [87]. Just as any other 2D material, graphene too needs some
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2 Fundamentals

Figure 2.8: (a) 4" copper wafer fully covered with graphene. (b) Top view of graphene’s crystal
lattice with unit vectors ~a1 and ~a2. The edges are referred to as zigzag or armchair
depending on their orientation. Nearest-neighbor vectors are δ1, δ2, and δ3. (c)
First Brillouin zone of graphene’s reciprocal lattice with reciprocal unit vectors ~b1
and ~b2 and high-symmetry points Γ, K, K’, and M [84].
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2.3 2D Materials

sort of support material when used for membrane applications. Often a porous polymer sup-
port is utilized with pores that are small enough to provide sufficient mechanical support but
also too large to significantly affect the overall resistance of the composite membrane. The
necessity of a support requires a transfer of the graphene layer from the growth material onto
the support material at some point. With respect to this, E. S. Polsen et al. and S. Bae et al.
have reported advanced roll-to-roll growth [88] as well as roll-to-roll transfer [89] processes of
single-layer graphene onto flexible substrates which certainly proves the possibility of industrial
up-scaling. Fig. 2.9 shows a schematic of the growth (a), (b) and transfer line (c) used by
E. S. Polsen et al. and S. Bae et al. for high-throughput growth and transfer of graphene,
respectively.

Figure 2.9: (a)-(b) High-throughput CVD growth of single-layer graphene on flexible copper
substrates. Reproduced with permission. Copyright © 2015, the authors of ref.
[88]. (c) Automatic roll-to-roll transfer system of graphene onto flexible substrates.
Reproduced with permission. Copyright © 2010, Nature Publishing Group [89].

However, for lab-scale experiments where smaller samples are sufficient or those requiring
a rigid or non roll-to-roll compatible substrate other transfer techniques are necessary. In order
to move the focus away from the familiar polymer-based transfer, which is actually notorious
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for unintentional defect creation, a polymer-free transfer without the restriction to certain
substrates is desirable [90–93]. A common transfer of graphene with help a polymer support
layer is presented in Fig. 2.10. After the growth step of graphene on a thin Cu foil (a), a
stabilizing and sacrificial polymer layer is deposited onto the 2D material (b) which provides
mechanical support during the etching step of the Cu (c). Finally, the polymer/graphene stack
is transferred onto the target material and the polymer film is dissolved again.

Chapter 4 addresses this issue and introduces a transfer method which is based on a surface
energy engineering approach of the graphene layer prior to the transfer. The modified graphene
can be handled without any support layer which again results in much cleaner and defect-free
graphene.

Figure 2.10: Schematic of polymer-based transfer of single-layer graphene. (a) As grown
graphene on Cu substrate. (b) The sacrificial polymer layer is deposited onto
the substrate. (c) Growth substrate is etched off and (d) polymer/graphene stack
is transferred onto target material. The polymer is then dissolved with suitable
solvents.

2.3.2 Graphene Oxide

Graphene-based composites and material modifications of graphene have been experiencing
equally much attention as its unmodified form. Especially graphene oxide (GO) is heavily
investigated due to the versatile possibilities of using it in fields of environmental science,
e.g., using GO as an environmentally friendly electrical capacitor [94, 95], a storing device for
hydrogen gas [96], or as a chemical catalyst [97]. The interest in GO, however, was initiated
by its unique performance as a filtration membrane [15]. Originally synthesized by Benjamin
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Collins Brodie in 1858 as graphite oxide by a method later known as the Brodie method, several
other procedures for synthesizing it have emerged over the years (e.g., Staudenmaier [98] or
Hummers and Offeman method [99]) all of which include a concentrated acid with an oxidizing
agent. In this work, GO has been prepared according to the Hummers method, which include
the oxidation of natural graphite with potassium permanganate. Followed by sonication to
exfoliate the graphite flakes into single- and bi-layer and refinement via centrifugation, the GO
flakes can be deposited onto a porous polymer support subsequently which allows the fabrication
of GO membranes as shown in Fig. 2.11 (a).1 Optical and scanning electron microscopy images
of a polyvinylidene fluoride (PVDF) supported GO membrane and of the laminated structure
of GO are presented in Fig. 2.11 (b) and (c), respectively.

Figure 2.11: (a) Schematic of preparation process of GO membranes. (b) Optical image of a
GO membrane supported by a porous polymer substrate. (c) Cross-section SEM
image of GO. Reproduced with permission. Copyright © 2020, American Chemical
Society [100].

The chemical structure of GO and reduced GO (rGO) is schematically illustrated in
Fig. 2.12 showing sp3-hybridized carbon atoms that form the backbone of the material [101].
In contrast to graphene, GO features oxygen und hydrogen containing functional groups, i.e.,
hydroxyl- (-OH), epoxy- (=O), and carboxyl- (-COOH) groups, that are attached to the basal

1GO membrane fabrication was performed by Prof. Dr. Rakesh Joshi and Mr. Tobias Foller - School of
Materials Science and Engineering, University of New South Wales, Kensington, New South Wales 2052,
Australia
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planes and edges of the GO sheets. These functional groups are of particular interest as their
presence causes a hydrophilic behaviour of GO and also governs the interlayer distance of indi-
vidual GO laminates. Reducing GO and hence partially removing its functional groups leads
to a more and more hydrophobic behavior and a decreased interlayer spacing, which can be
explained with the functional groups acting as spacers preserving a certain distance between
adjacent GO flakes. It is due to this behavior that filtration properties have mainly been tuned
by altering the degree of reduction of GO [102, 103]. In this regard, Fig. 2.13 illustrates the
general water transport and filtration mechanism through (a) GO and (b) rGO, respectively.
Before reduction, the interlayer spacing dGO is large enough that, e.g., both water molecules
and hydrated ions or natural organic molecules (NOMs) can pass through the channels. rGO,
however, shows a decreased interlayer spacing (drGO < dGO) such that larger hydrated ions or
NOMs are retained making the interlayer spacing a critical property for filtration. However,
adapting GO’s properties only by tuning dGO hardly applies when dealing with particles of
almost identical size within the feed solution. One possible solution is not to rely on dGO but
on the electrostatic interaction with its natural functional groups and the transport mecha-
nisms within the water filled channels as has been done for the spatial separation of hydronium
and hydroxide ions in chapter 5 Graphene Oxide Membranes: Selective Proton Transport for
Hydrogen Generation.

Figure 2.12: (a) Schematic of the chemical structure of GO and rGO. GO contains hydrophilic
functional groups that are a direct result from the preparation process. Reduc-
ing the GO again removes these functional groups. The extend of this process
determines how many of its functional groups will be left afterwards.
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2.3 2D Materials

Figure 2.13: Schematic of water and particle, e.g. ions or NOMs, transport through (a) GO and
(b) rGO. Oxygen and hydrogen atoms are represented by red and blue spheres,
respectively. Other particles are shown as green spheres.
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2.3.3 Molybdenum Disulfide

Molybdenum disulfide (MoS2) is arguably the second most famous 2D material, but certainly
the most investigated 2D material among the family of 2D transition-metal dichalcogenides
(TMDCs) [104,105]. Not only does it exist in form of a van-der-Waals 3D bulk crystal similar
to graphene with the possibility of being thinned down to a single-layer, but it may also be
synthesized via several deposition techniques routinely performed by the semiconductor indus-
try, e.g., chemical vapor deposition (CVD) [106,107], metal-organic chemical vapor deposition
(MOCVD) [108,109] or molecular beam epitaxy (MBE) [110,111]. Even though various crystal
structures are potentially viable, most of them are thermodynamically highly instable. The by
far most stable atomic arrangement is the hexagonal(H)-form shown in a (a) top- and (b) side
view in Fig. 2.14. The lattice vectors ~a1 and ~a2 of 1H-MoS2 and some exemplary less stable
crystal forms of MoS2, e.g., 1T-, 1T’, and 1T”, are presented in Fig. 2.15 [112–114].

Figure 2.14: Schematic of 1H-MoS2 crystal lattice shown in a (a) top- and (b) side-view. S and
Mo atoms are represented by yellow and purple spheres, respectively.

Current MoS2-based membrane research mainly covers fields of desalination and pore sizes
associated with nano- and reverse osmosis filtration [116–118]. Following the preparation pro-
cedure of GO membranes from individual crystalline flakes, comparable membrane laminates
made of MoS2 are synthesized as shown in Fig. 2.16. Micropollutants and sodium chloride can
be retained by > 90 % and 87 %, respectively and by controlling the surface chemistry and
the interlayer spacing further applications become possible [115]. Even though this approach
is perfectly scalable and performs well within its filtration regime, it is hardly applicable for
ultrafiltration.

Other membrane fabrication approaches focus on electrochemical defect creation [119,120].
By slowly increasing a trans-membrane voltage intrinsic defects were widened into 2-3 nm large
MoS2 pores. Exemplary measurements from ref. [119] are shown in Fig. 2.17 (a). By measur-
ing current-voltage curves an increase in current is related to an extension of the MoS2 pore.
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Figure 2.15: Schematic of obtainable single-layer MoS2 crystal structures as top- and side-view.
The only thermodynamically stable form under ambient conditions is the semi-
conducting 1H form (a). The metallic 1T form (b) is less stable und degrades due
to oxidation. 1T’ (c) and 1T” (d) are highly instable. Upper and lower S atoms
are represented by yellow and orange spheres, respectively. Mo atoms are shown
in purple.

Figure 2.16: MoS2 laminates serving as filtration membranes with a comparable structure than
GO membranes. (a) Optical and (b) cross section SEM image of MoS2 laminate
membrane. Reproduced with permission. Copyright © 2019, the authors of ref.
[115].
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However, J. Feng et al. observed that this process only sets in once reaching a critical voltage
Vcrit. This approach certainly offers many advantages, e.g., scalability and little restriction to
pore sizes. Still, the practicability and accuracy of this method is arguable. First, initial defects
are required for the process to take place making an additional defect creation process, e.g.,
keV-ion irradiation, necessary. Second, the actual pore opening is described as a successive
polygon removal process due to oxidation of MoS2 as indicated in (b), where four exemplary
stages are presented. With increasing pore size, the proposed mechanism will accelerate due
to an increasing pore area questioning the accuracy when fabricating larger nanopores (note
that only the initial intrinsic defect size, i.e. point defect, was imaged and following sizes were
calculated based on experimental conditions and data).

Figure 2.17: (a) Electrochemical pore creation in a MoS2 membrane using a trans-membrane
voltage. (b) Four exemplary stages (labeled as 1, 7, 14, and 21) of expected pore
geometry. Reproduced with permission. Copyright © 2015, American Chemical
Society [119].

Still, the most often used defect engineering method of 2D materials including MoS2 re-
mains ion irradiation as it offers a quick and precise tool to introduce a well-defined number
of defects [34, 63, 121]. Especially the possibility of non-stoichiometric defect creation, i.e.,
preferential removal of S or Mo atoms, has initiated research to theoretically investigate the
influence of pore termination on the water permeability through MoS2 pores. Fig. 2.18 presents
molecular dynamics (MD) simulations comparing different edge configurations in (a) and their
influence on water permeability in (b). Clearly all MoS2 edge termination perform well and
even outperform calculated water permeability of graphene nanopores of similar size. However,
MoS2 pores with Mo edge termination show the highest water flux compared to mixed or S-only
edges resulting from both a higher water density and flow velocity within a Mo only pore. The
reason for this lies in the higher hydrophilicity of Mo over S and MoS2 [122, 123], as well as
in a reduced energy barrier that a water molecule has to overcome to enter the pore [33].This
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finding is of particular interest as it will be shown later in the experimental result chapters 6
Electronic Excitation and Perforation of Single-Layer MoS2 and chapter 7 Chemical Structure
of SHI Irradiated MoS2 for Catalytic Applications that SHIs and HCIs are suitable to not only
perforate MoS2 but also evoke such promotive pore terminations.

Figure 2.18: (a) Different edge termination of MoS2 pores. (b) Calculated water permeability
through porous MoS2 depending on edge types shown in (a) and through graphene
for comparison. All pores have approximately equivalent accessible pore areas.
Reproduced with permission. Copyright © 2015, the authors of ref. [33].
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2.4 Synthesis of 2D Materials

2.4.1 Micromechanical Exfoliation

To study and eventually apply 2D materials as membranes, they first have to produced or
synthesized via appropriate fabrication techniques. The most frequently used methods for
2D material production are the mechanical exfoliation and chemical vapor deposition (CVD).
The exfoliation technique gained a tremendous amount of attention after A. Geim and K.
Novoselov used it to isolate 2D crystals and it still is unrivaled when it comes to crystallinity
and cleanliness of the produced samples as well as simplicity of handling and execution [14].
The exfoliation technique exploits weak vdW forces between adjacent planes of vdW crystals so
that layers can easily be peeled of from a 3D bulk crystal as shown in Fig. 2.19 (a) for peeled-off
MoS2. The material can then be pressed onto and removed again from a target wafer causing
smaller crystals to adhere to the substrate as shown in Fig. 2.19 (b)-(d). The convenience of
this technique as well as its universal applicability to nearly every vdW material and target
substrate makes it a still highly appreciated method of sample preparation.

Figure 2.19: Process of exfoliating ultrathin layers of vdW crystals. (a) Scotch tape is used
to peel of layers from a bulk crystal which are (b) pressed onto and removed
again from a target wafer of choice (here Si/SiO2). Individual flakes with varying
thicknesses adhere to the substrate. Optical images of exfoliated (c) MoS2 and (d)
graphene, respectively.
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A decisive drawback, however, is the lacking possibility for up-scaling and reproducibility
making this approach uninteresting for industrial applications where often continuous and cm2

large-area films are required. Therefore, other techniques (mainly adapted from the semicon-
ductor industry) have been applied to synthesize 2D materials with the advantage of being
able to tune the size [106], thickness [124], growth location [125], orientation [126], as well as
electrical and optical properties of the grown 2D materials [127, 128]. Especially, the chemical
vapor deposition (CVD) has proven its reliability and is most often used for growth processes.

2.4.2 Chemical Vapor Deposition

CVD describes a process which is particularly useful for growing 2D materials as exemplary
shown in Fig. 2.20 for the growth of MoS2. Solid chemical reactants (sulphur - yellow spheres,
molybdenum oxide - purple spheres) are evaporated (step 1) and transported via an inert
carrier gas towards a growth substrate (step 2). After adsorption onto the heated substrate
(step 3) and chemical reaction to form the final reaction product (step 4) according to the
reaction 2MoO3 + 7S → 2MoS2 + 3 SO2, the material is allowed to diffuse on the substrate
and rearrange to form a crystalline lattice (step 5). Gaseous by-products of the reaction are
removed from the system (step 6).

Figure 2.20: Principle of CVD process exemplary shown for growth of 2D MoS2. Reactants are
evaporated and transported to the growth substrate where they adsorb, react, and
form the desired material. Gaseous by-products are removed from the system.

A sketch of the growth oven set up used during this thesis is presented in Fig. 2.21. A
3-zone split tube furnace (ThermConcept GmBH, Bremen, Germany, model ROK 70/750/12-
3z) was used to conduct all growth experiments of MoS2 layers. Two thermally isolated zones
(1), (2) are heated separately to evaporate sulphur (3) and molybdenum oxide powder (4),
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each located in a separate ceramic crucible and heating zone. The crucibles are placed in a
30 mm quartz glass tube. Argon gas is used to purge the tube prior to the growth process in
order to remove oxygen gas and during the growth to transport evaporated chemical reactants
towards the growth substrates that are also positioned in the second heating zone (5). Fig.
2.21 (b)-(d) present some of the different growth result that can be obtained, depending on
the growth parameters and substrate pre-treatment. Randomly oriented and triangular (b)
as well as locally defined (c) MoS2 flakes or even continuous single-layer films MoS2 (d) are
obtainable.
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3 Defect Generation and Characterization
Techniques

The vast majority of state-of-the-art devices require precisely tailored materials to increase
efficiency and boost performance. A well-known and commonly applied technique for material
modification is ion irradiation. Areas of applications extend across the semiconductor industry,
where both electrical and optical material properties may be altered by ion implantation [21,129]
and can even cover certain parts of membrane science where it plays a crucial role in the
fabrication of track-etched membranes [26, 27,130,131].

First experiments date back to the beginning of the 20th century when Ernest Rutherford
and colleagues observed scattering events of alpha particles shot through a thin gold foil [132].
Just as the theoretical understanding of ion-solid irradiation has grown ever since, new questions
about the interaction mechanism have emerged. This chapter aims to give a basic understanding
of different ion types, their properties, and their interaction principles with solids. The ion types
that will be presented are suitable for defect engineering of 3D and 2D materials as will be shown
in later chapters. To visualize and quantify ion induced material modifications, two frequently
used characterization techniques (atomic force microscopy2 and Raman spectroscopy3) will be
addressed as well.

3.1 Ion Beams

Ions can be created by adding or removing an electron from initially electrically neutral particles.
They are sensitive to electric and magnetic fields which may be used to manipulate their velocity
and trajectory. When an accelerated ion enters a material, it undergoes a variety of interaction
and scattering processes. Along its trajectory the ion loses its energy through different energy
deposition mechanisms whose exact nature depend on the amount and kind of energy initially
stored in the ion [23, 25, 133]. Generally, one distinguishes between a nuclear stopping force

2Bruker Dimension Icon with SCANASYST-AIR tips using the PeakForce Tapping®mode
3Renishaw inVia Raman microscope
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3 Defect Generation and Characterization Techniques

dEn/dx, in the following denoted as nuclear stopping, and an electronic stopping force dEe/dx,
in the following denoted as electronic stopping (note that literature usually refers to it as a
stopping power and uses the abbreviation of Sn and Se for the nuclear and electronic part,
respectively, but for clarity and since it does not carry the physical unit of power, this thesis
refers to it as a force). In the former case, momentum of the incident ion is transferred elastically
to the target atoms causing the ion to decelerate and leading to collision cascades as well as
atomic displacements in the target material [134, 135]. The latter term applies for inelastic
scattering events, e.g., electronic excitation, ionization, and charge exchange mechanisms, which
are often accompanied by large deposited energy densities along the ion track causing phase
changes and structural modifications of the target material [136–140]. The differential energy
loss dE per unit track length dx of the ion can be described as dE/dx = −n · dE(E)/dx with
the atomic density n and the total atomic collision cross section dE(E)/dx [141]. As nuclear
and electronic differential cross sections are found to be statistically independent of each other,
dE/dx can be described by two separate contributions: the nuclear energy loss dEn/dx and
the electronic energy loss dEe/dx [142]. Both contribute simultaneously to the overall energy
deposition such that the formula for the combined deposited energy per unit track length
reads:

S = Sn + Se = dE/dx = −dEn/dx− dEe/dx (3.1)

However, depending on the ion’s properties, i.e., its kinetic energy Ekin, potential energy Epot,
and atomic mass Zion, as well as the target material’s properties, i.e., its atomic mass Ztarget,
the total values and individual contributions of dEn/dx and dEe/dx may differ significantly.
The focus of this thesis lies on material modifications initiated by electronic stopping. In the
following, swift heavy ions and highly charged ions will be introduced and their interaction with
solids will be explained.

3.1.1 Swift Heavy Ions - Electronic Stopping

Swift Heavy Ions (SHI) represent a special group of ions. Their name already indicates that
only heavy and swift ions belong to this ion class. Neither of the two attributes however is really
specified giving room for interpretation what an SHI is. Usually, ions heavier than carbon and
with a kinetic energy greater than 0.1 MeV/u can be considered as a SHI. One aspect all of them
have in common though is how they interact with matter and how they deposit their energy.
Fig. 3.1 (a) shows a calculation of dEn/dx (red line) and dEe/dx (blue line) for a xenon (Xe) ion
with varying Ekin interacting with MoS2. It becomes obvious that the contribution of dEn/dx
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to the total energy loss is negligible for Ekin greater than 10 MeV. The electronic stopping
force on the contrary is barely evident for Ekin below 10 Mev but constitutes almost 100 %
of the total energy deposition for higher energies. After reaching the point of maximal energy
deposition (Bragg-peak), the total dE/dx decreases again for further growing Ekin. Both the
absolute value of dE/dx and the position of the Bragg-peak shift to larger values for heavier
ions as illustrated in Fig. 3.1 (b) for hydrogen (1H - inset), nickel (58Ni - dotted curve), xenon
(129Xe - solid curve), and uranium (238U - dashed curve).

Figure 3.1: (a) Calculation of nuclear and electronic energy losses per nm track length of a
xenon ion penetrating through molybdenum disulfide. Nuclear and electronic stop-
ping regimes are highlighted with a red and blue background, respectively. (b) Com-
parison of total energy loss with respect to their kinetic energy of different ions pen-
etrating through molybdenum disulfide. Calculations have been performed with the
SRIM 2013 software [143].

The electronic stopping regime for SHI can be divided into three regions: (i) the left flank of
the energy deposition curve where dE/dx increases for higher Ekin, (ii) the Bragg-peak, and
(iii) the right flank where dE/dx decreases again for higher Ekin.

(i) The first regime can be described by the theory of Lindhard-Scharff-Schiott (LSS)
where the stopping force that decelerates the ion can be understood as a friction
force. The energy loss is given by eq. 6.1.

dEe/dx = 8πζε2 a0
Z1Z2

Z
2
3

v

v0
(3.2)

Z denotes the atomic number of the ion, v and v0 represents the velocity of the ion
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and the Bohr velocity, respectively. ζ equals Z2/3
1 , where Z combines the atomic

masses of the ion and target atom according to (Z2/3
1 + Z

2/3
2 )3/2. ε is dimensionless

and in the order of 1-2. It is evident from Fig. 3.1 and can be derived from eq. 6.1
that the electronic energy loss dEe/dx is proportional to v or

√
Ekin for v < vBragg,

with vBragg corresponding to the velocity of the ion at the Bragg-peak.
Additionally, after entering the solid the ion experiences a constant loss and gain of
electrons from its surroundings. Up to a velocity of v = v0 ∗ Z2/3

1 , its equilibrium
charge state Qeq changes according to Qeq = Z

1/3
1 ∗ v/v0, with v and Z1 being the

ion’s velocity and atomic mass, respectively. Charge state equilibrium is usually
obtained after approximately ten nm penetration depth [139,144].

(ii) The Bragg-peak represents the point of maximum energy loss and at the same time
separates the electronic enery loss regime into two almost symmetrical regions. Even
though an SHI is per definition a high-velocity particle, the regimes left and right to
the Bragg-peak will be referred to as low energy regime and high energy regime in
this work and are highlighted in Fig. 3.2 by the light and dark blue area, respectively.
An important consequence resulting from this curve symmetry is demonstrated in
Fig. 3.2. Even though the same dE/dx can be obtained with different Ekin, the
material modification may change significantly - an effect known as the velocity
effect [145, 146]. Generally, the following rule applies: the larger the difference in
Ekin of ions with the same dE/dx, the greater the difference in material modification.
Even though the ion deposits most of its energy in a very narrow (a few nm) core
track, secondary particles (i.e., ions, electrons, and especially δ-electrons), whose
energies scale with the ion’s Ekin, distribute their energy in much larger distances of
up to one µm. This in turn leads to smaller energy densities close to the core track
but affects and may damage further distanced areas at the same time.
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Figure 3.2: Principle of the velocity effect. A larger difference in Ekin of two ions with the same
energy loss per track length dE/dx lead to stronger varying material modifications
compared to ions with slightly varying Ekin and identical dE/dx.

(iii) The third regime cannot be described by the LSS theory as it does not account for
relativistic effects or bremsstrahlung which both become important when operating
with ions in the high energy regime. Bethe and Bloch however managed to develop a
quantum mechanical theory allowing the calculation of dEe/dx according to eq. 3.3
under the assumption that the mass and velocity of the ion are much larger than
those of the target atoms [137,138].

dEe/dx =
4πe4meZ

2
pNe

2β2 ln

[
2γ2β2c2meEmax

I2

]
− φ (3.3)

Here, γ represents the Lorentz term which is γ = (1−β2)− 1
2 and β = v/c. I and Emax

symbolize the ionization energy and the maximum energy transfer, respectively, and
φ accounts for atomic excitations and density fluctuations. Unlike to the first regime,
the energy loss dE/dx scales with ln(Ekin)/Ekin.

3.1.2 SHI Irradiation Facilities

SHI irradiations that were performed as part of this thesis predominantly took place at the
Grand Accélérateur National d’Ions Lourds (GANIL) in Caen (France), at the Ruđer Bošković
Institute (RBI) in Zagreb (Croatia), and the GSI Helmholtzzentrum für Schwerionenforschung
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GmbH in Darmstadt (Germany) as shown in Fig. 3.3.4 Due to the different types of ion accel-
erators, irradiations with a large range of different Ekin could be performed. Fig. 3.3 (a) gives
an overview of the typical ion energy range each beamline operates within. SHI experiments
performed at the RBI (b) typically involve ions with a Ekin < 30 MeV, ions at the IRRSUD
beamline at the GANIL (c) reach Ekin of ca. 100 MeV, and the SME beamline at the GANIL
(d) or the X0 beamline at the GSI allow ion irradiations with energies of 1,000 MeV or more.

Figure 3.3: (a) SHI facilities and with typical ion energies. (b) 6 MV EN Tandem Van de Graaff
accelerator allowing irradiation with up to ca. 30 MeV kinetic energy [147]. (c) Ions
at the IRRSUD beamline typically have 1 MeV/u energy (total of 100 MeV). (d)
Ions at the SME beamline reach 10 MeV/u (total of 1,000 MeV) or more. [148].

4Due to the complexity of each irradiation beamline and the experience it takes to operate them, researchers,
engineers, technicians, any many more were involved and contributed to the irradiations presented in fol-
lowing chapters.

36



3.1 Ion Beams

3.1.3 Highly Charged Ions

The next class of ions that will be addressed are highly charged ions (HCI) whose initial prop-
erties are fundamentally different to those of a SHI. While a SHI carries nearly all of its energy
as kinetic energy, a HCI’s characteristic property is its high potential energy Epot compared
to a rather minor Ekin (< 25 keV/u). To ionize a neutral atom ionization energy has to be
provided as any deviation from its neutral charge state is energetically unfavorable. Once an
atom is already singly-charged every further ionization requires more energy than the previous
step as the positive charge of the atom’s core is less screened and interacts stronger with the
remaining electrons. Hence, the total potential energy of an ion is the sum of each individual
ionization step according to eq. 3.4.

Epot(q) =
N∑

q=1
Ei

I (3.4)

Fig. 3.4 correlates the potential energy of a Xe atom (turquoise) with its charge state q as
well as the required energy input for each ionization step (blue). Especially when an electron
from a new, fully occupied atom shell (i.e., N-. M-, L- or K-shell) is supposed to be removed
an overly larger portion of ionization energy is necessary as shown with a logarithmic plot of
Epot in the inset of Fig. 3.4.

3.1.4 Classical Over-Barrier Model

The classical over-barrier model (COB) describes the interaction and charge transfer of a
charged particle (e.g., an ion) that is approaching a conducting surface [150, 151]. Gener-
ally, the potential landscape of a charge in front of surface at a distance R can be described
with the concept of mirror charges. Here, the initial charge of the ion Q induces an accu-
mulation of oppositely charged particles on the surface that again further accelerate the ion.
Their contribution to the overall potential can be modeled as if a charge -Q is located inside
the conductor with a distance of 2R to the initial ion (-R with respect to the surface). The
overall potential for an electron leaving the surface and located at position z can be calculated
according to eq. 3.5 [151, 152] and is plotted in Fig. 3.5 with respect to z. Here, the surface is
located at z = 0, the ion is positioned at z = R (dashed, vertical line), and energy barriers are
represented in red.
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Figure 3.4: Epot of a Xe ion with respect to its charge state q shown in blue and necessary energy
for each ionization step in turquoise. Logarithmic representation of the ionization
energy (inset) emphasizes the disproportionally large amount of ionization energy
that is required when the first electron of a fully occupied atom shell is removed.
Data taken from [149].

V (z, R,Q) = VHCI + V Image
HCI + Velectron = − Q

|z −R|
+ Q

|z +R|
− 1

4z (3.5)

As long as the distance of the ion to the surface is too large, i.e., for R > Rcrit (Fig. 3.5 (a)),
the electron located at the Fermi energy EF (dotted, horizontal line) of the material at z = 0
would have to overcome an energy barrier ∆EB to fill an empty atomic state of the ion. With
decreasing distance of the ion to the surface, however, the energy barrier gradually decreases
until it reaches a value of zero corresponding to a critical distance Rcrit (Fig. 3.5 (b)). At
this point, first resonant neutralization (RN) processes of the charged ion with electrons of the
solid are likely to occur which reduce the charge of the ion to Q-n, with n being the number
of electrons [151, 153]. This in turn reduces Rcrit again resulting into a steplike neutralization
process of the ion. For distances R < Rcrit the energy barrier has further decreased followed by
a swift neutralization of the ion as shown in Fig. 3.5 (c). Rcrit can be calculated with eq. 3.6
for varying work functions W of the surface and charge states Q.

Rcrit =
√

2Q/WA (3.6)
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Figure 3.5: Classical over-barrier model when an ion located at R (dashed, vertical line) ap-
proaches and interacts with a surface. (a) For ion-surface distances larger than the
critical distance Rcrit, electrons in the material face an energy barrier ∆EB which
usually prohibits a charge transfer. (b) For R = Rcrit the barrier has shrunk to zero
which allows a resonant charge transfer. (c) Distance R is now smaller than Rcrit
leading to a swift neutralization of the ion. Reproduced from ref. [154].

Even when the HCI has been neutralized to a great extent by the electrons of the surface,
it is far off its energetic equilibrium. This is due to the fact that the collected electrons occupy
high Rhydberg-states of the ion in the beginning which are however less energetically favorable
than those close to the core. In this particular state the atom is often referred to as a hollow-
atom (HA), as outer states are occupied by electrons while inner ones with high binding energies
are completely or to a great extend unoccupied depending on the initial charge state of the
ion [155, 156]. In the following, several neutralization but also further ionization mechanisms
of the HA take place allowing the HA to fill its ground states in order to reach energetic
equilibrium eventually. Schematics of the respective processes are presented in Fig. 3.6.
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i) Auger neutralization

The Auger neutralization (Fig. 3.6 (a)) describes a process where an electron of the surface
fills an unoccupied and low Rhydberg-state of the HA under the premise that the energy
gained from filling this low-energetic state is at least as large as the required work function
W of the material. If this holds energy is transferred to another electron of the surface which
can then be emitted from the solid. The ion does reduce its overall charge state during this
process [157,158].

ii) Auger deexcitation

The Auger deexcitation (Fig. 3.6 (b)) refers to relaxation processes that lead to a occupation
of energetically favored atomic states of the HA with at least two electrons being involved.
The Auger deexcitation can be further divided into an indirect and direct Auger deexcitation
process. The former one describes a procedure where an electron transits from the solid into a
low-energetic Rhydberg-state state while transmitting its energy to another electron located in
a high-energy state causing it to emit from the HA [159].

The direct deexcitation often also referred to as interatomic coulombic decay process is
opposite to the former one such that a high-energetic electron transitions into a low-energetic
state. The excess energy is transferred to an electron inside the surface instead and may lead to
its emission. A prerequisite that holds for both processes is that the difference in energy of the
transitioning electrons’ initial and final state is larger than the respective work function such
that both cases allow an emission of an electron into the vacuum. The ion does not change its
overall charge state [159–161].

iii) Radiative deexcitation

In case of the radiative deexcitation (Fig. 3.6 (c)), a high-energetic Rhydberg-electron relaxes
into a energetically lower atomic state. The difference in energy is now released in form of a
photon [162].

iv) Quasi-resonant deexcitation

The Quasi-resonant deexcitation (Fig. 3.6 (d)) describes a process leading to a reduction of
the charge state of the ion. For small distances of HCI and surface, low-energetic orbitals of
the ion and surface form a collective molecular orbital which allows charge transfer between
the ion and the surface [163–165].
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v) Auger ionization

Aside from deexcitation processes leading to a reduction of the charge state of the HCI and/or
a relaxation of electrons from high-energetic Rhydberg-states into energetically lower ones,
additional ionization processes may also occur causing a further increase of the charge state
of the ion. The Auger ionization (Fig. 3.6 (e)) outlines a process involving the relaxation of
an electron from a high- into a low-energetic state. The difference in energy is transferred
to another electron located in one of the higher energy states so that is it emitted into the
vacuum.

vi) Resonant ionization

The resonant ionisation (Fig. 3.6 (f)) considers transitions of electrons from the HCI to the
surface leading to an additional ionization of the ion.

Which interaction mechanism between ion and surface actually occurs depends on the
interaction time as well as the relative positions of the energy levels of ion and surface material.
The interaction time τ can be calculated according to eq. 3.7 and allows a first estimate which
mechanism might take place by considering the time scale on which these processes occur.
Especially for HCI irradiation of two-dimensional (2D) materials τ reaches values of 10−15 s.

τ =
√

Q ·m
Ekin ·W 2

A
(3.7)

The radiative deexcitation process, for instance, takes considerably longer (i.e., 10−9 s)
than the ion interacts with the surface [162]. Processes such as the Auger neutralization, indirect
Auger deexcitation, and Auger ionization have been shown to occur within 10−12 s, which is
still 1000-times longer than τ . The quasi-resonant deexcitation on the other hand allows fast
electron transfers due to the overlapping atomic orbitals of the HA and surface atom in form of
shared molecular orbitals. However, the efficiency of charge transition via this process is limited
if the atomic numbers Z of the ion and target material differ too much. The reason for this lies
in an energetic misalignment of the individual orbitals such that an efficient electron transfer is
prohibited. This consideration may play an insignificant role when irradiating graphene (6C),
but surely has to be taken into consideration when working with MoS2 (42Mo, 16S) and highly
charged xenon (54Xe) ions. Recent experiments investigating charge transfer and deexcitation
processes of fully suspended single-layer graphene and MoS2 during highly charged Xe ion
irradiation identified the direct Auger deexcitation (or interatomic coulombic decay) as the
most efficient mechanism occurring on a time scale of only 10−15 s [161,167,168]. It should be
noted though that despite the mechanism’s pace, the ions could not be fully neutralized within
the time span they interacted with the material.
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Figure 3.6: Different interaction mechanisms of a HCI and a surface. The processes shown
in (a)-(c) lead to an occupation of lower energy levels while preserving the ion’s
charge state. (d) An electron fills an electronic state, hence reducing the charge
state. (e)-(f) lead to further ionization of the ion, while filling low energetic levels
simultaneously for the process in (e). Reproduced from ref. [166].
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3.2 Electronic Excitation in Solids and Energy Transfer Mechanisms

The energy transfer of ions interacting with a surface follows two independent processes as
stated before: i) nuclear stopping dEn/dx, which results in transfer of momentum from the ion
to the lattice and causing collision cascades inside the solid and ii) electronic stopping dEe/dx,
which excites the electronic system of the target material. Nuclear stopping is the dominant
mechanism for singly charged ions with energies in the keV regime. Electronic excitation
induced by SHI and HCI irradiation, however, is fundamentally different and shall be explained
in the following. Fig. 3.7 (a) and (b) present simulation results which give insight into the
distribution and spread of energy inside SiO2 after irradiation with a 11.4 MeV/u Ca ion
[25, 169]. Almost immediately after ion impact in Fig. 3.7 (a) (t = 0.5 ps) a super-heated
core track along the trajectory of the ion is formed whose radius rapidly grows as temperature
spreads within the material, shown in Fig. 3.7 (b) (t = 10 ps). A. Chatterjee et al. proposed
two equations to calculate the energy density at a given distance r from the ion track. Eq. 3.8
describes the energy distribution in the core track, which is independent on r, whereas eq. 3.9
considers the energy density of the halo which is mainly affected by δ-electrons and shows a
r−2-dependency.

ρcore = dEe/dx

2πr2
c

(1 + 1
2ln(
√
erp/rc)

) for r ≤ rc (3.8)

ρhalo = dEe/dx

4πr2
1

ln(
√
erp/rc)

for rc < r ≤ rp, (3.9)

In eqns. 3.8 and 3.9 dEe/dx represents the electronic energy loss, rc describes the core radius
of the ion track and rp the radius of the penumbra. ln refers to the natural logarithm and e
to its basis [170]. Due to its high Ekin, the penetration depth may reach values of several mm
depending on its mass and that of the target material [143,171].

The energy distribution of a solid that is excited by a HCI behaves very differently as
shown for a CaF2 crystal irradiated with a Xe33+ ion in Fig. 3.7 (c) and (d) [25, 169]. The
energy is deposited almost completely within a depth of 1-2 nm with respect to the impact of
the ion leading to a highly excited and spatially localized electronic system close to the surface.
The penetration depth of the ion and hence the volume in which energy is distributed still
depends on its Ekin but is negligibly small compared to a SHI. A slow HCI as the one shown in
Fig. 3.7 (c) (Ekin = 0.15 q keV) will not penetrate as far into the bulk material as a swift HCI
will with a larger Ekin as shown in 3.7 (d) (Ekin = 10 q keV). The respective energy density
within the material will therefore be higher for the former case.
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Figure 3.7: (a), (b) Time-dependent temperature distribution inside of SiO2 after 11.4 MeV/u
Ca-ion impact. A super-heated core track evolves around the ion trajectory which
spreads over time. The energy loss of SHIs in matter is almost constant over a
considerably long distance and penetration depths may reach values of several mm
depending on the properties of the ion and target material. Reproduced with per-
mission. Copyright © 2011, IOP Publishing [25]. (c), (d) Energy distribution inside
a CaF2 crystal after highly charged Xe33+ ion impact. The energy is deposited close
to the surface. Depending on Ekin the depths in which energy is deposited may vary
slightly. Reproduced with permission. Copyright © 2008, American Physical Soci-
ety [169].

Despite the striking differences of SHIs and HCIs with respect to their Ekin, they very
much evoke a similar response in the electronic system of the irradiated material. Since both
ion types have been used in this thesis for material modifications, the three main mechanisms
of how an electronic system responds to a strong electronic excitation after ion impact shall be
presented in the following. The term ion refers to both SHI and HCI unless noted otherwise.
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The Coulomb-Explosion Model

The electronic system of the material undergoes an almost immediate transition into an excited
state within a 10−17s to 10−13s timeframe after ion impact. The large amount of deposited
energy per unit track length is further spatially located within in few nm-large radius leading
to a highly ionized system densely concentrated to a small volume. The Coulomb-Explosion
model of R. L. Fleischer [172] predicts a rapid and dynamic repulsion of the ionized atoms.
The model, however, presumes certain necessities so that the ionic repulsion in fact can take
place.

(i) Electrostatic forces have to outweigh the binding energies in order to create perma-
nent material modifications and prevent recrystallization processes. The following
relation has to hold: n2 > ε40Y /(10e2), with n being the averaged ionization, ε rep-
resenting the dielectric constant, and a0 and Y describing the atomic distance and
Young modulus, respectively. e denotes the elementary charge.

(ii) The charge carrier density and mobility have to meet additional requirements, which
all ensure that a swift deexcitation of the ionized volume is prevented. Atomic
dynamics typically set in 10−13 s after ion impact. To ensure an explosion due to
electrostatic repulsion the number of ionized atoms na has to be larger than the
number of freely moving electrons ne for each atomic plane, such that the maximum
density of free electrons can be calculated according to ne < ena/πa0µekBTt, with a0

being the averaged atomic distance, µe being the electron mobility, kB representing
the Boltzmann constant, T and t describing the temperature and the electrons’
diffusion time, respectively. Aside from requirements set for the electrons, the model
also outlines that the holes inside the ionized volume must not repel each other too
quickly, hence their mobility µh has to be limited to µh < a2

0e/kBtT .

Considering the requirements of the Coulomb-Explosion Model one can speculate that this
mechanism hardly applies to well conducting materials, e.g., metals or graphene (unless the
Fermi energy EF lies just between valence and conductance band), where both high charge car-
rier densities and mobilities are given. However, this model should be taken into consideration
when dealing with insulators or semiconductors like MoS2.
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The Thermal Spike Model

The central elements of the Thermal Spike Model are two coupled differential eqns. 3.10 and
3.11. One of them describes the change of temperature of the electronic system over time while
the second one refers to the temperature of the phononic system. F. Seitz and J. S. Köhler
contributed to the development of this model by treating the electron propagation within an
integrated continuum approximation [173]. M. Toulemonde and A. Meftah established the
assumption of primarily excitation of the electrons due to ion irradiation and the subsequent
transfer into the phononic system [174–177]. After ion impact the electronic system experiences
an almost immediate excitation in form of ionization processes on a 10−15 s timescale. Via
electron-phonon coupling according to the aforementioned eqns. 3.10 and 3.11, the energy is
transferred to the phononic system leading to a strong and localized increase in temperature
within 10−13-10−10 s after ion impact, which may prevent the formation of defects in some
cases.

Ce(Te)
∂Te

∂t
(~r, t) = ∇ ·

(
κe(Te)∇Te(~r, t)

)
− g ·

(
Te(~r, t)− Tp(~r, t)

)
+ S(~r, t)

(3.10)

Cp(Tp) ∂Tp

∂t
(~r, t) = ∇ ·

(
κp(Tp)∇Tp(~r, t)

)
+ g ·

(
Te(~r, t)− Tp(~r, t)

) (3.11)

In 3.10 and 3.11 C(T) represents the heat capacity, T (~r, t) is the temperature and κ

the thermal conductivity. S(~r, t) denotes the energy input by the ion. The indices e and p
represent the electronic and phononic system, respectively. The elevated temperature may
lead to melting, sublimation, and phase transition processes resulting in permanent material
modifications [178, 179]. Thermal equilibrium is reached for times later than 10−10 s after ion
impact.

Materials with a high thermal conductivity (e.g., graphene with 5000 W/mK at room
temperature [180]) are likely to be less sensitive and therefore less affected than those with a
low thermal conductivity (e.g., single-layer MoS2 with only 20-130 W/mK at room temperature
[181–183]). Compared to MoS2, graphene is more capable of quickly distributing the arising
thermal spike.
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3.3 Characterization Techniques of Material Modifications

Visualization and quantification of ion induced defects in 2D materials has become increasingly
important. One of the most common surface characterization techniques which has also been
used in this thesis for imaging SHI modifications of MoS2 is Atomic Force Microscopy. The
principles as well as a fairly new imaging mode of this method will be presented in the fol-
lowing. For materials with intrinsic or artificially induced defects that are difficult to image
by conventional scanning probe microscopy methods or where the underlying substrate simply
does not permit highly resolved measurements other approaches have to be followed. Here,
Raman spectroscopy will be used to quantify intrinsic properties and material modifications of
graphene which would be impossible to access otherwise.

3.3.1 Types of Microscopy

The lower resolution limit ∆x of regular optical microscopy (Stimulated Emission Depletion
(STED) microscopy excluded [184, 185]) is ultimately restricted by the Abbe diffraction limit
according to ∆x = λ/(2NA) = λ/(2nsin(θ)), where λ represents the wavelength of light,
NA is the numerical aperture, n and θ corresponds to the refractive index of the surrounding
medium (typically air with nair=1) and half the aperture angle of the objective lens, respectively
[186, 187]. Due to values of NA in the range of 1.3-1.6 and a limited sensitivity of the human
retina restricted to wavelengths within the optical spectrum of light (380 nm < λ < 780 nm),
optical microscopy cannot be used to analyze nm-small material modifications. The need for
new imaging methods initiated the development of other microscopical approaches that do not
rely on the wavelength of light. Many of these new techniques rely on a scanning sensor being
in close proximity to the sample’s surface such that interactions between the sensor and sample
can be detected. G. Binning and H. Rohrer were honored with the Nobel Prize in physics
in 1986 for their invention of the first Scanning Tunneling Microscope (STM) which allows
imaging conducting surfaces with atomic resolution [188]. In 1986 they introduced the first
Atomic Force Microscope (AFM) enabling to also image non-conducting surfaces with sub-nm
resolution [189].
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3.3.2 Atomic Force Microscopy Imaging Modes

Atomic Force Microscopy (AFM) relies on interacting forces between a sensor and surface atoms
of the investigated sample [190]. The nature of these interactions depends on the distance
between sensor and surface, resulting in either attractive or repulsive forces. Fig. 3.8 (a) is
a graphical plot of the Lennard-Jones potential which illustrates the interaction between a
pair of neutral atoms or molecules depending on their distance. The Lennard-Jones potential
comprises both attractive van-der-Waals (vdW) forces that dominate for larger distances (due
to the formation of spontaneous dipoles in sensor and surface) and repulsive Pauli forces that
become crucial for smaller distances (due to overlapping atomic/molecular orbitals of sensor
and surface). The potential V (r) can be expressed by eq. 3.12.

V (r) = 4V0

((Ra

r

)12
−
(Ra

r

)6
)
, (3.12)

with V0 being the depth of the potential well, Ra representing the distance at which V is zero,
and r being the distance between the interacting species.

The respective sensor that interacts with the sample is a nm-sized tip located at the end
of a cantilever as shown in Fig. 3.8 (b). A laser beam is directed onto the back side of the
cantilever right above the tip and refracted towards a position sensitive photodiode (PSD). The
cantilever is then moved across the sample causing the tip to experience either attractive or
repulsive forces at each position. Depending on the mode of operation this again can be used
to monitor, e.g., changes of the i) bending of the cantilever (applies for contact mode measure-
ments during static AFM), which results from a direct contact of tip and sample leading to a
static deflection of the cantilever (repulsive force regime) or ii) amplitude and phase of oscilla-
tion (applies for amplitude modulated measurements during dynamic AFM), which in contrast
to the former mode is based on a contactless interaction of tip and surface (attractive regime)
and involves an oscillating cantilever. Here, frequency shifts of the oscillating cantilever due to
force-tip interactions result in a measurable change of amplitude, as illustrated in Fig. 3.9 (a)
(note that other operational AFM modes do exist [191, 192] and the reason for introducing
the former two techniques being their partial analogy to the measurement method used in this
thesis and described in the following).

The intermittent mode (or TappingModeTM) combines elements of the repulsive and at-
tractive force regime by using an oscillating cantilever whose amplitude involves tip-surface
distances associated with nearly zero but also very strong interactions. As the name suggests,
the tip taps on the surface during each oscillation. Similar to the previous AFM mode, the
measured quantity of TappingModeTM AFM is the amplitude of oscillation which is influenced
by the tip-surface interaction and therefore depends on the distance on the tip-surface distance.
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Figure 3.8: (a) Lennard-Jones potential describing the changes in potential V of two electri-
cally neutral atoms/molecules (here atoms of cantilever’s tip and surface atoms) in
dependency on their distance. (b) Schematic AFM setup. The tip-surface interac-
tions result in a change of the cantilever’s properties (bending, frequency and/or
phase of oscillation) which is detected by a PSD after the beam is reflected from
the cantilever’s back. A feedback electronic compares the momentary value to the
setpoint and restores the value set initially. Reproduced from ref. [193].

PeakForce Tapping®, a technique developed by the company Bruker© and mostly used in
this thesis, represents a special type of TappingModeTM. Here, the indentation force which the
tip applies on the surface is an additional control parameter and can be adjusted. Full force-
distance curves between tip and sample are recorded at each position (pixel) of the measured
area. An exemplary force-distance curve and schematics of the cantilever at each significant
event during the cycle are shown in Fig. 3.9 (b). (1) The cantilever approaches the surface
from a distance where no significant forces between tip and surface are present. At position (2)
attractive forces outweigh the cantilever’s spring constant and cause the tip to attach to the
surface - often referred to as snap-in. The applied force is now gradually increased until the
cantilever’s deformation corresponds to the set peak-force (3)-(5). Reducing the applied force
eventually leads to the detachment of the tip from the sample (5)-(6) to complete one cycle.
Aside from gathering information about the topography of the measured surface (similar to
regular tapping mode) additional material properties (i.e., points A, B, C in Fig. 3.9 (b)) may
be deduced from the force-distance curves. Point X, for instance, corresponds to the adhesion
between tip and sample and takes larger values for stickier surfaces, Y correlates with the
sample’s deformation, and Z is the energy dissipation.
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3 Defect Generation and Characterization Techniques

Figure 3.9: (a) Change in oscillating amplitude A due to shift in resonance curve originating
from attractive and repulsive forces during, for instance, during dynamic ampli-
tude modulated AFM measurements. (b) Force-distance relation for PeakForce
Tapping® measurements.

3.3.3 Raman Spectroscopy

Raman spectroscopy describes a spectroscopical approach to probe the vibration characteristics
of matter by investigating its inelastic scattering processes with light. This in turn allows to
draw conclusions about its structural properties and chemical bindings. The effect was observed
by Sir Chandrasekhara Venkata Raman for the first time in 1928 and is based on a temporal
variation of a dipole moment evoked in the investigated material when illuminated with light
[194]. It has become increasingly important for the characterization of solids, gases, liquids,
and especially 2D materials. For the latter case, it is now applied routinely to characterize
various properties which are otherwise hard to quantify. To name a few properties of 2D
materials, which can be probed by Raman spectroscopy: defect densities [195, 196], charge
carrier concentrations [197,198], strain [199], and layer number [200].

3.3.4 Raman Spectrum of Graphene

The Raman spectrum of graphene contains a multitude of information about, e.g., the number
of graphene layers, presence of defects, strain, and doping [196, 201, 202]. Four exemplary
scattering events causing the four most prominent Raman modes of graphene are shown in
Fig. 3.10 and will be discussed in the following. All processes are based on three subsequent
mechanisms: (i) charge carrier excitation (indicated by green arrows), (ii) (in-)elastic phonon
scattering (indicated by dashed, black arrows), and (iii) charge carrier recombination (indicated
by red arrows).
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3.3 Characterization Techniques of Material Modifications

G-mode:

The graphite(G)-mode can be observed in all sp2-hybridized carbon materials and corresponds
to a stretching motion of the hexagonal lattice structure as shown in Fig. 3.10 (e). Among the
modes listed here, it is the only one requiring just one phonon that is located in the Brillouin-
zone center at the Γ-point, hence carrying a momentum q of zero. The respective Raman
process of the G-mode is presented in Fig. 3.10 (a). It is noteworthy that neither the layer
thickness nor the excitation energy causes a shift of the mode, whereas both electrical doping
and strain change its position [196].

2D-mode:

The 2D-mode, often also referred to as G’-mode, describes a "breathing"-mode of the hexagonal
lattice as shown in Fig. 3.10 (f) and originates from two scattering events. Momentum conser-
vation is satisfied as the involved phonons located at the K-point have wave vectors of opposite
direction (see Fig. 3.10 (b)). The peak width (full width at half maximum - FWHM) varies
when increasing the layer number. For instance, bi-layer graphene’s 2D-mode consists of four
individual phonons all with slightly different energies. The envelope of these modes is broader
than for single-layer graphene. The 2D-mode’s FWHM is compared in Fig. 3.10 (g) between
for single-, bi-layer graphene, and bulk graphite and increases from 28 cm−1 to 60 cm−1 for
single-layer graphene and graphite, respectively. The 2D-mode is strongly affected by strain,
electrical doping, layer number, and excitation energy [203].

D-mode:

The defect(D)-mode of graphene is, as the 2D-mode, an inter-valley process connecting the
K- and K’-point of the Brillouin zone as shown in Fig. 3.10 (c). The motion of the lattice
is associated to an oscillating movement similar to that of the 2D-mode shown in Fig. 3.10
(f) even though with only half of the 2D-mode’s frequency. In striking contrast to the former
two kinds of phonons, the D-mode is only observable if the lattice is defective. Charge carriers
can then scatter elastically to satisfy conservation of momentum. Hence, the presence and
intensity of the D-mode can be used to quantify the defect density in graphene via Raman
spectroscopy [195,204,205]. Fig. 3.10 (h) presents an exemplary Raman spectrum of defective
graphene (blue curve) with a large D-mode located at 1350 cm−1.

D’-mode:

The D’-mode is to some extent similar to the D-mode as it also a defect-initiated process. The
respective intra-valley Raman process is presented in Fig. 3.10 (d). The D’-mode is located in
close proximity to the G-mode, as shown in Fig. 3.10 (h) (blue curve) [206].
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3 Defect Generation and Characterization Techniques

Figure 3.10: Raman scattering mechanisms in single-layer graphene. Electron dispersion (solid,
black lines), occupied states in valence band (blue colored), photon absorption
or emission (green and red arrows), elastic or inelastic phonon scattering (blue
and black dashed lines). (a) G-mode is caused by a one-phonon process located
in at the Γ point in the center of the Brillouin-zone. (b) 2D-mode is an inter-
valley process with two phonons of opposite momentum connecting the K- and
K’-point of the Brillouin-zone. (c)-(d) Only in presence of defects can the D-
mode and D’mode be observed as charge carriers may scatter elastically at the
defects to satisfy conservation of momentum. (e)-(f) Schematic of lattice vibrations
associated with G- and D/2D-mode, respectively. (g) Electronic Brillouin zones
of graphene (black hexagons), the first-phonon Brillouin zone (red rhombus), and
schematic of electronic dispersion (red and blue colored Dirac cones). The phonon
wave vectors connecting electronic states in different valleys are labelled in red.
Reproduced with permission. Copyright © 2013, Nature Publishing Group [196].
(h) Raman spectra of single-layer graphene (black), bi-layer graphene (green), bulk
graphite (red), and defective single-layer graphene (blue).
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3.3 Characterization Techniques of Material Modifications

3.3.5 Raman Spectrum of MoS2

Four Raman active modes contribute to the Raman spectrum of bulk 2H-MoS2. Two of those,
however, are not observable due to selection rules for the scattering geometry that was used
here (E1g-mode) [207] and due to limited suppression of the Rayleigh scattered radiation (E2

2g-
mode) [208]. The remaining E1

2g- and A1g-mode are shown in Fig. 3.11 (a). They are located
at a Raman shift of approx. 385 cm−1, corresponding to an out-of-plane, optical (ZO) phonon,
and approx. 403 cm−1, corresponding to an in-plane, transverse, optical phonon (iTO). It has
been found that the position of the modes is influenced by the presence of additional layers of
MoS2. Fig. 3.11 (b) shows the dependence of each mode’s position as well as their frequency
difference on the layer number [200]. The E1

2g-mode shows a blueshift to lower Raman shifts for
increasing layer thickness, whereas the A1g-modes shifts to larger frequencies. Their frequency
difference increases and can therefore be used a first indicator for the layer thickness. It is worth
noting though that C. Lee et al. acquired these data with exfoliated MoS2 crystals, hence the
results should not be applied to differently prepared MoS2 heedlessly but certainly can be used
for a first estimate.

Figure 3.11: (a) Raman spectra of single-, bi-, and tri-layer MoS2. The lattice vibrations of the
E1

2g and A1g modes are shown as insets. (b) Peak frequency and frequency differ-
ence of the E1

2g and A1g modes dependent on the layer thickness. Increasing layer
number causes the modes’ frequencies to shift away from each other. Reproduced
with permission. Copyright © 2010, American Chemical Society [200].
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4 Surface Engineering of Graphene

Abstract - The following chapter puts the focus on the 2D material graphene. A method
is presented which allows to increase graphene’s intrinsic mechanical stability, hence solving
issues and difficulties while handling the one-atom thick layer. Despite current efforts to syn-
thesize single-layer graphene on arbitrary substrates via CVD process directly, the material of
choice remains copper (Cu) due to its catalytic properties during synthesis. This limitation
of restricted number of suitable growth substrates often implicates the necessity to transfer
graphene from the growth substrate onto another desired material. Even though the quality
of CVD grown single-layer graphene on Cu substrates has largely improved over the years,
transferring it without introducing unintentional defects and suffering from a contaminated
graphene surface after transfer still poses a challenge. Optimizing the transfer itself or devel-
oping effective post-transfer cleaning steps are typical approaches, which in the best case only
conceal the problem.

This chapter presents a pre-treatment of monolayer graphene on copper (referred to as
Gr/Cu in the following) to improve the quality and reproducibility of the transfer process it-
self. A negligible amount of functional acetate groups acting as a stabilizer during wet-chemical
transfer is reliably attached to graphene by pressing an ethylene-vinyl acetate copolymer foil
onto the monolayer graphene prior to transfer. The general opinion that crumbling of graphene
without a support layer in a H2O environment is caused due to differences in surface energy, is
refuted by demonstrating that this behavior is rather caused by the polar interactions between
graphene and water. Suppressing these interactions minimizes the risk of graphene rupture and
permits an extremely clean transfer yielding a high graphene coverage and a minimal number
of defects.

Parts of the following chapter are an adaptation of ref. [209] and have been reprinted
with permission from Madauß, L. et al., A swift technique to hydrophobize graphene and in-
crease its mechanical stability and charge carrier density. npj 2D Mater. Appl. 4, 11 (2020),
https://doi.org/10.1038/s41699-020-0148-9. Copyright © 2020, the authors of
ref. [209]. Text passages that are reproduced literally are set in quotation marks.
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4 Surface Engineering of Graphene

As mentioned in previous chapters, different methods exist to perforate graphene to use it
as a membrane afterwards. The majority of such research publications dealing with graphene
membranes, however, considers the defect creation mechanism as a means to an end and often
uses less precise or non-scalable perforation methods as other arguably better suited techniques
are less common or accessible. SHI irradiation for instance does not bear such disadvantages,
still there is lack of experimental information about which ion type and ion properties to
use for generating a certain defect size in graphene [210, 211] One reason for this is the fact
that a detailed pore size analysis of porous graphene, usually performed with a transmission
electron microscope (TEM), poses several challenges. The main reason for this are carbon-
based residues from a typical polymer-assisted transfer which, once adsorbed onto the graphene
surface, are nearly impossible to remove and prevent further characterization of the pore sizes
[212–214]. This is even more critical for graphene than for many other 2D materials as this
type of microscopy relies on Rutherford-scattering, hence delivering best contrasts for materials
with a high atomic number Z. Here, contaminations and graphene are practically of the
same material (carbon), hence often prohibiting sufficient resolution of the graphene layer. An
exemplary high-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) measurement of single-layer graphene is presented in Fig. 4.1 5. The low atomic
weight of graphene’s carbon atoms already complicates atomic resolution, but areas with large
amounts of contaminations make a detailed analysis impossible (note that the non-usable part
of a contaminated sample easily exceeds 99 % and that Fig. 4.1 purposely shows an area with
clean and non-usable graphene for comparison). It is therefore imperative to find new transfer
methods which not only are defect-free but also keep the amount of adsorbates to a minimum.

Figure 4.1: HAADF-STEM image
of single-layer graphene.
Carbon-based contam-
inations as a result
of polymer-assisted
transfer methods pose
a severe challenge for
imaging nm-sized de-
fects. Inset shows a
zoom of the crystal
structure revealing the
expected hexagonal
structure.

Even though efforts are made towards the direct growth of graphene onto other materials
in order to avoid transferring the 2D layer [215, 216], copper (Cu) still remains the most fre-
quently used material for CVD growth of graphene making a transfer often inevitable [217–222].

5STEM measurements were performed by Dr. Mukesh Tripathi, Faculty of Physics, University Vienna, 1090
Vienna, Austria
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Consequently, a lot of attention has been devoted to improving either the transfer itself, e.g.,
by using low molecular weight polymers which are shown to dissolve easier [89, 223–227], or
post-transfer cleaning steps, e.g., thermal annealing at 200 ◦C or more which again restricts
the number of suitable target materials [228,229]. Inspired by the idea of decorating graphene
oxide membranes with surface charges, hence being able to control its cation/anion selectiv-
ity, "we apply a fast and straightforward approach to decorate the graphene with stabilizing
functional carbon groups, which strongly increase the stability of our graphene sheet during
transfer hence making all polymer-based sacrificial layer redundant." In contrast to the solu-
tions discussed in literature, the approach presented in this thesis focuses on a pre-treatment
of the graphene layer itself and only requires a commercially available vacuum bag sealing ma-
chine and ethylene-vinyl acetate copolymer (EVAC) as a bag material, see Fig. 4.2 (refer to
Supporting Information Fig. 1 of ref. [209] for additional characterization of the bag material).
The pre-treatment, etching, and transfer steps are schematically presented in Fig. 4.2. "Having
flattened the complete Gr/Cu sample, we can place the Gr/Cu on an ammonium persulfate
(APS) solution. After etching off the Cu and gradually diluting the APS solution with H2O, a
target substrate can be used to scoop out the graphene sheet. Note that the final transfer is
performed in a pure H2O environment where no supporting layer for stabilization is necessary
once the flattening step had been applied." For the sake of compatibility with the majority of
characterization techniques used in the following, SiO2 was chosen as a target substrate. The
transfer however is not restricted to this or rigid materials in general but may as well be used
to cover porous wafers or polymers.

Figure 4.2: Process steps of flattening Gr/Cu using an ethylene-vinyl acetate copolymer foil.
(a-c) Flattening of Gr/Cu is achieved by using a vacuum bag sealing machine. (d-f)
An aqueous ammonium persulfate solution is used for etching the Cu. After diluting
with DI H2O, graphene can be scooped out with the target substrate. Reproduced
with permission. Copyright © 2020, the authors of ref. [209].
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"The effect of the flattening already becomes visible when looking at the non-supported
graphene layer floating on the APS etching solution, shown in Fig. 4.3 (a). While the flattened
graphene maintains its rectangular form determined by the shape of the initial Gr/Cu wafer,
the non-treated graphene crumbles and rips. The same results are obtained once the graphene
sheets have been transferred, see Fig. 4.3 (b) for regular graphene and Fig. 4.3 (c) for flattened
graphene, respectively. The latter one shows a perfectly homogeneous coverage over the whole
sample. The non-processed graphene, however, not only displays tens of µm2-sized uncovered
regions, but even the covered parts show poor smoothness and countless wrinkles.

Figure 4.3: Optical images of regular and pre-treated graphene during and after transfer. (a)
Flattened and regular graphene floating on an APS etching solution. (b) and (c)
Optical microscopy images of non-flattened and flattened graphene transferred onto
Si/SiO2 substrates, respectively. Reproduced with permission. Copyright © 2020,
the authors of ref. [209].

In order to evaluate the success of the transfer method presented here in terms of qual-
ity and coverage, we will compare the pre-flattened graphene with conventionally transferred
graphene supported by a PMMA layer (in the following referred to as PMMA graphene) after
transfer onto a SiO2 substrate. For this, we have performed Raman mappings." Referring to
the intensity ratio of graphene’s Raman active defect(D)-mode and graphite(G)-mode is the
usual approach to characterize the defect density in graphene [195,230]. Combining it with the
x- and y-coordinates of the mapping area allows a spatial visualization of the defect density.
"Raman measurements indeed confirm an extremely low defect density with an average AD/AG

intensity ratio of ∼0.04 for the flattened graphene compared to an intensity ratio of ∼0.2 for
the PMMA-assisted graphene transfer as shown in Fig. 4.4 (a) and (b) (note that neither of
the samples have undergone any additional ethanol rinsing, heat treatment or similar). Aside
from a highly crystalline graphene layer, we observe a considerably high charge carrier density
in graphene induced by charge transfer as can be derived from the peak position of the G-mode
in the Raman mappings, see Fig. 4.4 (c) and (d) for PMMA-transferred graphene and flattened
graphene, respectively. Even though PMMA is known as a strong p-dopant for graphene, the
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flattened graphene displays an even higher level of doping, most likely originating from the
two oxygen atoms present in the side group (acetate) which will promote a charge transfer
due to oxygen’s strong electronegativity and presumably facilitated by the intimate contact at
the interface between the rubbery EVAC and graphene and the weaker bond (C-O) between
polymer main chain and side group (acetate), compared to glassy PMMA with a C-C bond
to the side group (methyl ester) [...]" - the mass spectroscopy analysis below will refer to and
support this assumption. "Comparing the Raman shift of the G-mode (and I2D/IG intensity
ratio, see Supporting Information Fig. 3 of ref. [209]) of the flattened graphene with the work
of Bruna et al., we can conclude that both transferred samples exhibit a p-doped behavior with
a charge carrier concentration of approximately 5 x 1012 cm−2 for the PMMA-transferred and
1.5 x 1013 cm−2 for the flattened graphene [197]. The combination of an extremely low defect
density and a high level of charge carriers in graphene is expected to be beneficial for a high
charge carrier conductivity. The flattening step thus proves to be an effective and gentle way
for doping graphene."

Aside from an extremely low defect density, which certainly becomes important for actual
filtration measurement, the most crucial advantage of a polymer-free transfer for microscopical
investigations is avoiding persistent polymer residues on graphene’s surface as no dissolving
step of any polymer support is required. How the different approaches will affect graphene’s
surface will be analyzed in the following by atomic force microscopy (AFM).6. Fig. 4.5 presents
typical AFM measurements of graphene transferred with PMMA support in (a) and (b), with-
out PMMA support and without a flattening pre-treatment in (c) and (d), and finally without
PMMA but with a flattening step prior to the transfer in (e) and (f). Dense, nm-sized PMMA
leftovers in (a) and (b) render all samples prepared this way useless for any microscopic anal-
ysis. The non-processed graphene transferred without PMMA in Fig. 4.5 (c) and (d) should
in principle be the cleanest obtainable graphene. Even though one does not face the prob-
lem of polymeric residues, the large number of wrinkles, undefined numbers and positions of
multi-layer graphene due regions of overlapping single-layer areas and its non-continuity do
not allow utilization as a membrane or as a well-defined material for ion perforation/analysis
experiments. Fig. 4.5 (e) and (f), however, illustrates graphene that had been treated with the
previously discussed flattening step. The advantages of the PMMA-supported transfer in (a)
and (b) (i.e., small number of wrinkles and large parts of a continuous 2D layer) and those of
the non-flattened transfer in (c) and (d) (i.e., clean surface) could be combined yielding clean
and smooth single-layer graphene in (e) and (f). If even fewer overlapping areas are required,
the substrate may be cleaned with oxygen plasma or similar before transfer to increase its hy-
drophilicity [231] and prevent a bulge of water being trapped between substrate and graphene,
which, once it evaporates, is the main reason for the few remaining graphene wrinkles in (e)
and (f).

6AFM measurements were performed by Mr. Erik Pollmann, University of Duisburg-Essen, Faculty of Physics
and CENIDE, 47057 Duisburg, Germany
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Figure 4.4: Raman spectroscopy maps of graphene transferred with and without PMMA. Inten-
sity ratios of D- and G-mode of (a) PMMA transferred and (b) flattened graphene.
Raman shift of graphene’s G-mode is presented in (c) and (d) for PMMA trans-
ferred and flattened graphene, respectively. Neither of the samples had been treated
by any means after the transfer. After scooping graphene out of the H2O with a
SiO2/Si wafer, the samples were left to dry under ambient conditions. Reproduced
with permission. Copyright © 2020, the authors of ref. [209].
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Figure 4.5: AFM images of transferred CVD graphene onto SiO2 substrates with (a, c) and with-
out (b, d) PMMA support. Graphene supported with PMMA during the transfer
shows high density of nm-sized polymer residues after dissolving the PMMA layer,
whereas the flattened graphene is nearly free of any contaminations. Note the dif-
ferent scale bars in (c) and (d), underlining the huge improvement in cleanliness.
The bright spots in Fig. 4 (c) and (d) are no polymer residues from the flattening
foil but overlapping graphene parts or wrinkles resulting from the drying process
after scooping out graphene with a target wafer. Scale bar is 5 µm for (a, b), 1 µm
for (c), and 2.5 µm for (d). Reproduced with permission. Copyright © 2020, the
authors of ref. [209].
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The following passages deal with the reason for the enhanced mechanical stability of
graphene once it has undergone the flattening step. "Arguing that the copper itself has been
flattened on a microscopic scale, hence providing a more uniform and smoother surface for the
graphene is highly unlikely. SEM images shown in Fig. 4.6 (a) and (b) of regular and flattened
CVD graphene on Cu, respectively, reveal no observable differences in terms of the smoothness
of the Cu substrate (aside from a reduced dirt particle density for the flattened Gr/Cu). It is
much more plausible that the very surface of graphene itself has been altered by our approach.
In order to draw conclusions about the flattening step, the success rate of transfer, and the flat-
tening time, we studied how graphene behaves during the transfer when varying the flattening
time, the result of which is presented in Fig. 4.6 (c). We found that there is a clear dependency
of the transfer success rate (corresponding to graphene not ripping/crumbling) and the flatten-
ing time. While we were practically never able to successfully transfer non-flattened graphene,
we obtained a success rate of 100 % after just one day of flattening. Relating this observation
with the change of the contact angle of a water droplet on the Gr/Cu surface, also shown in
Fig. 4.6 (c), we can draw two important conclusions: (i) both the transfer success rate and
the contact angle have their lowest values for non-treated Gr/Cu with values of 0 and 89.1◦,
respectively. After 1 day of flattening, the success rate and the contact angle has increased
displaying values of 1 and 93.1◦. (ii) Neither of the two values change when the flattening
time is further increased indicating that the responsible mechanism during the flattening step
has converged. Since a large contact angle between a water droplet and a surface typically
indicates hydrophobic properties of the surface, we can conclude that the flattening increases
the hydrophobicity of the graphene. A saturation of the contact angle most likely results from
the fact that once the majority of graphene’s surface has been decorated with adsorbates, ad-
ditional molecules are less likely to attach to graphene as nearly all free adsorption sites have
already been filled. Even if additional layers of adsorbates would remain on graphene’s surface,
the contact angle is not expected to change any more as it is predominantly governed by the
layers in direct contact.

To further address this observation, we performed X-ray photoelectron spectroscopy (XPS)
measurements to confirm the presence of additional adsorbates on graphene’s surface.7. Owing
to the surface sensitivity of XPS, the data we obtained can be correlated with surface modifi-
cations. Again, we have varied the flattening time from 0 s to 2 days as shown in Fig. 4.7 (a)
and (b). The data reveals that initially almost all of the carbon present on the sample is sp2-
hybridized. This is of no surprise since the electrons of pristine graphene form sp2-hybridized
orbitals. With increasing flattening time, we observed a growing amount of sp3-hybridized
as well as C-O bound carbon, which we explain by additional adventitious carbon from the
EVAC-foil as a result of the flattening step [...] (Supporting Information Fig. 4 & 5 of ref. [209]
show additional XPS data of flattened Gr/Cu). To estimate the amount of carbon residues

7XPS measurements were performed by Dr. Ulrich Hagemann (University of Duisburg-Essen, CENIDE, ICAN,
47057 Duisburg, Germany) using a VersaProbe II microscope (UlvacPhi) with a monochromatic Al Kα source
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Figure 4.6: SEM images of (a) regular and (b) flattened Gr/Cu. Scale bars are 250 µm for main
images and 100 µm for insets. (c) Dependency of the relative success of transfer and
contact angle on flattening time of Gr/Cu. Error bars represent standard deviations.
Reproduced with permission. Copyright © 2020, the authors of ref. [209].
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on graphene after flattening, we compared the carbon signal originating from graphene to the
overall carbon intensity, as presented in Fig. 4.7 (d) for EVAC and various other materials.
Despite the direct contact to the EVAC-foil, graphene still contributes 48 % to the total C sig-
nal after being in contact with the EVAC foil for two days, which is a similar value when using
other polymer-based materials or aluminum. Interestingly, similarly processed Gr/Cu samples
flattened with a polycarbonate (PC) foil sometimes also allow successful transfers comparable
to the EVAC-flattened samples. Notably, the XPS spectra of EVAC- and PC- flattened Gr/Cu
are almost identical (see Supporting Information Fig. 6 of ref. [209]). Despite this, all other
Gr/Cu samples flattened with, e.g., polyethylene terephthalate (PET), aluminum or simply
old Gr/Cu sample not only show a signal of hydrophilic adsorbates, e.g., -COOH groups on
graphene as presented for PET-flattened Gr/Cu in Fig. 4.7 (c), but also displayed the same
ripping/crumbling behavior during the transfer as non-treated Gr/Cu."

Under consideration of the results obtained from contact angle and XPS measurements, it
is reasonable to assume that minor fragments of the EVAC foil adsorb onto the graphene and
improve its stability during transfer. Followingly, secondary ion mass spectroscopy (ToF-SIMS)
measurements were performed to further investigate the surface chemistry (measurements were
performed with a TOF.SIMS 5 from Ion-ToF and Bi3+ ions as projectiles).8 A first strong
indicator stressing the presence of fragments of the flattening foil attached onto the graphene
layer becomes evident when comparing the ToF-SIMS spectra for non-flattened and flattened
Gr/Cu in Fig. 4.8 (a) and the bare polymer foil in (b). The intensity pattern in vicinity to
a mass-charge ratio of 59 of flattened graphene and the foil is resembling and absent for un-
treated graphene. The mass-charge ratio of 59 can be attributed to acetate groups which form
the side chains of the copolymer. However, it is not the case that a continuous polymer film
is peeled off the EVAC-foil during the flattening step and would de-facto represent a hidden
polymer support layer. ToF-SIMS spectra in Fig. 4.8 (c) and (d) show that some EVAC-foil
characteristic mass-charge intensity patterns (marked in green) only appear when analyzing
the bare foil, which cannot be observed for neither flattened nor non-flattened graphene. The
improved properties during wet-chemical transfer are indeed expected to result from a selective
deposition of only fragments of the copolymer including characteristic acetate groups.

A direct comparison of the sensitivities of XPS and ToF-SIMS allows a rough estimate of
the amount of acetate groups that attach to a graphene layer. Since no characteristic finger-
print of the acetate groups was detectable during the XPS measurements (e.g., a signal from
C=O), but only the far more sensitive (ppb) ToF-SIMS measurements were able to detect their
presence, the density of acetate groups has to be comparable to ≈ 0.2 monolayer or less which
corresponds to the sensitivity of the XPS. With respect to the initial motivation of preparing
contaminant-free, suspended graphene layers for easier TEM analysis of ion induced defects,
the deduced 20 % graphene coverage by acetate adsorbates is likely to turn out even less.

8ToF-SIMS measurements were performed by Mr. Tobias Heckhoff, University of Duisburg-Essen, Faculty of
Physics and CENIDE, 47057 Duisburg, Germany
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Figure 4.7: XPS measurements of Gr/Cu samples that have been flattened before with various
materials. (a, b) With increasing flattening time of the EVAC-foil additional carbon
residues are deposited on graphene. (c) XPS spectrum of Gr/Cu after two days
of flattening using a polyethylene terephthalate (PET) foil. (d) Intensity ratio
of carbon signal originating from graphene compared to the total carbon signal
for differently treated Gr/Cu samples as a function of time. Reproduced with
permission. Copyright © 2020, the authors of ref. [209].
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Under worst circumstances only the acetate groups would adsorb, form a thin monolayer film,
and cover the largest possible area, i.e., covering 20 % of graphene. It is more likely that ad-
sorbates form clusters or that larger parts of the carbon-rich polymer main chain occasionally
adsorb, hence boosting the XPS intensity of the sp3-hybridized carbon signal while actually
being located within a small area.

Figure 4.8: ToF-SIMS spectra of 1-day-flattened and non-flattened Gr/Cu in (a), (c) and bare
EVAC-flattening foil in (b), (d). The data show the negatively charged ion spectrum
of the ToF-SIMS measurements. Reproduced with permission. Copyright © 2020,
the authors of ref. [209].

"A possible explanation for the increase of the mechanical stability after the EVAC-
flattening step is based on lowering the difference in surface energy of graphene and the etching
solution. If the difference in surface energy is small enough graphene would retain its shape
allowing a successful transfer. In case of a large difference in surface energies between graphene
and the etching solution, the system is expected to minimize its energy by reducing the surface
area of graphene causing it to crumble" - similar to what is known as the Volmer-Weber [232]
and Stranski-Krastanov [233] mechanisms during metal- and semiconductor thin film growth.
"To test our hypothesis, we probed the contact angle of calibrated liquids with flattened and
regular CVD graphene on copper. Generally, the interactions between a liquid and a solid
depend on the chemical structure of the adsorbate and adsorbent and can be divided into po-
lar and dispersive interactions. Polar interactions arise due to permanent or dipole-induced
interactions, hence, strongly depend on the chemical structure of the investigated materials.
Dispersive interactions on the contrary are caused by fluctuating electron densities and there-
fore are always present regardless of the chemical nature [234, 235]. Both the polar σp and
dispersive σd interactions contribute to the total surface energy σ of a liquid (subscript L) or
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solid (subscript S) and can be correlated according to the Owens-Wendt eq. 4.1 as:"

σL(cosθ + 1)
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Probing the contact angles θ of regular and flattened graphene with test liquids of known polar
and dispersive energy parts accesses the unknown surface energy contributions of graphene
and allows their determination according to eq. 4.1. The respective surface energy parts of
pure H2O, non-treated Gr/Cu, and flattened Gr/Cu (EVAC and PET once) are illustrated
in Fig. 4.9. The flattening pre-treatment does not match the surface energy contributions of
Gr/Cu to the respective values of pure water, against former expectations , but even increases
their difference (e.g., σ decreases from 40.6 mJ cm−2 to 37.8 mJ cm−2 for PET-flattened and
34.5 mJ cm−2 for EVAC-flattened Gr/Cu, respectively, compared to 72.8 mJ cm−2 for water.)
With this observation the general opinion, that it is the difference in surface tension which
causes the graphene to rip, can be refuted [227,236,237].

Yet, it is unclear why EVAC-flattened graphene performs peerlessly better than unmodi-
fied graphene or PET-flattened graphene during transfer. Taking a closer look at the relative
individual variations of σp and σd, it becomes more obvious why EVAC-flattened graphene
performs best. σd decreases by only 8 % and 14 % for PET- and EVAC-flattened Gr/Cu, re-
spectively. σp, however, is reduced by 29 % after PET- and even 76 % for EVAC-foil treatment.
Taking into consideration that polar and dispersive interactions predominantly interact with
their own kind and that σp constitutes 2/3 of water’s total σ [238], the flattening step and with
it the adsorbed acetate groups are believed to suppress especially the polar interaction between
graphene and water and hence prevent the graphene from ripping and crumbling during transfer
(refer to Supporting Information Fig. 8 of ref. [209] for individual measurements of the contact
angle for water, diiodmethane, and glycerol as test liquids).

Conclusion of Chapter 4 and Outlook for Chapter 5

An inexpensive and scalable approach to increase the stability and simplify the issue of handling
of single-layer graphene during wet-chemical transfer was presented. By decorating graphene’s
surface with functional acetate groups by reliably pressing an ethylene-vinyl acetate copolymer
foil onto graphene using a vacuum bag sealer, polar interactions between graphene and wa-
ter can be minimized and prevent the one atom thin layer from ripping and crumbling when
brought in contact with water.

Even though wet-transfer techniques in general are hardly applicable for membrane pro-
duction on an industrial scale, the investigated surface modification method can be used to
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4 Surface Engineering of Graphene

Figure 4.9: Surface energy measurements of flattened and regular Gr/Cu. Polar and dispersive
parts of surface energy of water, regular Gr/Cu, PET-, and EVAC-flattened Gr/Cu
substrates. Error bars represent standard deviations. Reproduced with permission.
Copyright © 2020, the authors of ref. [209].

produce extremely clean and nearly defect-free lab-scale graphene without being restricted to
only certain target materials during sample preparation. This again allows more precise and
reproducible research on, e.g., ion-graphene interaction by avoiding the aforementioned poly-
mer residues and the problems that come with them during microscopy.

Altering materials via surface modifications, however, is in no way restricted to single-layer
graphene even though its property of being nothing but surface surely increases the implica-
tions any surface modification has on its performance. Chemical variations of graphene, e.g.
graphene oxide, owe part of their unique properties to its functional groups as well. It is there-
fore even more interesting to fabricate a 3D material out of individual 2D layers, all of which
are chemically modified, to obtain a maximum of functional groups per volume while still pre-
serving the nature of the 2D building blocks. With this intention, the suitability of graphene
oxide fabricated as a membrane laminate and the influence of functional groups as well as its
2D-layered ground structure on selective proton transport through the membrane will be in-
vestigated in the following chapter 5 Graphene Oxide Membranes: Selective Proton Transport
for Hydrogen Generation. Similarities and differences to classical polymer-based materials that
are currently used in this energy-science relevant field of proton conducting membranes will be
discussed as well.
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5 Graphene Oxide Membranes: Selective
Proton Transport for Hydrogen Generation

Abstract - Graphene oxide certainly ranks among the most intensively studied membrane
materials in recent year and does not only share part of its name with 2D graphene, but also
its ability of being used as a membrane. While one of the crucial drawbacks of 2D graphene
membranes is its potential risk of ripping, hence forming a short-circuit at the breaking position
and rendering the membrane useless, graphene oxide membranes are fabricated as µm-thick
laminates and hence showing better mechanical stability. Numerous research articles have
shown exceptional filtration characteristics of graphene oxide. By stacking multiple µm2-large
ultrathin graphene oxide sheets on top of eacher, full membranes of graphene oxide can be
fabricated, which (just by the fabrication process) already display filtration properties and
do not require additional perforation steps. The vertical interlayer spacing of these layered
sheets determines the cut-off size of filtered particles. The ability to tune the interlayer spacing
further increases the number of possible applications. However, what has often been neglected
are graphene oxides natural surface charges and functional groups which open the door for non-
conventional ways of filtration. The following chapter investigates the suitability of regular, non-
modified graphene oxide membranes for the spatial separation of hydronium and hydroxide ions
revealing selective proton conducting properties of GO due by a combination of energetically
favored transport mechanisms and reduced interaction with the GO itself.

Parts of the following chapter are an adaptation of ref. [100] and have been reprinted with
permission from Madauß, L. et al., Selective Proton Transport for Hydrogen Production Using
Graphene Oxide Membranes. J. Phys. Chem. Lett. 2020, 11, 21, 9415-9420, https://doi.
org/10.1021/acs.jpclett.0c02481. Copyright © 2020 American Chemical Society.
Text passages that are reproduced literally are set in quotation marks.

69

https://doi.org/10.1021/acs.jpclett.0c02481
https://doi.org/10.1021/acs.jpclett.0c02481


5 Graphene Oxide Membranes: Selective Proton Transport for Hydrogen Generation

"The growing demand for energy and the urgency for clean and sustainable energy sources
has shifted the focus of research towards environmentally friendly ways of energy harvesting.
While new technologies and materials enable us to use green energy sources (e.g. sunlight,
geothermal heat, and wind) more efficiently, a still highly investigated and yet unsolved issue
remains the storage of energy for times of high demand [239, 240]. While electrical, electro-
chemical, and thermal energy storage offers advantages such as fast distribution and flexibility,
it also causes problems, including low storage capacity, demand for cost effective materials,
energy losses over time, and low conversion efficiencies [241,242]. A very promising alternative
lies in chemical energy storage in form of hydrogen (H2). Not only does H2 outmatch other
technological approaches in terms of energy density, but it also offers one of the highest storage
capacities and can be re-electrified in fuel cells or burned in combined gas power plants at
any time [243, 244]. The most common methods for H2 production rely on light hydrocarbons
(e.g., steam reforming of methane [245] and coal gasification [246]). Because of environmental
regulations and the search for environmentally friendly alternatives for H2 production, other
approaches have developed, with the most popular ones being the fields of electrolysis [247,248]
and solar water splitting [249, 250]. Especially the field of photocatalytic water splitting has
been gaining attention in recent years because, unlike electrolysis, it does not require electrical
power and thus may present an easier and more direct source for generation of hydrogen.

In the following, we will apply TiO2 nanoparticles as a well-known photocatalyst for split-
ting H2O under light illumination into H+ and OH− ions [251,252]. One of the main challenges
of photocatalytic water splitting, however, is the spatial separation of the H+ and OH− ions.
Ion separation by regular size exclusion using porous membranes poses a barely unbreachable
obstacle due to the minimal size difference of 0.18 Å in their hydrated radii (2.82 Å for H3O+ and
3.00 Å for OH−, respectively) [253]. Solely relying on proton-conducting polymer electrolyte
membranes (PEMs) made of perfluorinated polymers (e.g., Nafion® membranes) for ion sepa-
ration involves economic drawbacks due to a high production price, toxic chemicals involved in
the preparation process, and loss of its proton conductivity at higher temperatures [254–258].

[...] With the discovery of two-dimensional (2D) materials, the focus of membranes and
PCM-based research has largely shifted towards this new class of materials [259–263]." While
single-layer graphene was the first and only material in the focus of membrane related research
in the beginning, other intriguing and promising materials as well as material modifications
suitable for membrane fabrication have emerged and been studied intensively [264–269]. Es-
pecially graphene oxide (GO) membranes, fabricated by stacking individual GO sheets on top
of each other to form arbitrarily large laminates, have shown promising characteristics for fil-
tration [15, 17, 102, 270, 271]. Compared to truly 2D materials, GO membranes do not require
additional perforation steps, as their ability to filter is already given by its as-prepared struc-
ture and largely governed by the interlayer spacing of adjacent individual GO sheets. "As their
distance of ~0.8 nm for dry, non-reduced GO is strongly influenced by the presence of oxygen-
containing groups (e.g., carboxyl, hydroxyl, and epoxy groups), reducing the GO and hence
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partially removing its functional groups enables tuning of the interlayer distance - an effect that
one may use to tune the filtration characteristics of the membrane [19,103]. [...] This approach
of filtration by classical size exclusion, however, is not applicable when the particle sizes barely
differ or are even identical, as in the case of water’s natural ions H3O+ and OH−. Instead of
altering the interlayer spacing or reducing GO, we operate with regular GO membranes that
exhibit interlaying spacings much larger than the hydrated radii of the ions." Considering GO’s
negative surface charges [272], the importance of its functional groups and their electrostatic
interaction with ions, unmodified GO may present a real alternative to classical polymer-based
proton conducting materials. The cross-linked water cluster networks in current state-of-the-
art perfluorinated PEMs are in striking resemblance to GO’s laminated structure and its water
filled channels, which could provide similar frame conditions for proton transport. Contemplat-
ing the chemistry of, e.g., Nafion® membranes (with its hydrophobic perfluorinated backbone
(PTFE) and perfluorovinyl ether side chains terminated with sulfonic acid groups (SO3H)) and
the proposed arrangement of these polar and charged acids groups as shown in Fig. 5.1 (a),
proton transport within these water filled clusters throughout the polymer matrix is similar to
the water transport mechanism in GO as shown in (b), where interlayer spacings too fill with
water when exposed to water or humidity [273].

Figure 5.1: (a) Polymeric backbone and -SO3H terminated side chains of Nafion® membrane.
Loosely bound hydrogen ions provide transport pathways for cations. Hydronium
ions can also move via the Grotthuss mechanism through water filled clusters. (b)
Water filled channels in GO membranes exhibiting a similar hydrogen bond network
as in per-fluorinated sulfonic acid membranes.
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5 Graphene Oxide Membranes: Selective Proton Transport for Hydrogen Generation

Only recently it was shown by Mouhat et al. that GO acquires an average negative charge of
-6.56 mC cm−2 when immersed in water [274], which not only promotes cation selectivity as the
-SO−

3 groups do in Nafion® membranes but also exceeds the cation exchange capacity (CEC) of
those. The CEC is a measure of the capacity of a soil to hold exchangeable cations on its surface
via electrostatic interaction. Values of 0.92 mmol(charge)

g are typical for Nafion® membranes.
Expanding the charge-area density for GO to a charge-volume density for comparison with
Nafion® membranes, much larger values (x104) are obtained for GO (considering a thickness
of graphene oxide of 0.34 nm and a wet interlayer spacing of 1.2 nm). In fact, Karim et al.
reported proton conductivities of 10 S/m for pure GO [275], whereas Liu et al. even observed
values as large as 56.4 S/m at 80 ◦C in aqueous solution along with good thermal stability for
bismuth oxide/GO composite membranes [276]. Humidified Nafion® membranes for comparison
operate at around 10 S/m and only rarely reach proton conductivities of 30 S/m [277].

The measurement setup used during this thesis is shown in Fig. 5.2 (a). "The central
elements are (1) a light emitting diode (LED) of 385 nm wavelength, (2) & (5) two platinum
(Pt) wires serving as electrodes for the transmembrane measurements, (3) a glass slide covered
with TiO2 (anatase) nanoparticles,9 (4) the GO membrane on a porous PVDF support attached
onto a porous aluminum (Al) membrane for mechanical support, and (6) & (7) two additional
Pt electrodes located in the chamber behind the membrane. The second set of Pt electrodes, (6)
& (7), will later on be used exclusively in the experiment to characterize the conductance of the
water after ions have passed through the GO membrane. The water inside the cell (18.2 MΩ cm
resistance and 2 ppb organic contaminants) is replaced by fresh water after each measurement.
H3O+ and OH− ions are created at the TiO2 catalyst-water interface via photocatalytic water
splitting. The overall standard potential of the cell adds up to -1.23 V meaning that the desired
reaction is non-spontaneous and energy has to be delivered to the system." The 3.2 eV large
band gap of the TiO2 photocatalyst is accounted for by the 385 nm UV LED, which drives
the chemical reactions according to 2H2O ↔ O2 + 4H+ + 4e− and 4H+ + 4e− ↔ 2H2 with
potentials of -1.23 V and 0 V relative to the standard hydrogen electrode (SHE), respectively.
"Also, to avoid instantaneous recombination of the H3O+ and OH− ions, we apply a small
voltage of 1.1 V at the platinum electrodes (this voltage was chosen because it is sufficiently
below the theoretical value of 1.23 V where electrolysis begins). Additionally, the applied bias
forces either one of the ions through the membrane, and hence, by measuring the overall current
between anode and cathode with varying polarity, we can obtain information on whether either
one of the ions propagates more easily through the membrane. If the potential is negative on
the right side in Fig. 5.2 (b), H3O+ ions are forced through the membrane, and if the potential
is positive, OH- ions pass the membrane. Therefore, the measured current gives information
about the mobility of the ions through the membrane.

9Preparation of the TiO2 nanoparticles was done by Dr. Kirsten Dunkhorst - University of Duisburg-Essen,
47057 Duisburg, Germany. The particles had an average diameter of 50 nm.
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Figure 5.2: Experimental setup and diffusion principle of hydronium and hydroxide ions. a)
Schematic drawing of the modified fuel cell used in this work. A GO mem-
brane serves as the membrane element to spatially separate H+ and OH− ions.
b) Schematic of water splitting mechanism and half-cell reactions. H2O is split into
OH− and H+ at the TiO2 surface with the necessary energy for H2O splitting being
provided by excited charge carriers in the TiO2. H+ and OH− are then driven to the
respective electrodes (H+ to negatively biased cathode to form molecular hydrogen
and OH− to positively biased anode to form H2O and molecular oxygen). The GO
membrane serves as an additional barrier for H+ or OH− depending on the polar-
ity of the electrodes. Reproduced with permission. Copyright © 2020, American
Chemical Society [100].

The GO membranes were prepared by starting with the synthesis of graphite oxide as a
starting material according to Hummer’s method.10 Here, natural graphite is oxidized with a
KMnO4-to-graphite ratio of three by weight [278]. The solution was then sonicated to exfoliate
the graphite flakes into mono- and few-layer graphene flakes. The solution was further refined
by centrifugation. Finally, the GO solution was filtered through Millipore PVDF membranes
with 0.22 µm pores in order to obtain supported GO membranes with a thickness of approx.
2.4 µm [15]" (Supporting Information Fig. S1 (a) of ref. [100] present exemplary SEM images).

The chemical and crystalline properties of the GO membranes were tested prior to the
experiments. X-ray photoelectron spectroscopy (XPS) data presented in Fig. 5.3 (b) confirm
a high number of hydroxyl-, epoxyl-, and carboxyl-groups as expected for non-reduced GO.
X-ray diffraction (XRD) measurements were used to determine the interlayer spacing of the
GO membranes in the dry state as well as in the wet state, which amounted to 0.8 nm and
10GO membrane preparation was performed by Prof. Dr. Rakesh Joshi and Mr. Tobias Foller, School of

Materials Science and Engineering, University of New South Wales, Kensington, New South Wales 2052,
Australia
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1.2 nm, respectively (refer to Supporting Information Fig. S1 (b) of ref. [100] for additional
XRD data).

Figure 5.3: Characterization of interlayer spacing and chemical composition of GO membranes.
a) XRD measurements of dry and wet GO membranes showing an increase in inter-
layer distance of GO laminates for the wet state. b) XPS measurements of the C1s
peak of GO. Reproduced with permission. Copyright © 2020, American Chemical
Society [100].

After establishing a suitable measurement setup and verifying GO’s chemical stability when
fully immersed in water for several days, diffusion experiments under the conditions described
above were conducted. Fig. 5.4 (a) presents the evolution of the cell current I over time both for
a polarization of the electrodes supporting H3O+ (red curve) and OH− transport (blue curve)
through the GO membrane. Even though an initial drop in current is observable during the first
30 min (which results from ionic residues still present in the water adsorbing at the electrodes,
hence decreasing the overall conductivity - see Supporting Information of ref. [100] for additional
characterization), two very different behaviors depending on the polarity can be observed: (i)
after reaching equilibrium, the current is nearly four times higher when driving H3O+ ions
through the GO membrane than for switched polarity and having OH− ions move through the
laminate, (ii) the evolution of current for both polarities differs, i.e., a gradually increasing
current is observable for H3O+ diffusion through the membrane, whereas the conductivity for
the OH−-favored polarity gradually decreases over time.

Even though the identical number of photocatalytically generated charge carriers are given
at the same position within the setup, H3O+ diffusion through the GO membrane is clearly
favored and leads to an overall smaller resistance of the cell supporting the initial hypothesis
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of selective proton transport. These observations cannot be accounted for by a classical size
exclusion mechanism as GO’s interlayer spacing of 1.2 nm in the wet state is significantly larger
than the hydrated radii of the respective ions. It is worth noting that the measured value of
1.2 nm is a very conservative estimate since considerably larger interlayer spacing of up to 6 nm
have been measured when the GO is immersed in water for several hours [271,279]. Using a non-
porous aluminum support as reference leads to a cell current close to zero (black curve in Fig.
5.4 (a)), which rules out any possibility of leakage current and verifies that the observations
which have been made are due to a selective ion transport behavior of the GO membrane.
Additional reference measurements without a GO membrane show an identical behavior of
the current regardless of the electrodes’ polarity under otherwise same measurement condition.
The influence of the TiO2 nanoparticles, their degradation over time, gradual adsorption of
CO2 and organic contaminations, and the influence of contaminated water are accessible in
the Supporting Information of ref. [100] (Fig. S2, S3, S5, and S6). None of these external
influences, however, contradict or falsify the measurements shown here.

Figure 5.4: Cell-current measurement for different polarities. a) Current measurements over
the cell for different polarities facilitating H3O+ drift (red) and OH− drift (blue)
through the GO membrane. Reference measurement with a non-porous Al plate
instead of the GO membrane is shown in black. Each measurement is the mean
of two independent measurements all conducted with the same GO membrane. b)
Additional, independent measurement similar to a) except that current was now
measured in the half-cell behind the GO membrane for different polarities facilitat-
ing H3O+ drift (red) and OH− drift (blue) through the GO membrane. The current
is always larger for H3O+-drift polarity. Reproduced with permission. Copyright ©

2020, American Chemical Society [100].
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"Our results may be best explained by the negatively charged surface of GO. In fact, it has
recently been shown by Zhang et al. that by manipulation of the charge of GO, controllable
cation or anion transport (in their study, much larger ions were tested, e.g., Mg2+, Cl− or
SO2−

4 ) through the GO can be realized [280]. The movement of ions inside the GO channels
is strongly affected by the presence of GO functional groups and water molecules. Water
molecules can attach to those hydrophilic groups and form a homogeneous hydrogen-bonding
network that enables charge transport of the hydronium and hydroxide inside the GO according
to the Grotthuss mechanism [281,282]."

To further verify the proposed suitability of GO laminates as proton selective membranes,
the aforementioned second set of Pt electrodes is now added to the second chamber of the
setup (parts (6) & (7) in Fig. 5.2), which allows to characterize the conductivity of water
only in this half-cell. The measurement configuration and the acquired data are shown in
Fig. 5.4 (b). Measurements are taken for a positive and negative trans-membrane voltage,
enabling H3O+ and OH− diffusion, by turns. Similarly to Fig. 5.4 (a), a voltage of 1.1 V
was applied across the electrodes no. 2 & 5 first. After letting the system reach equilibrium
electrodes no. 6 & 7 are biased in order to measure the current only within the half-cell after
H3O+ and OH− ions have already passed through the GO membrane. "In agreement with our
previous measurements, we observe a permanently higher current when promoting H3O+ drift
through the GO membrane (the current is approximately 50 % larger for H3O+-favored polarity
than for OH−-favored polarity throughout the measurement). This analysis unambiguously
shows that the contribution of H3O+ ions to the overall charge flow is significantly enhanced
compared to the OH− drift. [...]

To compare our experimental findings and test the possibility of Grotthuss mechanism
for ion diffusion, we carried out density functional theory (DFT) calculations to assess the
hydronium and the hydroxyl ion diffusion processes through GO layers (see experimental and
computational methods section in the Supporting Information of ref. [100]).11 It is known that
the space between GO layers consists of a network of water molecules that are attached to
GO nanosheets through hydrogen bonding [283]. It is also known from previous experimental
studies that GO primarily contains epoxy and hydroxyl functional groups [284]. With this
information, we tested the diffusion of the two ions assisted by the interlayer water network
(Fig. 5.5 (a) and (d)), hydroxyl (Fig. 5.5 (b) and (e)) and epoxy functional groups (Fig. 5.5 (c)
and (f)). Previous ab initio molecular dynamic simulations have shown that the hydronium
and the hydroxyl ions most frequently diffuse via H double jumps [285] as depicted in Fig.
5.5 (a) and (d) for example. Hence, we considered this diffusion behavior to compare their
energetics.

11DFT simulations were performed by Dr. Priyank V. Kumar - School of Chemical Engineering, University
of New South Wales, Kensington, New South Wales 2052, Australia and Dr. Tiziana Musso - School of
Materials Science and Engineering, University of New South Wales, Kensington, New South Wales 2052,
Australia
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Figure 5.5: DFT calculations of the interaction of hydronium and hydroxide ions with GO.
Structural configurations used to model the diffusion of a hydronium ion assisted
by a) the water network present within the GO sheets, b) a hydroxyl functional
group, and c) an epoxy functional group present in GO. Corresponding structural
configurations for hydroxide ion diffusion are shown in d), e) and f), respectively.
These diffusion processes occur through double (a, b, d, e) and single (c, f) H jumps
as indicated by curved arrows. The activation barrier Eb and the enthalpy of the
reaction ∆H are given for each diffusion process. C, O, and H atoms are repre-
sented by brown, red, and white spheres, respectively. Reproduced with permission.
Copyright © 2020, American Chemical Society [100].

Clearly, our calculations show that the barrier for hydronium ion diffusion (0.35 eV) is
much less than the barrier for hydroxide ion diffusion (2.20 eV) through the water network
for a similar coordination structure. Similar calculations in the case of ion diffusion assisted
by a hydroxyl functional group on GO reveal that the hydronium ion diffusion has a lower
activation barrier (1.97 eV) than the hydroxide ion diffusion (2.16 eV). However, we note that
this value is much higher than its corresponding value in the case assisted by water, thus making
hydronium ion diffusion through water molecules more favorable than that assisted by hydroxyl
groups. As for the case of ion diffusion assisted by the epoxy groups on GO, we consider only
H single jumps since an epoxy group lacks a H atom. We find that the transfer of H from a
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hydronium ion to the epoxy group leads to the formation of a very stable configuration that is
3 eV lower in energy. Therefore, it is unlikely that this transferred H would further hop onto
a nearby water molecule, thereby making hydronium ion diffusion assisted by an epoxy group
unfavorable. Similarly, a hydroxide ion would require a H jump from a nearby water molecule,
and this process is found to be largely unfavorable, as a high activation barrier (2.23 eV) as
well as an enthalpy increase of 1.77 eV needs to be overcome. [...] Taken together, our DFT
results show that hydronium ion diffusion is more favorable than hydroxide ion diffusion and
that this is most likely to happen through diffusion along the hydrogen-bonded water networks
rather than being assisted by the oxygen functional groups of GO."

Conclusion of Chapter 5 and Outlook for Chapter 6

The suitability of regular, non-modified GO as a potential proton selective membrane material
was investigated. By generating H3O+ and OH− ions via photocatalytic water splitting and
studying their transport behavior through a GO laminate by turns, a higher mobility of H3O+

ions over OH− ions was observable and can be correlated with an energetically favored transport
described by the Grotthuss mechanisms. GO’s functional groups, however, were shown to
influence the ions’ transport only weakly.

GO laminates display intriguing properties and certainly have the potential of being used
as a low-cost and efficient proton conducting material. Diffusion of H3O+ ions through a GO
membrane may even be realized without applying external electrical fields provided that the
gradient in ion concentration across the membrane is large enough. This indeed would be
an extremely clean and sophisticated way for hydrogen ion generation, separation, and finally
hydrogen gas production. Considering the fact that experimental conditions were chosen to
meet requirements for a first proof of concept, hence giving much room for further improvement
(e.g., using a more efficient photocatalyst, optimizing catalyst-membrane distance, minimizing
cell-volume, etc.), the idea of spatially separating hydronium and hydroxide ions with GO
membranes may find industrial application in the future.

The following chapter 6 Electronic Excitation and Perforation of Single-Layer MoS2 shifts
the focus of this thesis away from organic membrane materials and addresses an inorganic
2D material which originally received much attention due to its (opto-)electronic properties:
Single-layer MoS2. However, various research articles have also shown and predicted its superior
performance over many other 2D materials when utilized as a porous membrane [33,115,286].
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6 Electronic Excitation and Perforation of
Single-Layer MoS2

Abstract - Part of the reason why the interest in 2D materials is still growing is the idea to
use them as filtration membranes. Their atomic thickness promises exceptionally high perme-
abilities outmatching current state-of-the-art membranes. Several techniques for perforation
have been introduced - all of which either lack the ability of controlled defect creation or the
possibility of up-scaling. The following chapter therefore investigates the suitability of ion ir-
radiation of suspended single-layers MoS2 for controllable and adjustable pore creation. To be
more precise, defect creation is achieved by electronic excitation of the MoS2 lattice after SHI
and HCI irradiation mainly due to the possibility of depositing larger amounts of energy into
the 2D material compared to regular keV ion bombardment. Various SHIs covering an energy
loss range from 5 keV/nm to 32 keV/nm in MoS2 were used for defect creation as well as highly
charged Xe ions with a fixed Ekin of 180 keV and varying Epot between 5 keV and 40 keV.
In both cases, dependencies of the pore radius r on the energy loss dE/dx and charge state
q for SHI and HCI, respectively, are observable. However, it is worth noting that despite an
allegedly similar excitation mechanism of SHI and HCI a very different threshold behavior for
defect creation and defect creation efficiency is found.

Experimental and theoretical data on HCI perforated MoS2 can be found in ref. [287] and
has been reprinted with permission from Kozubek, R. ... Madauß, L. et al., Perforating Free-
standing Molybdenum Disulfide Monolayers with Highly Charged Ions. J. Phys. Chem. Lett.
2019, 10, 5, 904-910, https://doi.org/10.1021/acs.jpclett.8b03666, Copyright ©

2019 American Chemical Society.
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6 Electronic Excitation and Perforation of Single-Layer MoS2

The majority of research publications addressing single-layer MoS2 after discovering its thermo-
dynamic stability under ambient conditions have focused on its exciting (opto-)electronic [104]
and catalytic properties [288]. Its utilization as a membrane has been investigated only little
even though the amount of attention dedicated to membrane applications is increasing. Those
experiments investigating porous single-layer MoS2, however, often deal with point-vacancies
introduced by keV-ion irradiation [34], non-scalable approaches (e.g., pore drilling via an elec-
tron beam) [60] or cover pore sizes way beyond 10 nm and therefore out of the scope of this
thesis [289]. As has been shown in previous studies, SHIs and HCIs are both scalable and reli-
able tools for nanostructuring 2D materials and shall therefore be used to perforate single-layer
MoS2 and study its response to electronic excitation [31,211,290].

To fabricate suspended MoS2, it is grown on a SiO2 substrate via the CVD process discussed
in chapter 2.4.2 first and subsequently transferred onto a transmission electron microscopy
(TEM) mesh (QUANTIFOIL® Holey Carbon Gold Grids). A schematic of the transferred
single-layer MoS2 and an optical image of it is shown in Fig. 6.1 (a) and (b), respectively.
The inset in (b) shows the porous structure of the support grid which allows TEM microscopy
images to be taken of material suspended over 1.2 µm large holes.

Figure 6.1: (a) Schematic and (b) optical image of single-layer MoS2 on a porous TEM grid
used for SHI and HCI irradiation experiments.

Representative data of pristine, HCI-, and SHI-irradiated layers are shown in Fig. 6.2.
Images were recorded with a scanning transmission electron microscope (STEM) with a high-
angle annular dark-field (HAADF) detector at the University of Vienna (aberration-corrected
Nion UltraSTEM 100 microscope).12 Pristine MoS2 shows the expected hexagonal lattice with
Mo and S atoms observable as brighter and darker spheres, respectively. An exemplary image
is presented in Fig. 6.2 (a). No intrinsic defects are noticeable prior to irradiation. Following
HCI irradiation, round shaped pores with a charge state dependent radius are induced into

12HAADF-STEM images were recorded by Assoc. Prof. Dr. Jani Kotakoski, Dr. Mukesh Tripathi, and
Mr. Rajendra Singh - University of Vienna, Physics of Nanostructured Materials, Boltzmanngasse 5, 1090
Vienna, Austria
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the MoS2 as shown in Fig. 6.2 (b)-(d). Interestingly, for all HCI charge states, a residual
polycrystalline structure is occasionally formed at the edges of a MoS2 pore as exemplarily
shown for Xe40+ ions in (d) (refer to Supporting Information Fig. S4 & S5 of ref. [287] for
additional information). Further investigation has shown that these are Mo clusters most likely
formed from sputtered Mo atoms.

The situation behaves similar for SHI irradiated single-layer MoS2. Again, ion impacts
induce round shaped pores whose radii depend on the ions’ initial properties. In contrast to
HCI perforated MoS2 where the Mo clusters occasionally appear at some pores (more or less
independently on the ions’ charge states), the process behaves differently for SHI irradiation.
Fig. 6.3 demonstrates the appearance and disappearance of Mo clusters located at pore edges
depending on the ions’ properties. Clusters already form for 109I 0.1 MeV/u ions - even though
their number is quite small as shown in Fig. 6.3 (a). For 129Xe 0.71 MeV/u ions, whenever
a MoS2 pore is created it shows at least one or even two Mo clusters. Exemplary images are
presented in Fig. 6.3 (b). With an even higher energy loss, e.g., by using 136Xe 6.2 MeV/u ions
the Mo cluster disappear completely leaving only pores behind without any Mo agglomerates.
Though, it is not known yet whether the disappearance of these Mo cluster is a gradually
occurring phenomenon, observable once exceeding the energy deposition of 129Xe 0.71 MeV/u
ions, or if a sharp threshold is involved.

Figure 6.2: STEM image of (a) pristine single-layer MoS2 showing its hexagonal atomic lattice.
(b)-(d) HCI irradiation performed with Xe20+, Xe33+, and Xe40+ on MoS2 [287].
(e)-(g) SHI irradiation performed with ions of different energy loss. For both ion
types, a dependency of the pore radius on their respective properties is observed.
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6 Electronic Excitation and Perforation of Single-Layer MoS2

Figure 6.3: Formation of Mo cluster depending on the irradiation conditions. (a) SHI irradiation
with 109I 0.1 MeV/u occasionally results in the formation of Mo clusters. (b) 129Xe
0.71 MeV/u practically always generate at least one Mo cluster at the pore edges.
(c) MoS2 pores generated with 136Xe 8.3 MeV/u ions never show Mo clusters.

It is certainly interesting to compare the pore size histograms of HCI and SHI induced
pores in single-layer MoS2. Some of the pore size distributions from HCI and SHI perforated
single-layer MoS2 are shown in Fig. 6.4. Taking a closer look at the pore size histograms of HCI
perforated MoS2 in (a), distributions noticeably shift to larger a pore radius r and generally
display a broader width for increasing charge states. A similar observation can be made for
SHI perforated samples. As expected, a larger energy loss dE/dx of the ion (calculated with
SRIM software [143]) results in a larger r and increasing distribution width.

Figure 6.4: Pore size histograms of (a) HCI (Xe) and (b) SHI irradiated MoS2. A minimum of
200 pores were evaluated for each HCI charge state and SHI dE/dx stopping force.
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Note that HCI generated pores are more uniform than those generated by SHI irradiation
which is reflected in a narrower pore size distribution. This even applies for those HCIs and SHIs
that induce MoS2 pores of comparable size (e.g., Xe40+ with a (2.67 ± 0.3) nm pore radius and
129Xe 0.71 MeV/u with a (2.62 ± 0.69) nm pore radius). One may speculate what the reason for
this observation is since both ion types predominantly interact with the electronic system of the
target material. Comparing typical time scales of electronic polarization with the interaction
time of a HCI and a surface, it becomes obvious that both processes operate on a 10−15 s
timescale. Given the high potential energy of a HCI and its relatively low velocity, electrons
within the MoS2 have enough time to reposition themselves such that every HCI experiences
a similar or at least comparable electron density during impact. SHI on the other hand are
considerably faster which leads to a reduced interaction time with the 2D material. Due to
spontaneous and induced dipoles, which are always present regardless of external fields and may
alter the electron distribution of the material for a short amount of time, or simply due the
equilibrium electron density distribution, a SHI could potentially encounter an electron-depleted
MoS2 region within its interaction time leading to a smaller pore radius whereas another SHI
reaches an electron-accumulated position which allows much stronger interaction causing the
formation of larger pores. With respect to this argumentation, a visualization of the charge
density distribution of pristine single-layer MoS2 (from the area highlighted in (b) with a black
square), is given in Fig. 6.5 (a). The data underlines that electrons in monolayer MoS2 are not
evenly distributed, but that they tend to accumulate especially near the S atoms (and slightly
less the Mo atoms), hence forming what is referred to as a volcanic-cone-like profile [291].

Figure 6.5: (a) Density profile of the intrinsic electric charge in an infinite pristine MoS2 mono-
layer. (b) Atomistic structure of the monolayered MoS2. The solid lines highlight
the squared zone in which the charge density profile is depicted in (a). Reproduced
with permission. Copyright © 2018, the authors of ref. [291].
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6 Electronic Excitation and Perforation of Single-Layer MoS2

Figure 6.6: Comparison of pore radii r and pore creation efficiencies in single-layer MoS2 af-
ter HCI and SHI irradiation. Efficiency error bars result from inaccuracies of ion
fluence. Pore radii error bars represent standard deviations.

A more extensive analysis of pore sizes and pore creation efficiencies can be found in
Fig. 6.6 for HCI generated pores in (a) and (b) as well as for SHI generated pores in (c) and
(d). Starting with the perforation of single-layer MoS2 by HCI irradiation, the pore radius r
and efficiency is plotted as a function of the HCI’s potential energy Epot (lower x-axis) and the
charge state q (upper x-axis) at a constant Ekin of 180 keV. r displays a linear dependency on
Epot with a slope of (6.04 ± 0.32) 10−2 nm/keV. Extrapolation to q = 0 yields an offset of (0.27
± 0.06) nm corresponding to the smallest size of a pore that would be induced into a MoS2

monolayer after interaction with a neutral 180 keV Ekin Xe atom, which is in good agreement
to theoretical predictions [292]. Similarly, the pore creation efficiency increases nearly linearly
with larger q from below 20 % to almost 100 % for a charge state of 5+ and 40+, respectively.
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Before comparing these results to SHI generated pore sizes, further attention should be
paid to the defect creation mechanism during HCI irradiation. The total deposited energy Edep

can be described with eq. 6.1

Edep(q) =
(
dE

dx

)
n

(q) +
(
dE

dx

)
e

(q) + Edep
pot (q), (6.1)

with Edep
pot (q) being the amount of potential energy introduced into the MoS2 and (dE

dx
)n,e(q)

representing a charge-state dependent nuclear and electronic stopping force, respectively. To
address the importance of (dE

dx
)e(q) and Edep

pot (q) and especially their dependency on q, molecular
dynamics (MD) simulations with a charge state-independent (dE

dx
)e(q) and without considera-

tion of the ion’s charge state were performed.13 Because sputtering is usually driven by nuclear
stopping, defect creation with charge state dependent (dE

dx
)n(q) was used. The results are pre-

sented in Fig. 6.7 [287]. Even though a minimal increase in r is obtained due to a charge state
dependent (dE

dx
)n(q) the discrepancy to the experiment stresses the importance of implementing

both a charge state dependent (dE
dx

)e(q) and Edep
pot (q) into the simulations. This, however, is

quite challenging since sufficient data is not available on this topic yet and only a few first
results have been published so far addressing charge-state dependent transmission and interac-
tion mechanisms of HCIs with graphene and single-layer MoS2 [167,168].

Nevertheless, a closer look at the atomic structure of HCI irradiated MoS2, as shown in
Fig. 6.7 (b) for two independent simulations, reveals similar results which have been made in
the SHI related experiment as well. A clear accumulation of Mo atoms located next to the
pores (red areas) are observable. As stated before in section 2.3.3 on p. 22, Mo-enriched pores
in MoS2 are highly beneficial and promise a higher water flux than regular pores.

We now turn to the dependency of the pore radius and creation efficiency for different
SHIs with varying stopping forces dE/dx in suspended single-layer MoS2, which is presented in
Fig. 6.6 (c) and (d) next to the results of the HCI irradiation experiments.14 The first striking
difference for SHI interaction with MoS2, is the pore threshold behavior for small dE/dx values
in (c). To be more precise, suspended single-layer MoS2 does not show any signs of perfora-
tion after irradiation with 28Si 0.18 MeV/u ions (corresponding to a dE/dx of 4.1 keV/nm)
demonstrating that no pore creation is obtainable for stopping forces up to this value. This
is very different to the results presented for HCI irradiation where no such threshold behavior
was observed within the range of investigated Epot and no indication hints towards a thresh-
old for ions with a q smaller than 20+. A slightly larger dE/dx of 5.1 keV/nm, however,

13MD simulation where performed by Mahdi Ghorbani-Asl, Silvan Kretschmer, and Arkady V. Krasheninnikov
- Institute of Ion Beam Physics and Materials Research, Helmholtz-Zentrum Dresden-Rossendorf, 01328
Dresden, Germany

14Additional SHI data acquired after submission of the thesis suggest a different relation to the one shown here.
A manuscript containing respective data will be submitted soon.
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6 Electronic Excitation and Perforation of Single-Layer MoS2

Figure 6.7: (a) Average pore radius in MoS2 as function of the potential energy obtained by
STEM measurements (black) and by MD simulations (orange). The discrepancy
between the data sets decreases with decreasing Epot until the extrapolated values
at Epot = 0 keV are nearly identical. Error bars represent standard deviations. (b)
Two independent MD results of irradiated single-layer MoS2 after simulating an
impact of a Xe40+ ion with a Ekin of 180 keV. Both the atomic structure and the
density of Mo atoms are shown. Reproduced with permission. Copyright © 2019,
American Chemical Society [287].
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already leads to pores in single-layer MoS2 with 1.1 nm radius. Considering the slope of only
(0.09 ± 0.01) nm/(keV/nm) of the linearly fitted data points in Fig. 6.6 (c), it is highly unlikely
not to expect a threshold located in between dE/dx values of 4.1 keV/nm and 5.1 keV/nm to
justify the sudden increase in pore size. Stopping forces associated with a deposited energy
below this certainly insufficient value of 4.1 keV/nm are highlighted in red in Fig. 6.6 (c). The
actual threshold is expected to be located within the dE/dx range marked in light-red.

Another unexpected observation was made for the data point highlighted in blue (corre-
sponding to 132Xe 8.3 MeV/u). Due to the unique nature of the dependency of dE/dx on Ekin

and the velocity effect associated with it, the linear fit shown here only considers ions whose
dE/dx either lie on the left flank of their respective dE/dx-Ekin curve or in close vicinity to
their respective Bragg-peak (close vicinity refers to a deviation of the ion’s dE/dx of less than
3 % to its maximum). The data point marked in blue does not fulfill these requirements as
it deviates by almost 10 % from its max. dE/dx. Still, the comparison of the blue marked
data point (126Xe 8.3 MeV/u, dE/dx of 22.75 keV/nm) with the one to slightly larger dE/dx
(136Xe 6.23 MeV/u, dE/dx of 23.8 keV/nm) illustrates the implications of the velocity effect and
the radial distribution of energy after perpendicular SHI impact. Even though the calculated
energy losses are almost identical deviating by less than 3 %, the respective pore radii differ by
more than 20 %.

It is worth comparing the respective deposited energy densities e, which have been calcu-
lated in the following by taking the ratio of dE/dx normalized to the thickness of single-layer
MoS2 (0.65 nm) and the experimentally obtained pore radius r. Certainly, some assumptions
have been made: i) all of the deposited energy is used for pore creation, ii) the deposited energy
density is independent on the distance d of the ion impact, hence a constant radial energy loss
distribution dE/dx(r) is assumed. Especially the latter assumptions involve inaccuracies. Still
the deposited energy densities give a first explanation for this observation and are summarized
in table 6.1 along with various properties of the two aforementioned SHIs. The first column
refers to the ions’ properties, the second and third ones state their energy losses in MoS2 and
percentual differences to their max. energy loss, respectively (negative values describe dE/dx
values located to the right of the Bragg-peak). The fourth column shows the pore radius r.
With assumptions i) and ii) made, the final column shows the mean deposited energy density
for the two ions. It is apparent that the 132Xe 8.3 MeV/u ion disperses its energy over a larger
area leading to a smaller energy density. In bulk materials this may lead to an insufficiently
damaged core track [145], however, if the threshold for pore creation in 2D MoS2 is exceeded
nevertheless, every additional portion of energy distributed close to the ion impact is wasted
as it does not contribute to an increase in pore size.

Finally, the pore creation efficiency for SHI irradiation shall be discussed and compared
to HCI irradiation. While the efficiency for HCI irradiation reaches nearly 100 % for Xe40+

ions with an increase in efficiency of 2.1 %/keV, considerably lower values are obtained for any
SHI investigated so far. Even though a general dependency can be established and higher pore
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Ion properties dE/dx [keV/nm] ∆(dEBragg/dx) [%] r [nm] e [keV/nm2]
132Xe 8.3 MeV/u 22.75 -8.0 3.55 0.37

136Xe 6.23 MeV/u 23.80 3.6 2.80 0.63

Table 6.1: SHI properties and energy loss density for pore creation in single-layer MoS2.

creation efficiencies are obtained for increasing dE/dx with a slope of 1 %/(keV/nm), it is still
surprising why efficiencies do not reach values comparable to those of HCI irradiation, even
though pore sizes are the same or even larger. Similar to the previous discussion addressing
why pore size distributions of SHI perforated MoS2 tend to be broader than those of HCI irradi-
ated MoS2, SHI impact locations and the electron density of MoS2 at those respective positions
might be the reason once again. Following this hypothesis that a SHI whose trajectory points
through the center or a region with a low electron density of the hexagonal lattice, it is expected
to interact less with the electronic system of MoS2. Due to its high velocity, the response time
of surrounding electrons near the impact point is insufficiently short such that they are unable
to react to the electric charge of the SHI and accumulate as they would do in case of a HCI
with a considerably lower velocity.

The aforementioned efficiency-slope of 1 %/(keV/nm) for SHI irradiated MoS2, however,
does not include the data point highlighted in green. The argumentation follows the same idea
given before (exclusion of blue data point in Fig. 6.6 (c)) and results from the fact SHIs are
known to interact more efficiently with matter when their dE/dx is located close the Bragg-
peak. The data points shown here in black correspond to ions which all have a dE/dx varrying
by 8 % or more to their respective dEBragg/dx. The ion corresponding to the green point devi-
ates by only 3 %. For the sake of comparison this ion type with its respective properties was
left unconsidered.

Conclusion of Chapter 6 and Outlook for Chapter 7

Electronic excitation via HCI and SHI irradiation was investigated as a potential tool for con-
trolled defect creation in suspended single-layer MoS2. The irradiation conditions that were
presented allowed a precise adjustment of the pore radius in a range of 0.5 nm to 4 nm. How-
ever, even larger defects (approximately 5 nm pore radius with the irradiation facilities that are
given) should be accomplishable if experimental conditions are adapted accordingly. Another
important observation is the accumulation of Mo atoms next to the pore edge and with it its
expected implications on water permeability [33].

The following chapter addresses this aspect and investigates the chemical stoichiometry
of MoS2 in close vicinity to a SHI impact. Since catalytic measurements are a suitable choice
to probe defective MoS2 with respect to its chemical structure, the following chapter is orga-
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nized such that a detailed analysis of the chemical modifications in MoS2 resulting from SHI
irradiation is given first before the focus shifts towards the catalytic performance.
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7 Chemical Structure of SHI Irradiated MoS2
for Catalytic Applications

Abstract - The electrochemical generation of hydrogen (H2) from water via the hydrogen evo-
lution reaction (HER) is one possible solution to address the world’s growing energy demand.
Usually, platinum (Pt) and its alloys are used as a catalyst for the reaction mainly due to its
chemical inertness, high performance, and minimal overpotential to initiate the desired reac-
tion [293–296]. However, the scarcity and high costs of Pt have initiated the search for new and
more cost-effective materials. Much attention has been devoted to transition metal and sulfide-
based catalysts including MoS2 [288, 297–300]. Although the basal planes of MoS2 are rather
inert and only show poor performance during HER, its edges or S depleted regions in general
(corresponding to under-coordinated Mo atoms) show an increased catalytic activity [301,302]
for a variety of important reactions, e.g., hydrodesulfurization [303, 304] oxygen reduction re-
action (OER) [305, 306], and HER [307–310]. The reason for this behavior lies in the crystal
structure of MoS2. While S and Mo atoms located on its basal planes are chemically saturated,
Mo atoms located at the edges are under-coordinated and provide potential adsorption places
for hydrogen ions. Consequently, the total number of catalytically active sites plays a crucial
role by determining the number of reactions that can run simultaneously [52, 311–313]. Inves-
tigations towards a controllable and well-understood defect creation approach via SHI in MoS2

and the activation of otherwise inert basal planes not only opens news ways to modify MoS2

structurally for an improved HER performance but also sheds light on the chemical stoichiom-
etry of the edges of MoS2 defects. A profound understanding of the pores’ chemistry is equally
crucial for tailored catalytic applications as well as for filtration experiments and membrane
applications in general.

Parts of the following chapter are an adaptation of ref. [314] and have been reprinted
with permission from Madauß, L. et al., Highly active single-layer MoS2 catalysts synthesized
by swift heavy ion irradiation. Nanoscale 10, 22908 (2018), http://doi.org/10.1039/
C8NR04696D. Published by The Royal Society of Chemistry. Text passages that are repro-
duced literally are set in quotation marks.
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7 Chemical Structure of SHI Irradiated MoS2 for Catalytic Applications

7.1 Investigation of the Mo-S Stoichiometry of SHI Induced Defects
in Single-Layer MoS2

In contrast to the previous chapter which focused on perpendicular irradiation, grazing inci-
dence SHI irradiation (minimal angle between ion beam trajectory and surface) is used here.
Even though the size of defects is considerably larger in this case, the responsible defect creation
mechanism is still the same and results that will be obtained here can be connected to previous
irradiation conditions as well.

To guarantee comparability to the data presented in chapter 6, CVD grown MoS2 was once
again used in this study as shown in Fig. 7.1 (a).15 Exemplary Raman and photoluminescence
spectra of as-grown MoS2 prior to irradiation are presented in (b) which verify the presence
of single-layer MoS2 by revealing a E1

2g and A1g mode difference of only 18.5 cm−1 and a high
photoluminescence intensity [200]. Due to the harsh acidic environment used during hydrogen
evolution reaction measurements (to ensure a sufficient concentration of H3O+ ions for adsorp-
tion) SiO2 with its lacking chemical stability is unsuitable as a substrate demanding an initial
transfer onto chemically inert glassy carbon (GC) substrates. Scanning electron microscopy
(SEM) images were taken to compare the morphology of transferred flakes on GC before and
after irradiation. No defects or fractures of the MoS2 are observable in (c) whereas various
foldings, rifts and even origami-like "3D" structures are formed due to ion impact as shown in
(d). Note the bare GC substrate next to the irradiated MoS2 does not display such features.

It is also known that the substrate material plays an important role for the geometry and
length of these surface modifications [315]. In accordance to this, a similar observation has been
made here. Even though irradiated MoS2 monolayer on GC (Fig. 7.1 (e)) reveal comparable
features as when supported by SiO2 (Fig. 7.1 (f)), length and width of the defects do vary
though for different support substrates despite identical irradiation conditions (both with re-
spect to the ion type/energy and angle of incidence). Especially the defect width of MoS2 shows
striking differences for the two different support materials. While incisions in GC supported
MoS2 have a width of up to 80 nm or more, modifications in MoS2 supported by SiO2 are
much narrower. Due to different material properties of SiO2 and GC (e.g., heat conductance,
electron-phonon coupling) the dimensions of the defects certainly differ. Still, considering the
resemblance in defect form and structure, it is reasonable to infer that the defect mechanism
is the same.

Since previous studies have addressed the catalytic activity of MoS2 originating from S
vacancies as well as the lower displacement threshold energy of S compared to Mo (roughly by a
factor of six) [31,292], the chemical structure and Mo-S stoichiometry close to the ion modified

15MoS2 growth was performed by Dr. Meng-Qiang Zhao, Dr. Carl H. Naylor, and Prof. Dr. A. T. Charlie
Johnson - Department of Physics and Astronomy, University of Pennsylvania, Philadelphia, USA
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7.1 Investigation of the Mo-S Stoichiometry of SHI Induced Defects in Single-Layer MoS2

Figure 7.1: (a) SEM image of pristine single-layer MoS2 on GC. (b) Raman- and photolumines-
cence spectroscopy measurements of MoS2 verifying a high crystallinity and presence
of single-layer sheets. Noticeable change in morphology of non-irradiated (c) and
irradiated MoS2 (d). Irradiated MoS2 on GC (e) and SiO2 (f) show similar defect
features, which however differ in size and dimension. Irradiation was performed
with 91 MeV Xe ions under grazing incidence at an angle of θ = 1◦ with respect
to the surface. Reproduced with permission. Published by The Royal Society of
Chemistry [100].
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track has been investigated by molecular dynamic (MD) simulation, see Fig. 7.2.16 Irradiation
was simulated with the inelastic thermal spike model [316, 317] on unsupported MoS2 under
grazing incidence (1◦ with respect to the surface) for 91 MeV Xe ions (refer to Supporting
Information of ref. [314] for additional information on MD simulation). In agreement to the
experiment, MD simulations also predict the formation of a rift with highly amorphous edges
along the ion trajectory as shown in (a) and (b). To access under-coordinated Mo atoms visually
and correlate catalytic activity to structural changes, the amorphous chains are removed and
under-coordinated Mo atoms are color-coded depending on their coordination number (blue
= coordination number of 6, green = 5, red = 4), see Fig. 7.2 (c) and (d). According to the
MD data nearly 29 % of adjacent S atoms are missing and 28 % of the Mo edge atoms are
under-coordinated. To assess the efficiency for creating under-coordinated Mo atoms at 1 ◦

irradiation, the number of defects along the ion track needs to be calculated. Given an average
track length of (400 ± 200) nm for SiO2 supported MoS2 (taken from Fig. 7.1 (f)), nearly 1400
S atoms can be calculated missing per ion impact. By tuning the fluence, the defect density
can be further increased. However, at too high fluences, tracks will start to overlap so that the
achievable S vacancy density will saturate at some stage or even decrease again.

Figure 7.2: MD simulations of a suspended single-layer MoS2 sheet irradiated with 91 MeV Xe
ions under grazing incidence of 1◦ with respect to the surface. (a), (b) Nano-incision
running along the ion trajectory with amorphized edges. (c), (d) Amorphous chains
have been removed and coordination numbers of the remaining Mo atoms color
coded. Blue: Mo atoms with a coordination number of 6; green: 5, red: 4. Repro-
duced with permission. Published by The Royal Society of Chemistry [100].

16MD calculations were performed by Prof. Dr. Flyura Djurabekova and Mr. Henrique Vázquez Muiños -
Department of Physics, University of Helsinki, 00014 Helsinki, Finland
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Because MD simulations were performed for suspended MoS2, the actual heat dissipation
is expected to behave differently for substrate supported samples. This can lead to an increase
in the number of under-coordinated Mo atoms provided that the substrate temperature exceeds
the decomposition temperature of MoS2. The spatial temperature profile of a SiO2 substrate
after 91 MeV Xe irradiation at a grazing angle of 1 ◦ was therefore investigated using the Two-
Temperature Model and compared to intrinsic properties of MoS2.17 The results are presented
in Fig. 7.4 as a side (a) and top (b). The decomposition temperature of MoS2 is marked as a
dotted line along the isotherm of 1458 K [318, 319]. MoS2 located within the area where the
thermal spike exceeds its decomposition temperature will provide potential defects for HER
afterwards. However, even those parts next to the ion impact where the temperature does not
exceed the decomposition temperature of MoS2 may still have S atoms removed selectively. S
has in fact a much lower evaporation temperature than MoS2 and begins to evaporate from
the MoS2 monolayer crystal at temperatures as low as 500 K [320]. Each ion impact therefore
creates under-coordinated Mo atoms located at the edges of the ion rift but also removes S
atoms located further away.

To verify the theoretical insight, x-ray photoelectron spectroscopy measurements (XPS)
of pristine and irradiated MoS2 were conducted to obtain information on the elemental compo-
sition and chemical state of MoS2 before and after irradiation.18 Respective XPS spectra are
shown in Fig. 7.4 with the Mo signal originating from MoO3 (colored in mint green) and Mo
bound as MoS2 (colored in blue). The S peak is shown in yellow. Due to spin orbit coupling,
the Mo peaks are split into two separate peaks. Electrons in the 2s orbital of S do not have
an angular momentum, hence do not cause a splitting of the signal. Pristine MoS2 as well as
irradiated MoS2 both show a contribution from the Mo 3d5/2 and Mo 3d3/2 electrons of MoS2

and MoO3. For pristine MoS2, the MoO3 contributes ca. 20 % to the overall Mo signal, which
can be attributed to oxidized edges and intrinsic defects. This percentage strongly increases
for irradiated MoS2 to nearly 50 % (ion fluence of 15 ions/µm2 at a grazing angle of 1◦ with
respect to the surface). The under-coordinated Mo atoms along the ion trajectory oxidize upon
exposure to air, hence contributing to the Mo (MoO3) signal.

Apart from these under-coordinated Mo atoms, TTM simulations also suggest that SHI
irradiation creates S vacancies due to the thermal spike after ion impact. The lower sublimation
temperature of S compared to Mo will result in a preferential evaporation of S atoms in adja-
cent rows next to the ion trajectory. Analyzation of the stoichiometry of Mo and S prior and
after irradiation using the XPS peak areas and the corresponding relative sensitivity factors
(RSFs) [321] reveals an increase in the total Mo(MoS2+MoO3):S ratio from 0.56 to 0.88. The
larger intensity ratio after irradiation results only from the preferential evaporation of S atoms
followed by the oxidation of under-coordinated Mo atoms since the Mo(MoS2):S ratio remains
constant at nearly 50 %.

17TTM calculations were performed by Dr. Oliver Ochedowski and discussed in ref. [193] for the first time.
18XPS measurements were performed by Dr. Ulrich Hagemann - University of Duisburg-Essen, CENIDE,

ICAN, 47057 Duisburg, Germany
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Figure 7.3: Calculated temperature profile as in SiO2 after irradiation with 91 MeV Xe ions
under grazing incidence of 1◦ with respect to the surface. Temperature profile as
a side (a) and top (b) view. The white dotted line depicts the isotherm at the
decomposition temperature of MoS2. Reproduced with permission. Published by
The Royal Society of Chemistry [100].
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Figure 7.4: XPS spectra of non-irradiated (a) and ion-irradiated (b) single layer MoS2. Irradia-
tion was performed with 91 MeV Xe ions under grazing incidence of 1 ◦ with respect
to the surface. Reproduced with permission. Published by The Royal Society of
Chemistry [100].

7.2 Hydrogen Evolution Reaction of SHI Generated Defects in
Single-Layer MoS2

Irradiated and pristine MoS2 on GC substrates were characterized with respect to their catalytic
activity during HER which give important information about the chemistry of defects. For this,
linear sweep voltammetry (LSV) measurements were performed in an aqueous 0.5 M H2SO4

solution as shown in Fig. 7.5 (a).19 High current densities j at low potentials [V vs. RHE] are
desirable as this qualifies the material as a good catalyst. Irradiated MoS2 shows an almost
three times larger current of -35.3 mA cm−2 compared to pristine MoS2 with only 13.3 mA cm−2

at an overpotential of -0.6 V vs. RHE.
Aside from its ability to evoke a high current density at low overpotentials, so is a good

catalyst characterized by its onset potential, which determines the necessary energy input to
initiate the hydrogen evolution. It corresponds to the Gibbs free energy ∆GH of hydrogen
ions bonding to the catalyst, which ideally takes a value of zero. Any deviations lead to a too

19Catalytic measurements were performed by aDr. Ioannis Zegkinoglou, aYong-Wook Choi, aSebastian Kunze,
a,bProf. Dr. Beatriz Roldan Cuenya - aDepartment of Physics, Ruhr-Universität Bochum, 44780 Bochum,
Germany and bDepartment of Interface Science, Fritz-Haber Institute of the Max Planck Society, 14195
Berlin, Germany.
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strong/too poor adsorption, neither of which is convenient for HER as this would lead to an
ineffective hydrogen desorption or electron-proton transfer, respectively. Even though an exact
value of the onset potential is defined only loosely, the results in (a) (inset) indicate an improved
behavior for ion irradiated MoS2. Comparing the necessary overpotential to obtain a current
density of 200 µA cm−2, the applied potential for non-irradiated MoS2 is -300 mV, whereas the
potential for irradiated MoS2 is only -200 mV. A similar observation was previously made by
Li et al. whose simulations showed a decreasing ∆GH for a increasing amount of S vacancies
with a lowest ∆GH of only 200f meV corresponding to a S-vacancy density of 12.5 % [322]. In
principle, the same effect was achieved here via SHI irradiation and facilitated by the much lower
sublimation temperature of S leading to desulfurized areas as confirmed by TTM simulations
and XPS measurements.

Figure 7.5: HER measurements of non-irradiated (red) and irradiated (blue) MoS2. Glassy
carbon (GC) has been used as a substrate (black). Ion fluence was chosen as
40 ions/µm2. (a) Current density as a function of the potential [V vs. RHE] during
linear sweep voltammetry measurements. (b) Tafel plot of respective data in (a).
Reproduced with permission. Published by The Royal Society of Chemistry [100].

The measured current can also be related to an interfacial electrocatalytic reaction rate
ν = jnF , where n describes the number of electrons being involved in the process and F the
Faraday constant. The reaction rate ν may be composed of several individual reaction steps
which are shown below in eqs. 7.1, 7.2, and 7.3:

Volmer step : H3O+ + e− + ∗ ↔ H∗
ads + H2O (7.1)

Heyrovski step : H∗
ads + H3O+ + e− ↔ H2 + H2O + ∗ (7.2)

Tafel step : H∗
ads + H∗

ads → H2 + ∗ + ∗ (7.3)

98
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The complete hydrogen evolution reaction can now be described as a combination of either
Volmer-Heyrovski or Volmer-Tafel steps. In the former case, a hydronium ion adsorbs at a
catalytically active site and is reduced to a neutral hydrogen atom while releasing water (Volmer
step). Subsequently, a second reaction involving the adsorbed hydrogen atom and another
hydronium ion takes place leading to the generation of hydrogen gas and clearing the initial
adsorption sites (Heyrovski step). The latter case describes two Volmer steps occuring one
after another and two adsorbed hydrogen atoms being released as hydrogen gas (Tafel step).
Due to the different reaction kinetics of Volmer-Heyrovski and Volmer-Tafel, the slope of the
measurement curves differs. By plotting the potential [V. vs. RHE] against a logarithmically
scaled current density as shown in Fig. 7.5 (b), the Tafel slope b can be obtained by linear
fitting according to eq. 7.4 [323–325].

log(−j) = log(j0)− η/b (7.4)

Here, j represents the current density, j0 is the exchange current density, b is the Tafel slope, and
η is the overpotential. In case the Volmer step (which is common to both mechanisms) is the
rate determining step, the Tafel slope usually takes a value in the range of 120 mV/dec. If the
Heyrovski or Tafel process are rate determining, a slope of 30-40 mV/dec will be obtained [324].
For non-irradiated MoS2, we measured a Tafel slope of 160 mV/dec which is in good agreement
to values reported in literature. Irradiated MoS2, however, shows two independent regions with
different Tafel slopes. Due to the problematic of capacitive effects in the low overpotential
regime for -0.4 V < η < 0 V, this region shall not be considered further. For a η < -0.4 V,
the Tafel slope takes a value of 104 mV/dec, which indicates an improved reaction kinetics and
hints towards the Volmer-Tafel process taking place [288,324–326].

Conclusion of Chapter 7 and Outlook for Chapter 8

The chemical structure of SHI induced defects in single-layer MoS2 was investigated. MD und
TTM calculations suggest the formation of under-coordinated Mo atoms near SHI impact po-
sitions as well as a depletion of S atoms right next to and in vicinity of the ion track. XPS
measurements have confirmed the outcome of the simulations and allow a fact-based statement
that electronic excitation via SHI irradiation (and most likely also via HCI irradiation) create
Mo-enriched/S-depleted defects which has been shown to be beneficial for a high water per-
meabilities through porous MoS2. Eventually, the catalytic properties of pristine and defective
MoS2 were characterized by linear sweep voltammetry measurements. The hydrogen evolution
reaction for SHI modified MoS2 shows a significantly enhanced activity due to an increased
amount of under-coordinated Mo atoms.

In order to further understand the concept of defect formation for SHI modified MoS2 and
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how the defect structures change when irradiation conditions are altered, a closer look is given
to the influence of the irradiation angle with respect to the surface, the substrate, and the
number of MoS2 layers.
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Abstract - The introduction of defects via ion irradiation is a well-known and powerful method
for controllable and adjustable material modifications. It may be used to boost electrical
performance by introducing dopants into the bulk material, to increase chemical reactivity by
increasing the number of catalytically active defects or to perforate thin membrane layers for
applications in membrane science as has been shown in the previous chapters. It is therefore of
particular interest to study different irradiation conditions and their implications on the defect
formation in MoS2. Both the angle of incidence and the layer number will be shown to play
crucial roles for the defect introduction in MoS2 during SHI irradiation. Varying the former
parameter turns out to be a practical alternative to adjust pore sizes, whereas the latter one
restricts the suitability of multi-layered MoS2 membranes.

Parts of the following chapter are an adaptation of ref. [31] and have been reprinted
with permission from Madauß, L. et al., Defect engineering of single- and few-layer MoS2 by
swift heavy ion irradiation. 2D Mater. 4, 015034 (2017), http://doi.org/10.1088%
2F2053-1583%2F4%2F1%2F015034. Published by IOP Publishing. Text passages that are
reproduced literally are set in quotation marks.

101

http://doi.org/10.1088%2F2053-1583%2F4%2F1%2F015034
http://doi.org/10.1088%2F2053-1583%2F4%2F1%2F015034


8 Defect Engineering of MoS2

8.1 Tuning Defect Modifications in Single-Layer MoS2 via SHI
Irradiation Conditions

Yielding defective 2D TMDCs (here MoS2) can be realized via several methods. Especially
point-like defects can be introduced easily by, e.g., keV-ion [327] and electron [328] irradiation
or plasma treatment [329]. As could be shown in previous chapters, SHI irradiation presents a
powerful tool to create round-shaped pores in suspended single-layer MoS2 when perpendicular
irradiation is used or extended slit-like defects in substrate supported single-layer MoS2 in case
of grazing incidence irradiation.

The latter irradiation condition can also be used to create extended defect modifications
in other materials, e.g., strontium titanate [330], narrow, one-atom deep trenches in silicon
carbide [331], or foldings and other defect structures in graphene [32, 332]. How the angle of
incidence θ influences the defect length L will be presented in the following. For this, various
single-layer MoS2 flakes on SiO2 were irradiated and the length of the defects (blue data points)
as well as of the bare SiO2 substrate (green data points) measured by AFM.20 Their length
with respect to θ is presented in Fig. 8.1. It is apparent that a decreasing θ leads to longer
defects both in the single-layer MoS2 and the bare substrate. The vanishing difference in defect
size dependency on θ for SiO2 supported MoS2 and bare SiO2, however, points towards the
substrate as a major driving force for defect creation. The same conclusion is made when
fitting the experimental data according to eq. 8.1

L = deff/tanθ, (8.1)

with L being the track length, θ representing the angle of incidence, and deff being a fitting
parameter yielding 4.5 nm for MoS2 and 5.4 nm for SiO2 data. A schematic visualization of the
geometry is given in the inset of Fig. 8.1. Knowing that an SHI deposits energy in a cylindrical
volume with a decreasing energy density for larger distances perpendicular to its trajectory,
the ion eventually reaches a depth at which the distance to the surface is too great such that
surface modifications will no longer be observable (end of track length L). A simple geometrical
relation allows to fit the experimental data according to eq. 8.1 such that the effective depths
deff can be obtained. "The key point here, however, is that deff is considerably larger than the
actual thickness of single-layer MoS2 which is ≈ 1 nm. It is therefore evident that the processes
yielding incisions in supported single-layer MoS2 cannot take place exclusively in the MoS2 but
must occur mainly in the substrate material."

The substrate does play a decisive role, but it is by no means a prerequisite for extended
defect creation. STEM-MAADF images from suspended single-layer MoS2 irradiated with SHI

20Irradiations and measurements of the defect lengths were performed by Dr. Oliver Ochedowski and Dr.
Sevilay Akcöltekin for MoS2 and SiO2, respectively. MoS2 rift length dependency was discussed in ref. [193]
for the first time.
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Figure 8.1: Length L of surface modifications in MoS2 supported by SiO2 and bare SiO2 after
grazing incidence SHI irradiation. A decreasing angle θ results in longer modifica-
tions which are almost equally sized. Reproduced with permission. Published by
IOP Publishing [31].

under grazing incidence are presented in Fig. 8.2.21 Similar to substrate supported MoS2, rifts
oriented along the direction of the incoming ion beam can be observed in Fig. 8.2 (a). However,
they are much shorter compared to rifts in SiO2 supported MoS2 (typical length of 100 nm,
i.e., about one order of magnitude shorter). "Atomically resolved images (Fig. 8.2 (c)) show
that the incisions are extremely narrow (less than 10 nm) and with relatively straight edges
on an atomic scale. Surprisingly, the surrounding lattice remains basically undisturbed despite
the violent atomic displacements that have taken place inside the ion track core." A similar
feature which was discussed in previous chapters are the polycrystalline clusters (bright, round
features) that once again have formed after SHI irradiation (with a lattice spacing between 2.8
and 3.2 Å, consistent with them being Mo clusters [333]). The possibility of controlling pore
sizes in single-layer MoS2 by adjusting the angle of incidence can be very beneficial during ion
beamtimes as it presents a well-controllable and easy tool to tune pore sizes. The necessity of
using SHIs with a large dE/dx in order to create bigger pores may be circumvented by simply
varying the angle of incidence. Still, this approach is only feasible when the intent is to increase
pore sizes. To obtain smaller defects perpendicular irradiation with an appropriate choice of
ion type and properties are inevitable.

21STEM images were recorded by Assoc. Prof. Dr. Jani Kotakoski and Dr. Mukesh Tripathi - University of
Vienna, Physics of Nanostructured Materials, Boltzmanngasse 5, 1090 Vienna, Austria
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8 Defect Engineering of MoS2

Figure 8.2: STEM-MAADF of irradiated (91 MeV Xe, angle of incidence θ ≤ 0.2◦) single-layer
MoS2 suspended over 1.2 µm large holes as shown in the inset in (a). The black
scratch seen in (a) and (b) is a part of an incision cut into the MoS2 sheet by the
projectile. The part visible in (a) and (b) is roughly 20 nm long. The round white
spots are polycrystalline Mo clusters which have formed due to ion bombardment.
(b)-(d) Atomically resolved images of the incision show that the MoS2 lattice outside
of the ion track remains intact. Reproduced with permission. Published by IOP
Publishing [31].
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8.2 Thickness Dependent Defect Types in MoS2: From Rifts to
Hillocks

2D materials utilized as a filter have many advantages over their 3D bulk counterpart. One weak
point of them though is the risk of rupture which usually results in a disproportionately large
defect. When being supported by a porous support material with much larger pores than the
ones in the 2D material, a ruptured or collapsed part of the 2D material represents nothing less
than a bypass for the fluid and compromises the suitability of the whole membrane. The risk
of rupture can certainly be minimized by reducing the size of the unsupported 2D membrane
area to only a few µm2, but some applications require hundreds of µm2 suspended, ultrathin,
and porous materials. One possibility to overcome this problem is to use few-layer 2D materials
which are mechanically more stable. Their interaction with grazing incidence SHI irradiation
will be investigated with the help of exfoliated MoS2 crystals, which are often conveniently
pieced together by several layers of varying thickness and hence more suitable for fundamental
research experiments.

Several positions with different layer numbers of the same MoS2 crystal shown in Fig.
8.3 (a) are analyzed after exposing the sample to 129Xe 0.71 MeV/u ions at a constant angle
θ of 1◦ with respect to their surface. Height histograms of the positions marked with red and
blue squares in (a) are presented in (b) and (c), respectively. The first height step from the
substrate to the first layer accounts for 1.6 nm which deviates from the theoretical value of
0.65 nm but can easily be explained by intercalated water located only between the first layer
and the substrate [334,335]. The other height steps show the expected value of 0.65 nm. More
detailed AFM images of different thicknesses (single-, bi-, tri-, multi-layer and bulk MoS2) and
their respective defect structures are presented in (d)-(f).22 It is interesting to note that the
form of the defects changes from foldings (for single-layer) to continuous slits (for bi-layer) to
discontinuous slits (for tri-layer). Note that foldings in single-layer MoS2 are not the common
defect type but only appear under special irradiation conditions which were coincidentally
given for this irradiation [31]. Regular, continuous slits are the usual defect type encountered
for single-layer MoS2 irradiated at grazing angle as well. Further increase of the layer number
(4-5 layers in (e))) results in more or less continuous slits with higher nanodots along the
trajectory of the ion. These dots (in the following referred to as hillocks) are the dominating
feature when dealing with irradiated bulk MoS2 as shown in (f). Here, the the ion tracks are
composed of well-separated and individual hillocks.

22AFM measurements (a),(d)-(f) were performed by Dr. Oliver Ochedowski and discussed in ref. [193] for the
first time.
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Figure 8.3: Layer thickness dependency of surface modifications in MoS2 after grazing incidence
SHI irradiation. (a) AFM overview image with respective height distributions in (b)
for substrate/single-layer and (c) for single-, bi-, and bi-, tri-layer MoS2. (d) Single-,
bi-, trilayer MoS2, (e) multi-layer MoS2, and (f) bulk MoS2 shows incisions/foldings,
hillocks/incisions, and hillocks after SHI irradiation, respectively. Reproduced with
permission. Published by IOP Publishing [31].
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It can be concluded that MoS2 crystals, which are considerably thicker than four to five
layers, are unsuitable for being utilized as a membrane material if the intent is to apply SHI
irradiation for perforation. Their layer number is the critical property which will most likely
prevent the formation of continuous rifts or defects. Even though results may be turn out
differently for perpendicular irradiation conditions, the possibility of obtaining pores similar to
those in single-layer MoS2 is quite unlikely.

Even though bulk MoS2 does not yield open rifts when irradiated with SHI under grazing
incidence, its defect formation is still interesting from a fundamental point of view as it results
from an undisturbed interaction of the material and the ion without being influenced or altered
by an underlying substrate. It can very well be used as a model system to study the interaction
of SHIs with MoS2 and results can be adapted for thinner layers as well.

8.3 Formation of Hillocks and Blisters in Bulk MoS2

Exfoliated bulk MoS2 crystals of several hundreds of nanometer thickness were irradiated with
129Xe 0.71 MeV/u ions under grazing angles θ with respect to the sample’s surface (θ was
changed consecutively between values of 3◦ and 0.2◦). Defect modifications, their sizes and
geometries were analyzed by AFM using the PeakForce Tapping®mode (refer to section 3.3.2
on p. 48 for information about the measurement technique) and are presented in Fig. 8.4.
MoS2 crystals irradiated at larger θ, e.g., 3◦ in Fig. 8.4 (a), display rather short incisions along
the ion trajectory. With decreasing θ hillocks as the ones shown before in Fig. 8.3 (f) begin to
appear. For angles including and below 0.6◦ with respect to the surface, the point where the
ions enters the MoS2 often results in the formation of a large bulge (in the following referred to
as blister) followed by a chain of smaller hillocks. A representative AFM image is presented in
8.4 (b). The distance of the hillocks and length of the overall surface modification track further
increases with decreasing θ, as shown for MoS2 irradiated at θ = 0.2◦ in Fig. 8.4 (c). The
dependency of the hillock distance ∆xhill. on θ is presented in Fig. 8.4 (d) (blue filled squares).
An explanation for this result is that a pronounced interaction between SHI and MoS2 only
occurs in regions with a high electron density, which is only provided within a S-Mo-S layer.
Neighboring S-Mo-S layers solely interact via van-der-Waals bonding. By reducing θ, the lateral
distance of these passage-points of SHI and dense electron volumes increases. The distance of
defects or surface modifications such as the observed hillocks, which are a direct result of the
large deposited energy of the ion, will increase accordingly. Comparing the experimental data
with theoretical predictions under the assumption that the hillock distance can be calculated
via a geometrical relation according to ∆xhill. = a ∗ tan(90 − θ) (see inset in Fig. 8.4 (d)),
the respective dependencies for experimental (blue filled squares) and theoretical data (black
line) are obtained. Here, a takes a value of 0.65 nm and represents the nominal thickness of
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a single-layer MoS2. Due to a limited accuracy during the experiment (mounting of samples,
adjusting ion beam, roughness of samples) θ may vary by ± 0.25◦. Assuming an initial offset
by +0.2◦ and plotting every data point adjusted by the same -0.2◦ (blue hollow squares), the
modified experimental data can be described by the geometrical relation quite well.

In accordance to an increase in hillock distance for smaller θ, so can an overall longer track
length L be observed as shown in Fig. 8.4 (e). Here, the track length L is defined as the distance
of the first surface modification and the last one generated by the same ion (see schematic in
Fig. 8.4 (e)). The dependence of L may be described by the same relation which was already
used to fit the track length in single-layer MoS2: L = deff ∗ tan(θ). The best fit is achieved for
a deff of 4.5 nm. As mentioned before, deff can be understood as the maximum depth of the
SHI inside the material where a modifications can still be visualized at the surface. Likewise
in terms of membrane perforation, this value represents the max. thickness of MoS2 which
could theoretically result in a continuous defect structure under grazing incidence irradiation.
This consideration presumes that SHIs cannot displace MoS2 bulk atoms along its trajectory
such that something comparable to a hollow channel in the irradiated material is formed but
material has to be sputtered off the crystal or ripped apart to result in a continuous defect
structure. Given the fact that this analysis was performed with bulk material and that MoS2

layers, which are supposed to serve as a membrane, are typically suspended, the value of 4.5 nm
may turn out larger, since material can then be ejected upwards and downwards.

Still, little is known about the exact nature of these modifications. To investigate their
mechanical properties in greater detail, their stiffness and indentation is compared to their
topography. As mentioned before in section 3.3.2 on p. 48, PeakForce Tapping® can characterize
several material properties simultaneously which allows a better comparison of the acquired
data without having to deal with inaccuracies or modifications of the sample resulting from
multiple individual measurements. Fig. 8.5 presents the (a) topography, (b) stiffness, and (c)
indentation of a representative MoS2 bulk sample after grazing incidence irradiation (stiffness
and indentation values have to be viewed as qualitative measures since no calibration of the
mechanical properties of the tip was performed prior to the measurements). It is worth noting
that blisters show highly reduced stiffness compared to non-irradiated MoS2 areas despite a
constant peak force suggesting a hollow volume underneath the blisters. Equivalently, the
blisters’ indentation is much larger than that of non-irradiated areas. Further analysis reveals
that the indentation of the blisters is nearly twice as large as the height of them. The extreme
excitation of the MoS2 due to SHI irradiation accompanied by a sudden sublimation of the
material and an increase in vapor pressure appear to push the material upwards creating these
blisters and hillocks with a size of up to 35 nm as shown in the linescan in (d). This observation
is supported by the fact that only areas bombarded by SHI show a slightly elevated height
compared to pristine parts of the samples as verified by the linescan in (a) whose profile is
shown in (e). Even though TMDCs are notorious for having water creeping underneath them
which can explain an increase in thickness in certain cases, this assumption is very unlikely to
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Figure 8.4: AFM images of SHI irradiated bulk MoS2 under 3◦ in (a), 0.6◦ in (b), and 0.2◦

in (c) with respect to the surface. (d) Evaluation of hillock distance ∆xhill. as a
function of irradiation angle θ. Schematic visualization of ∆xhill. is shown in the
inset of (d). (e) Evaluation of total track length of the hillock chain L as a function
of irradiation angle θ. Schematic visualization of L is shown in the inset of (e).
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be the reason here. Firstly, previous measurements have shown that the height of single-layer
MoS2 is usually elevated by 1 nm which approximately corresponds to one or two atomic layers
of water [336], whereas a step height twice as high was measured here. Secondly, the high
density of ion impacts and hence the perforation of the material would promote an area-wide
accretion of water underneath the MoS2 which would not be limited to the immediate proximity
of the ion impacts as is the case here.

Figure 8.5: AFM analyzation of blister formation in bulk MoS2 after SHI irradiation. Topog-
raphy, stiffness, and indentation channel shown in (a), (b), and (c), respectively.
Linescans in (d) and (e) correspond to marked locations in (a).
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Conclusion of Chapter 8

The influence of θ, the presence of a substrate, and the layer thickness of exfoliated MoS2 on the
defect formation during SHI irradiation was investigated. Section 8.1 showed that the length of
ion tracks in MoS2 can be tuned by changing the irradiation angle where smaller angles (with
respect to the surface) result in longer defect structures. For substrate supported MoS2, the
dimensions of the modifications are significantly influenced by the underlying substrate but are
also observable for suspended material.

Sections 8.2 and 8.3 showed, that increasing the thickness of the MoS2 results in different
defect structures when being irradiated with SHIs. A clear transition from continuous slits to
discontinuous slits/hillocks to hillocks only is noticeable for single-layer, few-layer, and bulk
MoS2, respectively. This also limits the possible thickness of multi-layer MoS2 membranes
which are supposed to be perforated by SHI. MoS2 consisting of significantly more than four to
five layers will be difficult to perforate by SHI irradiation. Note that the thickness-dependent
experiments were performed with substrate supported MoS2, which likely behaves differently
than unsupported material. Atoms of suspended MoS2 can be ejected in both directions (up-
wards and downwards) after SHI impact whereas supported MoS2 can only sputter upwards. It
is not unreasonable to assume that continuous slits or pores are achievable in multi-layer MoS2

as well if irradiation is performed on suspended MoS2. However, bulk MoS2 will most likely
behave equally during irradiation whether being supported by a substrate or not.

111





9 Summary & Outlook - Future of 2D
Membranes

The following chapter gives a brief summary of the experiments described in previous chapters
and the know-how obtained from those. The focus, however, lies on possible future experiments
with respect to 2D membranes which can profit from the progress that has been made during
this thesis.

A surface modification technique was introduced in chapter 4, which is based on adsorp-
tion of acetate functional groups to the graphene layer by gently pressing an ethylene-vinyl
acetate copolymer foil against it. Decorating graphene with these acetate groups results in
a reduced interaction of the graphene layer with water during wet-chemical transfer steps al-
lowing a polymer-free transfer and yielding continuous and nearly defect-free graphene free of
contaminants. This approach promises more precise pore size and pore creation efficiency stud-
ies via TEM in future experiments, especially in terms of ion irradiation studies of graphene
as schematically indicated in Fig. 9.1. The improved transfer allows the preparation of cleaner
graphene and without the troubling polymer contaminations which have been prohibiting mean-
ingful TEM experiments in the past. Aside from this, the transfer approach may also be used
to prepare various porous polymer/graphene composite membranes which can later on be per-
forated by any method available.

Figure 9.1: Schematic of surface energy modified graphene enabling clean transfer and prepa-
ration of suspended graphene for ion irradiation and subsequent TEM analysis.
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The thesis then focused on graphene oxide and its applicability to serve as a proton con-
ducting membrane in chapter 5. Hydronium ions showed increased diffusivity over hydroxide
ions due to an energetically favored transport via the Grotthuss mechanism and weaker in-
teraction with GO’s functional groups. Additionally, the layered structure of GO membranes
enables the incorporation of various materials (e.g., nanoparticles or single-layer MoS2) within
its layers [268]. Due to GO membranes’ small thickness, both the GO and the integrated
material (e.g., single-layer MoS2), may be modified by SHI irradiation, which would allow to
fabricate catalytically active MoS2 layers already embedded within a membrane structure.

Other 2D materials were recently characterized in terms of their proton conductivity as
well. Atomically thin hexagonal boron nitride (hBN) showed exceptional properties during
those studies, but measurements were as so often restricted by the small size of exfoliated lay-
ers [337]. To overcome this problematic, preliminary experiments addressing the preparation
of large-scale CVD hBN were performed during this thesis as well.23 Fig. 9.2 presents optical
(a) and AFM images (b)-(c), as well as XPS measurements of cm2-large hBN. Even though the
13 nm thick multilayer hBN shows increased roughness (RMS value of 2.4 nm), a polymer-free
transfer was developed yielding extremely clean hBN as verified by XPS data and allowing first
large-scale proton conductivity characterization of CVD hBN in the future.

Figure 9.2: (a) Optical image of hBN transferred onto SiO2 substrate. (b), (c) AFM measure-
ments of hBN. (d) XPS spectrum of hBN on SiO2 and bare SiO2.

23Parts of the data shown in Fig. 9.2 were acquired as part of the M.Sc. thesis Herstellung großflächiger zweidi-
mensionaler Heterostrukturen mit Hilfe polymerfreier Transfermethoden by Mr. Lukas Kalkhoff (University
of Duisburg-Essen, 2020) who I had the privilege to supervise.
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MoS2 is another interesting candidate for membrane applications. The influence of ion
irradiation was studied in chapter 6 and 7 revealing HCI and SHI irradiation to be powerful
tools for perforation of suspended single-layer MoS2. Narrow pore size distributions, customis-
able pore sizes, Mo-enriched pore edges, and easily adaptable pore densities are realizable. The
range of Epot investigated in this thesis resulted in pores with a radius between 0.5 and 2.6 nm.
Significant further increase in pore sizes will be hardly achievable with HCI irradiation. Even
though a fully ionized Xe54 atom with a Epot greater than 200 keV would theoretically be able
to create pores with a diameter of 25 nm according to the relation obtained in Fig. 6.6, ir-
radiation times would increase significantly calling for a more efficient and rather industrially
constructed HCI source than the one used here (note that these ion sources do exist and are
commercially available). SHI irradiation on the contrary is already a commonly used technique
for material modification, for example track-etched membranes. Irradiations with very heavy
ions (e.g., uranium (U) or lead (Pb)) with a Ekin close to their respective Bragg-peak) are not
uncommon and used on a regular basis at large irradiation facilities. 1.5 GeV 238U irradiation
for example would yield single-layer MoS2 pores with a diameter of nine nm. Combining the
properties of both ions to perforate 2D materials with highly-charged-swift-heavy ions (experi-
mental conditions are given at the GSI) may even further increase the range of obtainable pore
sizes and pore creation efficiencies up to 100 %.

Preliminary experiments performed during this thesis aiming for large-area, single-layer
MoS2 membranes are shown in Fig. 9.3. The schematics in (a) and (b) visualize the prepara-
tion process. A porous Si3N4 grid is covered by MoS2. The synthesis of continuous MoS2 was
realized with the CVD process presented in section 2.4.2 on p. 27. Raman mappings (intensity
of A1g mode shown here) allow an exact quantification of (un-)ruptured MoS2 revealing poten-
tially uncovered Si3N4 pores. The intensity pattern of the Raman map accords with the pore
pattern of the substrate indicating a fully covered membrane area of 200 x 100 µm2. Future
perforation experiments with HCIs or SHIs followed by filtration tests will show whether 2D
MoS2 meets the expectations in terms of permeability and filtration performance.

Figure 9.3: (a) Porous Si3N4 grids (2.5 µm hole diameter) can be used as support material
for single-layer MoS2. After transfer of MoS2 onto the material (b), Raman spec-
troscopy can be used as an effective and precise tool to quantify the coverage (c).
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The possibility to alter the geometry of defects in single-layer MoS2 by tuning the angle of
incidence during ion irradiation was found to be a fast and uncomplicated way to adapt pore
sizes as shown in chapter 8. SHI perforation, however, should not be used for perforation when
dealing with MoS2 layer thicknesses close to 10 nm.

Aside from MoS2 other materials may also be investigated in greater detail. HCI irra-
diation of, e.g., single-layer tungsten disulfide (WS2) creates considerably larger pores than
those observable in single-layer MoS2. Fig. 9.4 (a) presents a STEM image overview of a
Xe33+ perforated 2D WS2 monolayer.24 Despite an almost equivalent crystal lattice compared
to MoS2 with only the Mo atoms being replaced by W ones, it is intriguing why WS2 forms
triangular pore while pores in MoS2 are round. The much larger pores which are observable
in (a) and display edge lengths of 50 nm or more probably result from double HCI hits and
can be avoided by choosing a lower ion fluence. Fig. 9.4 (b) shows the result of a single-ion
impact. The pore’s edge length is approximately 15 nm and its area easily exceeds those of
single-layer MoS2 even though irradiation was performed with a rather low charge state of only
33+. Additional experiments with varying charge states and other 2D materials could help
identify suitable materials with precisely adjustable pores covering a pore size regime beyond
what is achievable when utilizing single-layer MoS2.

Figure 9.4: STEM images
of Xe33+ irradi-
ated single-layer
WS2 images.
(a) Overview of
pores starting
to overlap. (b)
Single ion im-
pact results in
triangular pores.

24STEM images were recorded by Assoc. Prof. Dr. Jani Kotakoski and Dr. Mukesh Tripathi - University of
Vienna, Physics of Nanostructured Materials, Boltzmanngasse 5, 1090 Vienna, Austria
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