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1
Introduction

‘The interfacial behavior of water in close proximity to other materials un-
der ambient conditions is of great significance due to its importance in a broad
range of daily applications and scientific research. The structure and dynam-
ics of water at an interface or in a nanopore are in many cases significantly
different than its bulk counterpart. Experimental access to these interfacial
water structures is difficult and their exact nature is still under discussion.
The recent development of two-dimensional materials, such as graphene, and
scanning probe microscopies have proved to be instrumental tools to visualize,
characterize and provide fundamental knowledge on confined water.’



Chapter 1 Introduction

1.1 Preamble

Water covers most of the surfaces at atmospheric conditions. It exists in
many forms, such as vapor, liquid and several amorphous and crystalline
phases.1–4 Water is also abundant at interfaces and within confined environ-
ments, for example in nanofluidics, geological and biological systems. The
structure of the first water layer at interfaces defines several microscopic phe-
nomena, including corrosion, fluid flow, catalysis, lubrication and interfacial
chemistry.5–8 Understanding the vast amount of ice phases and the dynamics
of ice structures is thus crucial for many fields including life sciences, environ-
mental sciences, condensed matter physics, lubrication and nanofluidics. For
example, ice layers at interfaces are used for the preparation of supported
metal9 and oxide nanoparticles.10 Moreover, the way water diffuses in nano-
pores defines the functionality of proteins and membranes.11 Understanding
the boundary slippage conditions is of particular interest in nanofluidics.12
Water trapped between different two-dimensional (2D) materials, in the so-
called van der Waals heterostructures, can influence the electronic properties
and induce doping inhomogeneities, which can affect device functionality.13,14

The physical properties of confined water are often dramatically differ-
ent from their bulk counterpart owing to perturbations induced by the in-
terface. These properties strongly depend on the confinement dimensions
and interface structure as well as temperature and pressure.15 These proper-
ties include nontetrahedral bonding geometry, complex phase behavior and
phase transitions and anomalous self diffusion.16–24 For example, inside hy-
drophobic carbon nanotubes water exhibits fast ballistic motion25 as well as
novel phases that strongly depend on the confinement dimensions.26 Most
knowledge comes from molecular dynamic (MD) simulations and density
functional theory (DFT) calculations. Despite significant efforts a system-
atic understanding of the influence of confinement on this rich behavior is
still lacking.27,28 Conflicting results arise from the use of different calculation
methods and many of these theoretical observations are still under discus-
sion.21,26,29

Owing to the dynamic nature of water films at ambient conditions direct
visualization remains challenging. For that reason, most experimental know-
ledge of the molecular structure and properties of water at surfaces has been
obtained under ultra-high vacuum (UHV) conditions and cryogenic temperat-
ures. Several studies have focused on the adsorption of water on close-packed
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1.2 The Hydrogen Bond

metal surfaces and have obtained useful information on the nucleation and
growth processes.30–32 However, the behavior of water at ambient conditions
and especially when confined in nanopores could be significantly different and
the knowledge might not be transferable.15 To make things even worse, the
confinement walls put another barrier in imaging and characterizing these
water structures.

The discovery of graphene a 2D material has proved instrumental in the in-
vestigation of confined water structures. Thanks to its remarkable properties,
including unusual mechanical flexibility, impermeability to gases and small
molecules and its high in-plane electrical and thermal conductivity, graphene
can be used as an ultrathin coating to cover water films on various solid sub-
strates.33 The seminal work done by Xu et al.34 provided the first demon-
stration that graphene can trap and protect water films when deposited on
a supporting mica substrate at ambient conditions. Because of graphene’s
unusual flexibility, it conforms these water structures with high precision
and allows for direct imaging using scanning probe techniques. Since then, a
number of studies have been focused on the properties and structure of water
confined between graphene and a variety of substrates, including graphite,35
SiO2,36 Au37 and mica.34,38–40 Moreover, the influence of confined water on
the graphene cover has also received attention by several groups, owing to
doping effects.13,41–44
Before proceeding with the discussion of the growth of water clusters within

confined geometries, it is appropriate to briefly discuss the understanding on
the water-water intermolecular hydrogen bonding as well as on the adsorption
of water on solid substrates.

1.2 The Hydrogen Bond

Important information regarding the strength and physical properties of in-
termolecular hydrogen bonds has been mainly obtained by experimental and
theoretical studies of water clusters in the gas phase.45,46 In this section we
will briefly discuss a few points that are relevant in understanding the struc-
ture of water in confinement.
The O-H bond length of an isolated water molecule amounts to 0.957

Å, the two H-atoms and the two electron lone pairs acquire a tetrahedral
coordination around the oxygen atom. The H-O-H bond angle is 104.5◦. A
dipole moment of 1.85 D results from the electron polarization toward the
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Chapter 1 Introduction

a) b)

c)

0.96 Å 

bilayer

δ-

δ-

δ+

δ+

δ+

δ+

Figure 1.1: (a) Hydrogen bond (dotted line) between two water molecules. (b) Side
and (c) top view of the structure of Ih-ice (white and red spheres represent hydrogen
and oxygen atoms, respectively).

oxygen atom and its lone pairs. The electronegative oxygen atom and the
electropositive hydrogen atom of nearby water molecules attract each other
and form the so called hydrogen bond, see Figure 1.1a. In contrast to the
strength of the covalent O-H bond in water, cf. 5.1 eV, the strength of the
intermolecular hydrogen bond is significantly weaker ranging from 0.1-0.3 eV.
The exact value depends on the geometry of the water cluster and the bond
length. Typically a strong hydrogen bond results in shortening of the O-O
distance and a small elongation (thus weakening) of the O-H bond.

H2O molecules in natural occurring Ih-ice crystals arrange in a tetra-
hedrally bonded hexagonal close-packed structure. This way the electron-
electron repulsion is minimized. Figure 1.1b shows a schematic representa-
tion of the molecular structure of natural ice. The basal plane of Ih-ice is
puckered, forming a bilayer structure. In each bilayer, water molecules that
are hydrogen bonded with each other form hexagonal rings. Each molecule
forms hydrogen bonds with three neighbors that are located 0.96 Å below it
and a fourth with an oxygen atom located in the above bilayer, displaced by
2.76 Å. This arrangement of water molecules to form the Ih-ice crystals has
become the starting point on understanding the water adsorption on surfaces.
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1.3 Adsorption of Water on Surfaces

1.3 Adsorption of Water on Surfaces

The adsorption of water on solid surfaces has unambiguously attracted signi-
ficant interest, owing to its importance across various fields (water is involved
in many physical and chemical processes) and its complexity. The structure
and properties of adsorbed water is often affected by the surface’s structure,
wettability, pressure and temperature.30,31 On most metal surfaces the el-
egant balance between water-metal and water-water interaction defines the
form and stability of the water structure. The adsorption energy of water
and kinetic effects can play a prominent role in the determination of the fi-
nal structure. The adsorption energy is often comparable to the water-water
hydrogen bond and kinetic effects can trap water to metastable phases with
very long lifetimes. Therefore, the question whether the structure observed
represents thermal equilibrium or kinetic hindrance, naturally occurs. Most
of the progress has been made by surface science techniques (at low temper-
ature) and DFT calculations. Numerous studies have been focused on water
adsorption and ice growth on close-packed metal surfaces.30,31,47,48 Metals
with a lattice constant close to that of hexagonal ice were assumed to be
ideal templates based on the conjecture that a lattice match between the
hexagonal ice (0001) plane and the metal surface would maintain an ice-like
water structure.31,49,50

In an ice-like layer the water molecules acquire a honeycomb configuration
with a (

√
3 ×
√

3)R30◦ (hereby referred as
√

3) arrangement.30 In such an
arrangement, half of the water molecules are bonded to the surface via the
oxygen atom, the hydrogen bonding network is completed by the rest of
the water molecules that either point their H to (H-down) or away (H-up)
from the surface, see Figure 1.2. In ice-like layers, the oxygen atoms form
a buckled bilayer. In order to preserve the tetrahedral bonding motif of Ih-
ice, the honeycomb network consists of two hexagonal sublattices that are
vertically displaced from each other by 0.96 Å.1 However, definitive evidence
for the existence of a puckered Ih-ice bilayer on metal surfaces remains to
be found. Recent progress has called into question the above conjecture and
whether an ice-like water layer even exists. First-principle calculations have
revealed that a nontetrahedrally bonded water network is often energetically
more favorable than the conventional bilayer ice model.32,51

A characteristic example where it was initially thought that the first wet-
ting layer adopts an ice-like structure, due to the very small lattice mismatch
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Chapter 1 Introduction

a) b)

Figure 1.2: Side and top views of the (a) H-up and (b) H-down classical
√

3 bilayer
models on a close-packed metal surface (white, red and gray spheres represent hy-
drogen, oxygen and metal atoms, respectively).

with the Ih-ice (3.7%), is the Ru(0001) surface.31,49,52 However, owing to wa-
ter dissociation on Ru(0001)51 surface (activation energy of 0.5 eV53), the
first wetting layer actually consists of coplanar hexagonal rings composed out
of hydrogen bonded water molecules and hydroxyl groups.51,54,55 A structure
significantly different than the conventional bilayer model. The extra hydro-
gen atoms occupy positions at the center of the rings. Another important
example is ice grown on Pt(111) (Pt is an important electrode in electrochem-
ical and catalytic processes) surface, where it was initially reported that the
first water monolayer forms a

√
3 network.48,56 Nonetheless, recent studies

have revealed that the structure of the first monolayer on Pt(111) heav-
ily depends on the growth conditions. The two most stable phases are the
(
√

37 ×
√

37)R25.3◦ (hereby referred as
√

37) and the (
√

39 ×
√

39)R16.1◦

(hereby referred as
√

39).57–64 Both phases consist of a ‘flat-lying’ (plane
parallel to the surface) hexagonal water ring adsorbed at Pt atop sites, that
is surrounded by 3 heptagonal and 3 pentagonal water rings. In the case of
the
√

37 layer, the unit cell is completed by the adsorption of two additional
water molecules.63 Whereas, in the

√
39 structure, 4 additional molecules
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1.4 Adsorption of Water on Mica

complete the first layer and one extra molecule adsorbs at a specific location
in the second layer.61,63 Interestingly, in these structures, the water molecules
form four bonds, they are fully coordinated and thus contain no dangling OH
bonds (except for the second layer water molecule of the

√
39 phase), sug-

gesting a hydrophobic character. After all, in hydrophilic surfaces complete
wetting means that a water molecule will prefer to bond with the surface
rather than with other water molecules. Therefore, the structure of water
near the surface could be substantially influenced by the substrate.

The lack of dangling bonds or electron lone pairs destabilizes further water
adsorption on top of the monolayer without restructuring. It is therefore
expected that the first water monolayer re-orders into the

√
3 phase (even

though it is in general energetically less favorable, e.g., by 0.1 eV/H2O than
the
√

37 and
√

39 in Pt(111)63,65,66) in order to accommodate 3D growth.
For instance, the growth of crystalline 2D islands has only been observed on
the
√

3 monolayer on Pt(111) and Ru(0001) surfaces.65,67 The restructuring
could involve a ‘flipping’ mechanism of the H-down molecules to an H-up
arrangement.66 Providing OH dangling bonds that can facilitate layer-by-
layer growth. The authors of66 proposed that such a flipping mechanism can
be induced by permanent electric multipole moments of the adsorbates.
The lack of bonding of water to a hydrophobic substrate as well as stratific-

ation induced by the substrate (in its vicinity) can also lead to the growth of
ice films with a nontetrahedral geometry and remarkable properties.68,69 For
instance, Kimmel et al.70 observed metastable crystalline ice grown at 100-
135 K on the graphene/Pt(111) surface. In this ice phase two flat hexagonal
layers of water molecules are placed on top of each other, each molecule
forms three in-plane hydrogen bonds with each nearest neighbor and one
out of plane hydrogen bond with the molecule in the opposite layer. This
leads to maximization of the number of hydrogen bonds and a low surface
energy. Similar ice films have also been observed on a Au(111) substrate37
at cryogenic temperatures.

1.4 Adsorption of Water on Mica

Another material that has attracted considerable attention for ice nucleation
is mica.72–74 The most common type of mica is muscovite mica. Muscovite
mica has a layered aluminosilicate structure with the formula KAl2(Al,Si3)O10(OH)2.
Interlayer potassium cations hold together the mica layers and balance the
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Chapter 1 Introduction

K Si Al O H

Figure 1.3: Side view of a water monolayer obtained fromMD simulations described
in ref.71

negative charge of the mica crystal. After cleavage of the mica, half of the
potassium ions remain on each of the two created surfaces in order to preserve
charge balance.
Mica is hydrophilic and it is covered by a thin water film at ambient condi-

tions. Using ellipsometry at room temperature, Beaglehole et al.75,76 meas-
ured the correlation between the thickness of the adsorbed water film and the
relative humidity. They suggested that thicker films are fluid-like on mica. By
utilizing scanning polarization force microscopy (SPFM), Salmeron and co-
workers,77–80 imaged a thin water film on mica at ambient conditions. They
observed metastable island structures that disappeared soon after scanning
due to evaporation. These islands were interpreted as a second water layer on
top of a water monolayer on mica. The islands exhibited crystal-like prop-
erties, their boundaries have polygonal shapes with angles of about 120◦.
Evidence for epitaxial growth was found by comparing the direction of the
ice boundaries to the mica crystallographic orientation.
Odelius et al.,71 using first principle molecular dynamics (MD) simula-

tions, found that the first water monolayer is a fully connected hydrogen
bonded network epitaxially grown on mica. Surprisingly, the authors found
that the ice structure had no free OH bonds sticking out of the ice surface.
A side view of the proposed structure is shown in Figure 1.3. Their findings
were confirmed a year later by Salmeron’s group,79 by directly studying D2O

8



1.5 Graphene and Two-Dimensional Materials

on mica with sum-frequency-generation (SFG) vibrational spectroscopy. In
their SFG investigation of D2O water on mica, they found almost no signal in
the free OD stretch region around 2740 cm−1. These results indicate that the
ice layer possesses a net dipole moment and the positive side points toward
the mica surface. SPFM investigation revealed that the surface potential of
the mica surface covered with a monolayer water film is decreased compared
to the dry mica, in line with the absence of free OH bonds of the ice sur-
face. Interestingly, multilayer films show a potential increase as well as an
appearance of the free OD stretch signal at SFG, indicating the presence of
uncoordinated OD/OH bonds. The structure is still relevant and has been
used for the interpretation of the first ice layer confined between graphene
and mica in chapter 3.

1.5 Graphene and Two-Dimensional Materials

In this section, the two-dimensional world of graphene will be briefly intro-
duced. In 2004, Novoselov and Geim managed to isolate graphene for the
first time by the mechanical exfoliation of graphite.81–83 Graphene, a single
layer of graphite consists of a single atom-thick plane of carbon atoms. The
carbon atoms in graphene arrange themselves in a honeycomb network, with
a unit cell consisting of two atoms, see Figure 1.4a. The s, px and py orbitals
on each carbon atom hybridize to form strong ‘sp2’ bonds. The remaining pz
orbital on each atom makes up the π-bond. The hybridization of the π-bonds
results in the formation of the π-band (valence band) and the π∗-band (con-
duction band), which determine the electronic structure of graphene. The
dispersion relation of the π-bands is linear at the K-points of the Brillouin
zone with the relation E = ±h̄uF|k|, where k is the wavevector, h̄ is the
reduced Planck constant, and uF is the Fermi velocity.84
The electrons in graphene behave as massless relativistic particles (such as

photons or neutrinos) that are described by the Dirac equation (H = uFσp,
where p is the momentum vector measured from the K-points, p = h̄k, and σ
the Pauli spin matrices). In graphene the electrons behave similar to photons,
their Fermi velocity is of the order of 106 m/s, i.e., just 300 times smaller than
the speed of light. Despite the fact that the charge carriers in graphene act
like relativistic particles and are described by the Dirac equation, they have
no relativistic nature. Instead, the periodic potential of the graphene lattice
interacts with them creating new quasiparticles. These quasiparticles, can be

9
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a)

a1

a2

b)

Fermi Energykx

ky

Dirac 
point

Figure 1.4: (a) The graphene honeycomb lattice. The unit cell consists of two
atoms forming a hexagonal lattice with lattice vectors a1 and a2. (b) The band
structure of graphene near a K point showing the linear dispersion relation.

imagined as electrons losing their rest mass, m0, and are often called massless
Dirac fermions.82,84,85 The conduction and valence bands of graphene touch
at the K and K’ points of the Brillouin zone, these points are also referred as
the Dirac points of graphene. Moreover, free-standing, mono-layer graphene
has its Fermi level located exactly in the crossing point of its Dirac cone
(Figure 1.4b). This results in a fully filled valence band, an empty conduction
band and no band gap. Therefore, it can be qualified as a zero-band gap
semiconductor or a zero-overlap semimetal.
The charge carriers in graphene follow the Dirac equation only for low

energies, nevertheless, it has a dramatic impact on its electronic properties,
because the charge transport is governed by the electrons near the Fermi level.
Owing to its honeycomb lattice and electronic structure, graphene has some
exceptional electronic properties. Both electrons and holes mobilities are of
the order of 104 cm2V−1s−1 (depending on the substrate and crystal quality)
at ambient conditions.86 It is at least one order of magnitude higher than top
silicon-based systems and all things considered, it can even reach the range
of 105 cm2V−1s−1. Moreover, the charge carriers in graphene can travel very
long distances without scattering. This enables graphene to have very high
conductivity and sustain current densities that are orders of magnitude higher
than metals.82,87 Furthermore, it is the strongest and at the same time the
thinnest known material. Graphene monolayers have a Young’s modulus of
around 1 TPa and a fracture strength of 130 GPa, while still being extremely
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1.6 Motivation

flexible.88 Graphene has also very high in-plane thermal conductivity which
can reach up to 5000 Wm−1K−1 at room temperature.89 For comparison,
copper has a thermal conductivity of 400 Wm−1K−1 at the same temperature.
It has also interesting optical properties, such as a transparency of around
97.7% in the visible light range.90

Proving that graphene is stable in its mono-layer form83 along with its
exceptional properties, has triggered the revival of interest in other 2D-
materials such as h-BN (hexagonal-Boron Nitride), MoS2 (Molybdenum Di-
sulfide), WSe2 (Tungsten Diselenide) and black phosphorus.81 They have a
wide range of interesting electronic, optical, mechanical and catalytic prop-
erties.91,92 Thus, they have been recently an object of intensive research.
One of the most promising example is MoS2, a 2D-material that belongs to
the family of transition metal dichalcogenides (TMDCs).93 TDMCs have the
general chemical formula MX2, where M is a metal from the IV, V or VI
group of the periodic table and X is a chalcogen element S, Se or Te. MoS2
is one of the most studied material from the TMDCs family. It can be found
in nature as the molybdenite, and it is the main source of molybdenum. It
is composed of sulfur-molybdenum-sulfur tri-layers that are connected with
each other by van der Waals interactions. Due to the large (and tunable) band
gap, 1.8 eV, it is a promising material for future nano-electronic devices.94–97
Along with graphene and h-BN it plays a prominent role in van der Waals
heterostructures.98–102
Graphene and TMDCs have been extensively characterized by various sur-

face science techniques supported on a variety of substrates,103–106 but as we
have shortly discussed graphene has only recently used as a template to study
other substances such as water.34,38–41 Graphene (and to some extend TM-
DCs) owing to its unusual properties is ideal for coating otherwise dynamic
molecules and provides a tool for imaging these molecular structures in situ
and real time using scanning probe techniques. It has since then provided
useful insights on intercalation effects and on the physical properties of con-
fined water structures.33

1.6 Motivation

In the previous paragraphs we have given numerous examples where the first
water monolayer on surfaces substantially deviates from the conventional
bilayer model. The observed vast amount of ice phases underline the com-
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Chapter 1 Introduction

plexity of the governing physical mechanisms. One could ask how the struc-
ture of the first water monolayer looks like when is geometrically confined
between two walls, since the second surface could provide extra limitations.
Questions regarding the influence of the surface structure and wettability,
environmental humidity, temperature, pressure and the presence of foreign
species on the structure and dynamics of confined water need also to be
addressed in a systematic manner. Answering these questions is of great
relevance in understanding the transport mechanisms in biological systems,
water flow in nanofluidics and geological systems, environmental sciences and
ice nucleation, and for future 2D material-based electronics. This motivates
the scope and objectives of this experimental oriented thesis. In the following
chapters, we will describe efforts to answer these questions and obtain a mo-
lecular level understanding of the physical properties of 2D material confined
water.

1.7 Outline

The following chapter describes the experimental techniques that have been
used in this thesis as well as the sample preparation and characterization
processes. Chapter 3 describes the growth mechanism that governs the form-
ation of ice nanostructures between graphene and mica. Chapter 4 builds on
the findings of chapter 3 and explains in detail the processes that influence the
shape and size of the ice crystals. A closer look at the graphene/H2O/mica
interface is taken in chapter 5. The presence of K+ ions is established and
their influence in the surroundings is considered. In chapter 6, we describe the
influence of pressure on the state of the confined water structures. An applic-
ation of an external pressure beyond 6 GPa results into a solid to quasi-liquid
phase transition. The transition is fully reversible and the system returns to
its original state when the pressure is lifted. Chapter 7 extends on the in-
fluence of confinement on water-alcohol mixtures. It provides information
about the structure and dynamics of various alcohol-water mixtures confined
between graphene and mica. Last but not least, chapter 8 shows that ice
confined between graphene and MoS2 acquires a nontetrahedral hexagonal
structure with hydrophobic properties. We conclude with a brief summary
of the most important findings.
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2
Experimental Methods

‘Richard Feynman in his famous lecture ‘There is Plenty of Room at the
Bottom’ foresaw the posibility of direct manipulation of single atoms and
molecules. Decades later and owing to the invention of scanning tunneling
microscopy individual atoms are routinely imaged and manipulated.’



Chapter 2 Experimental Methods

2.1 Introduction to SPM

The invention of Scanning Tunneling Microscopy (STM) in 1981 by Gerd
Binnig and Heinrich Rohrer107,108 ignited the development of a new branch
of techniques classified as Scanning Probe Microscopies (SPM). Scanning
probe microscopy has revolutionized surface science and ignited new areas
of science and technology. In principle, scanning probe techniques use a
sharp probe that scans the specimen’s surface whilst recording interactions
between the surface and the probe. Advancements in SPM have enabled
imaging, measuring and manipulating surfaces down to the nanoscale and
with atomic precision. The most common scanning probe techniques are the
STM and the Atomic Force Microscope (AFM).

2.2 Scanning Tunneling Microscopy

The STM is a powerful tool in surface science, it is used for imaging nano-
scale flat and electrical (semi-)conducting surfaces. It has a lateral resolution
of 0.1 nm and a vertical resolution of 0.01 nm. It provides structural and
electronical information of solid-state systems. However, the image cannot
be considered as a pure topographic map, since STM measures the electron
density of the surface. Although, it is usually operated in UHV, other envir-
onments, such as ambient, gas and liquid, are also possible. In addition, it
can operate at temperatures ranging from 1000 K down to millikelvins.
The basic components of an STM are an atomically sharp metal tip, typ-

ically made out of W or PtIr alloy, placed in a very close proximity to the
sample (< 1 nm). A piezoelectric unit controls the vertical and lateral loc-
ation of the tip with respect to the sample. A coarse positioning unit is
responsible for bringing the tip into the tunneling regime (0.5-1 nm). Figure
2.1 shows a schematic diagram of an STM.
The STM relies on quantum tunneling, a quantummechanical phenomenon.

Classically, when an object hits a potential barrier with a barrier height larger
than the energy of the object, it will never penetrate through that barrier.
However, an exponentially decaying solution for the wave function in the bar-
rier is predicted from quantum mechanics. For thin enough barriers, there
is a probability of finding the particle at the other side. When a small bias
voltage is applied between the tip and the surface, tunneling of electrons res-
ults in a tunneling current (I), proportional to the tunneling probability of
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Figure 2.1: Schematic drawing of an STM in constant current mode.

an electron through the barrier. The magnitude of the tunneling current is
commonly approximated by the Simmons equation:109–111

I ∝ V ρ

z
e−κz, (2.1)

where V is the applied voltage, ρ is the density of states (DOS), κ the inverse
decay length (κ = 2

√
2mφ
h̄ , where φ is the tunneling barrier height) and

z the sample-tip separation distance. The tunneling current I exhibits an
exponential decay with the increase of the tip-sample distance. Due to the
exponential nature of the tunneling current with the distance, very small
changes in the tip-sample distance lead to large changes in the tunneling
current. It is thus safe to assume that the tunneling current arises from the
last protruding atom of the tip. The tunneling current of the other tip atoms
to the sample surface is insignificant, due to their greater separation distance
to the surface. Therefore, by applying a voltage difference (referred to as bias
voltage) between the tip and the sample, electrons tunnel from the sample to
the tip or vice-versa, depending on the voltage polarity. A tunneling current
(typically 0.01 nA to 2 nA) is then established.
The STM can operate in two different modes, namely constant current

mode and constant height mode. In constant current mode a piezo scanner
controls the x-y-z motion, the voltage and the current always stays constant,
while the electronic feedback loop prevents the tip from crashing into the
surface. A topographic image is created, by recording the vertical position of
the tip. In constant height mode, the height and voltage are kept constant
while the current is recorded. A topographic image is produced. When the

15



Chapter 2 Experimental Methods

polarity of the sample bias voltage is negative, electrons tunnel from the
surface’s filled states to the tip. While for positive bias voltage, electrons
tunnel from the tip to the empty states of the surface.

2.2.1 Scanning Tunneling Spectroscopy

Scanning tunneling spectroscopy (STS) is an extension of STM. In STS a
parameter Y (for instance current) is measured as a function of another
parameter X (for instance voltage). The most common spectroscopic modes
are current-distance (I(z)) spectroscopy, current-time (I(t)) spectroscopy and
current-voltage (I(V)) spectroscopy. Briefly, in I(z) spectroscopy, the feed-
back loop is disabled and the current (I) is measured as a function of the
tip-sample distance (z) whilst the bias voltage is kept constant. I(z) spectro-
scopy can provide useful information on the local tunneling barrier, φ.112–115
In I(t) spectroscopy the feedback loop is disabled and the current (I) is meas-
ured over a defined time window (t) whereas the tip-sample distance and bias
voltage are kept constant.116,117
The most commonly used STS technique is the Current-Voltage, I(V),

spectroscopy. I(V) spectroscopy can provide detailed information of the elec-
tronic landscape of the specimen’s surface. The tip is placed at a fixed
height (by disabling the feedback loop) and for a short period of time over
the sample. The tunneling current (I) is measured as the bias voltage (V) is
ramped between two user-specified values and in small increments. Note that
the curves always collapse at the setpoint (setpoint current and bias voltage)
before the feedback loop is disabled.
I(V) spectroscopy can be used to identify metallic or semiconducting be-

havior. For instance a metallic behavior exhibits a non-zero slope of the I(V)
curve around the Fermi level, i.e., 0 V. Whereas, I(V) recorded on semicon-
ductors show no current in the band gap region,118–122 Figure 2.2. However,
the real strength of I(V) spectroscopy is associated with the ability to de-
termine the local density of states (LDOS) of the surface.118,119,121–123 At
low bias voltage the tunneling current is associated with the local density of
states (LDOS) around the Fermi level, EF . We can map the LDOS around
the EF by varying the bias voltage continuously and measuring the current.
The energy window ∆E=eV of the contributing electronic states is varied,
revealing the electronic structure of the sample. The highest states in the en-
ergy window contribute the most to the tunneling process. The LDOS of the
surface near the Fermi level is proportional to (dI/dV)/(I/V).118,119,121–123
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Figure 2.2: dI/dV(V) curves of a semiconductor (red) and a metal (blue), numer-
ically derived from their corresponding I(V) curves shown in the inset. Note that
for the semiconductor the dI/dV signal vanishes near the Fermi level, i.e., 0 V.

The dI/dV can be obtained by numerical differentiation of the I(V) curve.
The negative bias reflects the occupied states of the LDOS while the positive
bias probes the unoccupied states. Figure 2.2 shows examples of dI/dV(V)
curves that correspond to a metal and a semiconductor.

2.2.2 The RHK Scanning Tunneling Microscopes

The STM experiments of chapter 3 were performed using an RHK AFM/STM
system operated at room Temperature (RT) and N2 environment. The STM
experiments of chapter 5 were performed using an RHK variable temperature
(VT) STM operated at RT and UHV. Each STM system contains a load lock
and a main chamber, where the STM scanner is located. The STM scanner
consists of a sample holder and a tip holder which are mounted in a vibration
isolated construction that is suspended by springs and eddy current dampers
inside the chamber. This secures a mechanical decoupling from the rest of
the setup, which contains mechanical pumps, and also from disturbances of
the outside world. The sample enters the system via the load lock and can be
transferred to the main chamber using magnetic sticks. In the main chamber
up to six samples or tips can be stored. The STM is located in the main
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VT RHK STM RHK STM/AFM

Loadlock

Main Chamber Loadlock Main Chamber

Figure 2.3: The VT RHK STM (left) and the RHK AFM/STM (right) systems.
The loadlock and the main chamber are indicated in both systems. The insets show
the STM scanner of each system.

chamber and it is controlled with the Rev 9 electronics. Figure 2.3 shows
photographs of the UHV VT RHK STM system and the RHK AFM/STM
system. The STM tip and sample of each system are shown in the insets.

2.3 Atomic Force Microscopy

The atomic force microscope is a fundamental and versatile tool for imaging,
measuring and manipulating surfaces at the nanoscale and in a plethora of
environments ranging from ambient to aqueous and to vacuum. The first
AFM was invented by Binnig et al. in 1986 and it was initially a modified
STM.124 The AFM consists of an ultrasharp tip that is supported on approx-
imately 100 µm cantilever. The tip-cantilever combination raster scans the
surface of interest with atomic precision by the use of piezoelectric materi-
als that can precisely control the x-y-z movement of the tip. Atomic forces
between the tip and the sample’s surface induce bending and lateral torsion
of the cantilever. In the initial version of the AFM developed by Binnig, the
deflection of the cantilever was measured by an STM tip, which was placed
on the backside of the cantilever. The detection of the deflection of the
cantilever in this AFM/STM combination was very complicated and other
methods were consequently developed in order to simplify it. For instance,
earlier detection techniques included measurements of change in capacitance
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Figure 2.4: (a) A schematic diagram of the basic principles of AFM. The tip-
cantilever combination scans the surface in contact mode. The deflection of the
cantilever is recorded using the laser beam deflection detection method and a feed-
back control loop is used to keep it constant. (b) A diagram of the interaction forces
as a function of tip-sample separation and the relevant AFM modes. (c) The Agilent
5100 AFM.

between the backside of the cantilever and a parallel plate or measurements
of the mechanical stretching of the cantilever by using a piezoelectric mater-
ial.125,126

The simplest method that is widely used today and enabled AFM to be
used in various environments includes a laser and a photodiode.127 In this
method, a laser beam is directly pointed on the back of the cantilever. The
deflection of the cantilever, as the tip scans the surface, is recorded by meas-
uring the movement of the laser spot using a photodiode. The photodiode
consists of four quadrants. This way both the up and down motion of the
laser spot due to deflection and the sideways motion resulting from the tor-
sion of the cantilever can be accurately measured. The topographic signal
measures the vertical deflection of the cantilever and is represented by the
difference in signals between the top cells and the bottom cells of the diode,
whereas, the sideways motion of the cantilever is represented by the difference
in signals between the right cells and the left cells of the diode. The basic
principles of AFM are summarized in the schematic of Figure 2.4a. AFM can
be operated in several modes, including contact mode, where repulsive forces
act between the tip and the surface, non-contact mode, where the main tip-
surface interactions are attractive and tapping mode (or intermittent contact
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mode), where the tip encounters both repulsive and attractive forces. Figure
2.4b describes the interactions relevant at each mode based on interatomic
forces. The AFM used in this thesis is the Agilent 5100 AFM, Figure 2.4c,
that can be operated in both tapping and contact mode.
Contact mode AFM is one of the simplest method to image surfaces. In

contact mode the tip is in constant contact with the surface. Topographic
images are obtained by keeping the force measured by the tip constant. This
is achieved by regulating the height of the tip with respect to the substrate.
The tip-sample distance is controlled by the z-piezo which uses the meas-
ured deflection as the feedback signal. The x-y movement of the cantilever
is regulated by another set of piezos, thus a raster scan of the surface can
be achieved and a topographical image can be reconstructed. Contact mode
AFM can provide high resolution. However, the interactions of the tip with
the surface can be substantial, resulting in irreversible changes of the sur-
face’s morphology, thus the technique is only ideal for solid surfaces where
irreversible damage is less likely to happen.

2.3.1 Lateral Force Microscopy

Lateral Force Microscopy (LFM) is a complementary mode derived from
contact mode imaging. In contact mode, the deflection of the cantilever
in the vertical direction is measured as it raster scans the surface and a
topographic image is created. Furthermore an additional torsion bending
of the cantilever occurs. In LFM the torsion bending of the cantilever is
measured. This way information regarding the friction characteristics of the
sample’s surface can be obtained. When the tip moves horizontally across the
surface, forces applied from the surface to the tip result in a lateral deflection
of the cantilever. The magnitude of the lateral forces depend in the friction
coefficient of the surface, the topography and the mechanical properties of
the cantilever, e.g., spring constant.128 LFM is a useful tool for imaging
inhomogeneities on the surface.129 LFM can also provide atomic resolution
imaging of the surface by exploiting atomic stick and slip effects.128–130 The
magnitude of the applied force should however be regulated such that the tip
does not cause any irreversible damage on the surface.
The basic principles of LFM are summarized in Figure 2.5. Figure 2.5

shows a cartoon of a surface that has two main characteristics, a patch of
higher frictional coefficient with respect to the rest of the surface (i) and
an upward (ii) and downward (iii) step. In panel (b) the deflection of the
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Figure 2.5: A cartoon of an inhomogeneous surface that contains a patch consisting
of a different material (i), an upward (ii) and a downward (iii) step. (b) A schematic
representation of the topography (b) and lateral force forward (c) and backward (d)
signals of the surface.

cantilever as it scans from left to right (forward scan) / right to left (backward
scan) is shown. The topographical image is retrieved by measuring changes in
the vertical deflection of the cantilever. The lateral deflection, torsion, of the
cantilever as captured by LFM is drawn in panels (c) and (d) for forward (left
to right) and backward (right to left) scans. In the case of forward scanning,
when the tip meets an upward step (ii) on the surface it is twisted on the
right. The lateral force signal acquires a convex shape. For a downward step
(iii) the cantilever is twisted to the left and an opposite signal is measured
in LFM. When the scan direction is reversed there is no change in the signal
at points (ii) and (iii). In contrast, as the tip scans through region (i), the
region with a higher frictional coefficient than the rest of the surface, the
cantilever twists to the right in the case of a forward scan and to the left in
the case of a backward scan. The twist to the right results in an increase
in the LFM signal whereas twisting to the left (for the backward scanning)
results in the decrease of the LFM signal. It is important to realize that LFM
images contain both topographic and friction information and it is necessary
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to be able to distinguish between the two, this can be achieved by comparing
both the topography and the LFM and also the backward and forward LFM
scans.

2.3.2 Conductive AFM

Conductive AFM (C-AFM) is a secondary imaging mode derived from con-
tact mode AFM. Using conductive AFM, one can obtain information about
conductivity variations over the sample surface. C-AFM uses a conductive
cantilever, a sample bias is applied between the tip and the sample (or vice
versa) and the electrical current between the two is subsequently measured.
The scanning of the surface is performed in contact mode. Therefore, topo-
graphy and LFM images are simultaneously obtained together with C-AFM
images. The conductivity of the surface is measured by the use of an electric
current amplifier. This way currents ranging from 1 pA and up to 10 nA can
be measured and the electrical noise is suppressed down to a few fA. Similar
to STM, C-AFM can be used as a tool to perform Current-Voltage spectro-
scopy and obtain detailed information about the local electronic properties
of the surface.

2.4 Amplitude Modulation AFM

It is essential to realize that physical contact between the tip and the sample
can influence and often damage the surface. For this reason, AFM operated in
contact mode does not allow imaging of soft matter, e.g., water layers, DNA,
proteins etc., and other delicate features of the surface. As a result of the
large lateral forces (10−9 to 10−8 N) exerted by the AFM tip, these features
can be dragged along the scanning direction. In order to avoid this problem,
AFM can be operated in a dynamic mode. Dynamic AFM uses a vibrating
tip in order to reduce the lateral force between the tip and the sample surface.
Dynamic atomic force methods can be used for nanoscale characterization of
a variety of surfaces. For example, images of DNA and proteins can be readily
obtained.131–135 Real atomic resolution of several different type of surfaces
has been also achieved using a dynamic AFM.136,137 Dynamic AFM is also
useful for measuring soft mater in liquid environments,138 such as surface
nanobubbles and nanodroplets.
The two main dynamic AFM modes are frequency modulation, FM-AFM,
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and amplitude modulation, AM-AFM.131,139,140 In the AM-AFM mode (also
referred to as tapping mode) the cantilever oscillates at or near its resonance
frequency and the oscillation amplitude is used as a feedback parameter to
capture the morphological features of the surface. On the other hand, in FM-
AFM, the cantilever is excited to oscillate at its resonance frequency with a
constant oscillation amplitude. Interatomic interactions between the tip and
the sample result in a resonance frequency shift, from the frequency of the
free cantilever. A topographic image is then reconstructed by keeping the
frequency shift constant.
In the experiments described in this thesis, the AM-AFM is used. The

cantilever can be driven to oscillate either directly, by the use of a magnetic
cantilever in an oscillating magnetic field, or acoustically. Acoustical excita-
tion of the cantilever is easier to implement and it is the method used in this
thesis. In this case the whole nose cone, where the cantilever is mechanically
attached, vibrates by an oscillating piezo.

2.4.1 Amplitude

The resonance frequency curve of an acoustically driven free cantilever (not
affected by tip-sample interactions) is shown in Figure 2.6 (solid line). When
the tip is at a close proximity to the surface, tip-surface interactions influence
the resonance frequency of the cantilever as follows

ωeff =

√
kc − dFts

dz

m
, (2.2)

where ωeff is the effective resonance frequency, Fts represents the tip-surface
interactions, z is the tip-surface distance and kc andm are the spring constant
and mass of the cantilever, respectively. Initially the cantilever oscillates near
or at each resonance frequency with a constant frequency ωD. This results in
an oscillation amplitude of A◦. As the cantilever approaches the surface and
for relative large distances, attractive van der Waals interactions act between
the tip and the sample, due to these attractive interactions the resonance
frequency shifts to the left, dashed red line in Figure 2.6a. For very short
distances the interactions become repulsive and consequently the frequency
shifts to the right. Note that due to the frequency shift the amplitude is
also reduced to Ats. The z-piezo uses the change in amplitude as a feedback
signal to adjust the tip-surface distance. The potential, Vz, applied to the
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Figure 2.6: (a) Amplitude and (b) phase shift of an acoustically driven cantilever.
The solid lines represent the amplitude and phase of the free cantilever whilst the
dashed red lines indicate a shift induced by attractive tip-surface interactions.

z-piezo is given by

Vz = I

∫
εdt+ Pε, (2.3)

where ε is the difference between the set point amplitude, Asp and Ats, and
I and P are constants that control the flexibility of the feedback. During
scanning of a surface the z-piezo adjusts the tip-surface distance such that
ε = 0 and thus Ats = Asp.

2.4.2 Phase

Additional information on the surface properties can be obtained by record-
ing the phase-shift of the cantilever’s oscillation with respect to the driving
oscillation. The phase shift is affected by tip-surface interactions. Without
tip-surface interactions the cantilever is oscillating in a sinusoidal manner.
When the tip starts to interact with the surface the sinusoid is shifted in
phase, Figure 2.6. The phase-shift is directly related to the energy dissipa-
tion caused by the tip-surface interactions during a period of oscillation.131
There are several factors that have an impact on the energy dissipation,
such as: viscoelasticity, adhesion and the tip-surface contact area. There-
fore, phase-shift images can give vital information about surface properties
or even composition. However, it is necessary to remember that the sample’s
slope and other surface features, can affect the contact area and thus the
phase-shift contrast can be influenced by the topography.
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2.5 Sample Preparation and Characterization

Graphene flakes were obtained by the mechanical exfoliation of highly ori-
ented pyrolytic graphite (HOPG), using the tape free method.141 In this
method loose flakes are picked up with the use of a tweezer from the freshly
cleaved surface of HOPG. The extracted graphite flakes are then gently
pressed on top of the substrate of choice, e.g., mica. The flakes are sub-
sequently removed from the substrate using the same method with the tweezer.
Small micrometer sized residual graphene and graphite flakes can often re-
main on the substrate’s surface. These flakes can then be found by (optically)
scanning the sample with an optical microscope.

Figure 2.7 shows a thin graphite flake deposited on a mica substrate, the
image is taken with a 50x magnification objective. The graphene flake is
clearly brighter than the mica substrate. The thicker parts of the flake show
clear contrast quantization and terracing. Often the edges of such flakes
terminate with single or a few layers of graphene. However, single layer and
few layers graphenes are difficult to image and display almost no contrast
with respect to the mica substrate. It is apparent that optical detection
of graphene flakes on mica is not as straight forward as in systems were
graphene is deposited on non-transparent substrates, such as SiO2.142–144
Furthermore, the apparent AFM height of graphene alone cannot verify the
number of graphene layers.145 The low yield of the exfoliation method adds
an additional constrain. In order to detect single layer graphene flakes on
mica we use optical reflection microscopy. Dorn et al.146 demonstrated first
that optical reflection mode imaging can provide a contrast between 7-10%
of visible light for single layer graphene on mica. The contrast is relatively
insensitive to the wavelength of the illumination.
A schematic of the experimental set-up is shown in Figure 2.8a. The

sample is flipped over such that the graphene flake is located at the bottom
of the mica substrate with respect to the microscope objective. Considering
that mica is transparent, the sample is placed above a black background for
better contrast. The imaging was performed with an DM2500MH materials
microscope, Leica, using visible light. Destructive interference of light reflec-
ted from the mica-graphene and graphene-air interface when the sample is
flipped enhances the contrast of single layer graphene.146,147 The reflected
light passes mica twice on its way from the lamp to the camera, this po-
larizes the light.148 A crossed linear polarizer placed in front of the camera
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Figure 2.7: A graphene flake obtained by the mechanical exfoliation of HOPG
deposited on mica. The flake displays clear thickness quantization. The brighter
color indicates thicker graphene.
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Figure 2.8: (a) A schematic of the optical reflection microscopy setup. (b) A
graphene flake imaged in reflection mode. A region of a single layer (SL) graphene
(i) is shown in the inset. The mica surroundings are brighter (ii), whereas the
thicker graphene regions become darker (iii). (c) The frequency distribution of
the brightness of the single layer graphene (i) and mica (ii), imaged in reflection
mode (ORM) are depicted in panel (d) and are compared to the brightness of the
same region, imaged with conventional optical microscopy (OM), Figure 2.7. The
corresponding AFM image of the single layer graphene region.
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blocks most of the change in polarization of the reflected light from the top
of the mica. This means that only the light reflected from the bottom of
the mica and the graphene can pass, effectively enhancing the contrast. In-
deed in reflection mode, Figure 2.8b, the image shows now a clear contrast
of single layer and few layers graphene with respect to the mica substrate.
The contrast values, C, were obtained by comparing the mean brightness, I,
of the single layer graphene, Ig, and mica surroundings, Im, indicated as (i)
and (ii) in the inset of Figure 2.8b. The mean brightness is obtained by the
histogram of Figure 2.8c where the pixel intensity probabilities, as measured
from optical reflection microscopy, Figure 2.8b, and conventional optical mi-
croscopy, Figure 2.7, of the single layer graphene region and the mica region
are depicted. The contrast values C are then calculated using the equation:

C = Im − Ig
Im

× 100%. (2.4)

The contrast value of single layer graphene with respect to mica is found
to be ∼7% in good aggrement with ref.146 In comparison for normal optical
images, Figure 2.7, the contrast obtained from equation 2.4 is ∼1%, i.e.,
substantially lower than the values obtained with optical reflection mode.
It is clear that the flipped sample gives a higher contrast. Furthermore,

the contrast values are close to the expected literature values for single- and
bilayer graphene. It must be stressed that large errors have been reported and
attributed to nonlinear camera response, fluctuations in lamp output power
and mica thickness.142,149 Moreover, the AFM topography images show that
the suspected layer thickness is correct, Figure 2.8d, proving that this optical
detection technique is a viable method for determining the exact number of
graphene layers.

Another way to determine the thickness of graphene on any substrate is
by using AFM, operated either on tapping mode or contact mode with the
pre-requirement that the forces involved in contact mode are such that no
irreversible damage occurs. This technique has been mainly used in the case
of graphene on MoS2 but can be also exploited to mica substrates. As we
mentioned earlier, in principle AFM cannot provide accurate height interpret-
ation between two different materials, i.e., graphene and MoS2 or mica, due
to the different tip-surface interactions between the two surfaces. In order to
overcome this problem, we use regions where one of the sides of the graphene
flake is folded, see for example Figure 2.9a. These folds can be often found on
exfoliated samples and are a product of the exfoliation process. They can be
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Figure 2.9: (a) Graphene (Gr) flakes on the MoS2 surface. The graphene flake
is folded at one of each sides. (b) The corresponding phase image of (a) revealing
two distinct contrasts that correspond to the graphene and MoS2 regions. (c) Line
profile of the graphene fold marked with the red solid line in panel (a).

also manually created by scanning the edge of the graphene flake in contact
mode. Note here, that it is essential to first distinguish the graphene flakes
from substrate steps. This is achieved by using phase imaging. For instance
the graphene flake of Figure 2.9b on MoS2 display a sharp and clear contrast
with respect to the MoS2 surface, which indicates that the tip interacts with
different materials. A line profile measurement across the fold, Figure 2.9c,
can then be used to exactly determine the thickness of the graphene flake,
in this case the flake is a single layer of graphene (thickness ∼ 0.34 nm) and
thus the fold a bilayer. The technique works since now the tip interacts on
both sides with the same surface and therefore the tip-surface interactions
are kept constant.
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3
Latent Heat Induced Growth of Confined Ice

Nanocrystals

‘The basic science responsible for the fascinating shapes of (confined) ice
crystals is still not understood. The growing 2D ice nanocrystals assume
a fractal shape. Latent heat effects and consequent transport of heat and
molecules, along with rotational freedom, are found to be key ingredients for
understanding the evolution of the ice fractals.’



Chapter 3 Latent Heat Induced Growth of Ice Crystals

3.1 Introduction

The multifarious morphologies of snowflakes and their fascinating, highly
symmetric appearances have attracted a lot of attention. Highly informat-
ive3 and comprehensive4 reviews have been written by Libbrecht. Today’s
understanding on the level of the crystalline structure of ice is well advanced,
and consensus has been reached on the importance of the hexagonal struc-
ture of natural ice, denoted as ‘Ih-ice’, during initial growth.31,32,48 However,
the knowledge about growth morphologies and their evolution, i.e., on the
growth dynamics, is still far from being understood. The snow crystal mor-
phology diagram, showing crystal shapes as a function of temperature and
supersaturation,3,4 is extremely rich. We focus on the high temperature–high
humidity region, where fractal 2D platelets are found. The emerging morpho-
logy suggests signatures of diffusion limited aggregation (DLA)150 or Mullins
Sekerka151 type growth instabilities. The role of heat transport due to tem-
perature fluctuations caused by latent heat effects and that of molecular
transport needed for incorporating molecules into the solid are still totally
unknown. It has been suggested3 that these transport issues play an import-
ant role in defining the ultimate morphology of the crystalline platelets.
Unfortunately, experimental access to latent heat effects and induced heat

transport and their consequences on the emerging morphology of ice crystals
at the molecular level is absent in three dimensions (3D) due to the lack
of appropriate techniques. Even in 2D, it is very hard to realize, especially
under ambient conditions.4 Xu et al. have demonstrated, in their pioneer-
ing work,34 that water can be aggregated between a mica substrate and a
graphene sheet. Water intercalation between graphene (cover) and mica (sub-
strate) have recently received tremendous attention.33,38–41,43,152–155 Such in-
tercalated water is in contact with the environment through defects in the
graphene cover. The most common form of defects on a few layer thick
graphene flake that can provide contact to the ambient are steps, formed dur-
ing the cleaving process located at the graphene-substrate interface. These
steps are situated at the bottom side of the graphene flake, a schematic
drawing is shown in Figure 3.1, and they will be further referred to as B-type
defects/steps.38

At high relative humidity (RH), an almost featureless image of the graphene-
mica surface is obtained by using AFM. Upon a drop of the RH, a brightness
contrast develops: growing dark fractal shapes are surrounded by brighter
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Substrate

Water molecules

Top graphene 
step edge

Bottom graphene 
step edge (B-type defect)

Figure 3.1: A cartoon of the two types of step edges (bottom and top) found on
a few layer graphene flake deposited on mica with the intercalated water being in
between the two surfaces. For simplicity the water molecules are represented by blue
spheres.

areas. The dark areas represent a lower level and these depressions expand
with time.38 The height difference between these fractal depressions and their
higher (brighter) environment amounts to about 0.37 ± 0.02 nm, which cor-
responds to the interlayer distance in hexagonal ice (Ih-ice).34,39 The shape
of the depressions depends on the quality of the mica and the local thickness
of the graphene cover sheet.

In this investigation, we focus on the growth of the intercalated fractals
reported first by Severin et al.38 and interpreted as de-wetting patterns. In
contrast to ref.,38 we identify these fractals as a 2D ice layer. The crystalline
nature of the fractals is discussed in detail later. The surrounding higher
level corresponds to a two-layer thick water film.41 In our experiment, we
study the growth of the 2D ice nanocrystals, under similar conditions that
lead to the growth of 2D ice (snow) flakes in nature. The intercalated ice
crystals suggest growth under DLA conditions.150 It is emphasized that DLA
conventionally leads to low-density objects resulting from diffusing atoms
present at a low density mass. When an atom hits the fractal aggregate,
it basically sticks and the aggregate expands. In contrast, in the current
situation, the aggregate grows from a very high density mass situation; the
availability of the (in this case) molecules is not an issue. Rather, due to
their anisotropic properties, the molecules stick only to the crystal provided
they have the right orientation.
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Chapter 3 Latent Heat Induced Growth of Ice Crystals

3.2 Experimental Details

Exfoliated graphene (and multilayer graphene) was deposited onto a freshly
cleaved muscovite mica (highest quality) at ambient conditions, by gently
pressing a freshly cleaved HOPG flake (ZYA grade, MikroMasch) onto the
mica. In our research, a strong preference for the highest HOPG quality
was taken. Lower quality HOPG samples have a higher number of defects,
resulting in higher density of fractals and interacting fractals. This can in-
duce disturbances in their structure and make the analysis unnecessary com-
plicated. The graphene application process has been also repeated inside a
home-built glovebox with controlled conditions and similar behavior has been
observed. Extreme care has been taken to avoid contamination during the
cleaving procedure by the adhesive tape.156

Graphene was initially located using optical microscopy, and the number
of graphene layers was extracted from optical and AFM measurements.146
For the optical investigation of the graphene flakes, a DM2500 MH mater-
ials microscope (Leica, Germany) was used. AFM imaging was performed
in an environmental chamber using an Agilent 5100 atomic force microscope
(Agilent) and HI’RES-C14/CR-AU probes (MikroMasch), with a nominal
spring-constant of 5 N/m and resonance frequency of 160 kHz. The AFM
scanner was operated inside an environmental cylindrical shaped chamber.
The RH was controlled by purging the environmental chamber with a con-
trolled and adjustable N2 flow or a wet air flow. The inlet of the N2 or wet
air flow into the chamber was far away from the sample and AFM scanner
in order to avoid disturbances during scanning induced by the flow. The
wet air flow was realized by bubbling compressed air through distilled water.
The water was purified to 18.2 MΩcm with a TOC (Total Organic Carbon)
of <3ppb using a Mill-Q Reference A+ system (Merck Millipore). The hu-
midity was controlled by adjusting the flow ratio. A RH of 0.1%–1% was
realized using only the N2 flow. The RH and temperature of the environ-
mental chamber were measured by a humidity sensor (SENSIRION EK-H4
SHTXX, Humidity Sensors, Eval Kit, SENSIRION, Switzerland) with an ac-
curacy of 1.8% between 10% and 90% RH. The sensor was placed in a close
proximity to the sample. The sample’s plate temperature was controlled and
measured using a Lakeshore 332 temperature controller.
STM and STS were performed in air and in N2 environment with an UHV

variable temperature AFM/STM (BeetleTM, RHK Technology). The low
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humidity environment during the STM measurements was achieved by con-
tinuously purging the STM UHV chambers with N2, and the humidity sensor
was placed in a close proximity to the sample. For the formation of fractal
depressions, a continuous N2 flow (adjustable flow rate) was applied in the
environmental chamber. A 0.1%–1% RH is quickly reached, and fractal de-
pressions start to grow.

3.3 The Graphene-Mica system

Before discussing our observations in greater detail, we point out that the
graphene/mica system has peculiarly advantageous properties, and the pres-
ence of the graphene blanket, covering the water molecules on mica, is essen-
tial for several reasons. First, it is impermeable for water and thus prevents
direct condensation and evaporation of water, from and into the ambient.
Second, it prevents the intercalated water to wet the probing AFM tip, which
would otherwise give rise to strong perturbations of the water film. It there-
fore allows one to investigate the intrinsic properties of the water/mica system
making it accessible for experimental perusal. Last but not least, the inter-
calated water is confined between layered materials with strongly anisotropic
properties. In both mica and graphene, the thermal conductivity along the
layers is much higher than that perpendicular to the layers. The in-plane and
out-of-plane thermal conductivity of graphene at room temperature are 2000-
5000 Wm−1K−1 and 6 Wm−1K−1, respectively.89,157 The values for muscovite
mica are, respectively, 4.05 Wm−1K−1 and 0.46 Wm−1K−1 for in-plane and
out-of-plane.158 As a result, the intercalated water is thermally “isolated”
from the environment at 20◦C. Local temperature fluctuations occurring in
crystal growth/melting due to the evolution of the local heat of condensa-
tion/evaporation, which were suggested as being possibly crucial in the still
poorly understood growth of ice/snow crystals,3 actually become accessible
for the first time. These facts render the selected system predestined to study
the yet uncharted consequences of temperature fluctuations at the molecular
scale induced by latent heat effects for the growth of ice flakes. Below we find
that these latent heat effects provide the missing link for understanding the
formation of fractal ice nanocrystals. By accident, one obtains for free the
easily accessible time scale (minutes/hours) needed to follow the molecular
scale growth of 2D ice. Finally, we stress that the growth of the ice inter-
calated between graphene and mica is highly relevant for the natural growth
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Chapter 3 Latent Heat Induced Growth of Ice Crystals

of 2D snow (ice) flakes under the conditions indicated above. The graphene
is only slightly hydrophobic and it acts as a ‘neutral’ confinement, whereas
the mica is hydrophilic. The 2D ice condenses in an epitaxial fashion on
mica enhancing the visibility of the ice fractals. This 2D ice is substantially
different than an ordinary bilayer of Ih-ice and can be stable up to 300 K.71

3.4 Growth and Melting of Ice Fractals

Figure 3.2 shows AFM images of the graphene-water/ice-mica system, after
a prolonged stay at a high RH, Figure 3.2a, revealing the evolved fractals
at 110 min after an initial drop of the RH, Figure 3.2b. The darker fractals
correspond to depressions with a height of 0.34-0.39 nm below the surround-
ings and they represent a 2D ice, while the unstructured, brighter areas
correspond to a two-layer thick water film. We also measured AFM phase
images which demonstrate that in all cases, the outermost graphene layer is
imaged.34,38,39 Indeed, the graphene sheet visualizes the water film under-
neath,34 see the inset of Figure 3.2b. Figure 3.2c shows a typical STM image
of a part of an evolved fractal. An overall hexagonal symmetry is observed.
Figure 3.2d shows differential conductivities recorded on graphene above the
2D ice (blue curve) and the surrounding double water layer (red curve) of
Figure 3.2c. The differential conductivity of graphene above the double layer
reveals a slight shift of the Dirac point toward the negative side (-50 mV),
in accordance with DFT calculations on graphene on mica.159 The double
water layer has effectively no net dipole moment and consequently zero effect
on the electronic properties of the graphene cover.160 In contrast, the differ-
ential conductivity recorded on the graphene above the 2D ice crystal reveals
a large shift toward the positive side (+370 mV). The observed spectra are a
result of the unconventional character of the 2D ice crystal on mica.71 The
dipole orientation of the first 2D ice layer faces the mica surface;6,32,71 as
a result, a net dipole moment is formed. Therefore, the graphene cover is
locally p-type doped in accordance to ref.,159 and the Dirac point is shifted
to the positive side. From the fact that these observations are fully in line
with the DFT calculations in ref.,71 we conclude that our findings demon-
strate that the fractals consist of 2D ice films on mica. A simplified cartoon
of the system is depicted in Figure 3.2e, the water molecules are depicted as
blue/white spheres for simplicity.
Figure 3.3a shows sketches of the growing fractal at various times elapsed
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Figure 3.2: (a) and (b) are AFM images of the surface of a graphene sheet on top
of mica with an intercalated ultrathin water film. The thickness of the graphene
varies locally (1 (1L) and 2 layers (2L)). (a) After long exposure to 50% RH and
(b) 110 min after the drop of the RH to 0.1%. (c) STM image of a branch of a
fractal. The sample bias is 0.5 V and the tunnel current is 0.2 nA. (d) Differential
conductivity recorded at the environment of the fractal, red curve (region (i) of
(a)), and on the fractal, blue curve (region (ii) of (a)). The sample bias for both
curves is 0.5 V and the tunnel current is 0.2 nA.(e) A schematic representation of
the graphene/water/mica system (out of scale).
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Figure 3.3: (a) The fractal indicated with the white arrow in Figure 3.2b
at different times after introduction of the RH decay. (b) The areal growth
of the same fractal versus time after starting the humidity decay. The time
is counted from the start of the growth of the fractal after a purging-rate
dependent incubation time of minutes. For multimedia view see the [URL:
http://aip.scitation.org/doi/figure/10.1063/1.4926467] doi: 10.1063/1.4926467.1.

after the RH started to decay. It demonstrates that mostly the extremities
of the ‘younger’ branches grow. Initially, the integrated area of the ‘trees’
grows at a fast rate, which slows down continuously to finally get rather
incremental, Figure 3.3b. A similar temporal evolution has been reported
before by Severin et al.38 The fractal shape seems indicative of DLA,150,161
as a result of low mobility of molecules around the edges of the 2D ice crystal.
Figure 3.4 shows a selected area with water films, intercalated between

mica and, respectively, a single layer (top left) and a trilayer (bottom right)
graphene sheet after prolonged stays at subsequently RH’s of 50%, 1%, 11%,
17%, 25%, and 50%, shown in panels (a)–(f) of Figure 3.4. A decay of the
RH leads to the evolution of fractals (conform Figures 3.2 and 3.3). The
ice fractals, intercalated between mica and a single, respectively, a trilayer
of graphene, appear somewhat coarser in the latter case. Upon increasing
the RH (panels (c)-(f)), the fractals assume initially a coarser and smoother
shape and eventually their extremities retract. Finally, the fractals disappear
completely at RH = 50% leaving behind a double layer of intercalated water.
A comparison of Figures 3.4a and 3.4f demonstrates that the initial situation
is completely restored after the cyclic RH variation has been completed.
Figures 1–3 demonstrate that the contact between the intercalated water
and the environment is essential for the formation of fractal ‘trees’ and the
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Figure 3.4: AFM images of graphene on top of mica with an ultrathin intercalated
water film. The images contain sections with single layer (1L) and three layer (3L)
thick graphene sheets. The images ((a)-(f)) were obtained subsequently at the in-
dicated RH. The bright narrow feature in all images is a graphene defect, probably
a wrinkle, allowing contact with the ambient. For multimedia view see the [URL:
http://aip.scitation.org/doi/figure/10.1063/1.4926467] doi: 10.1063/1.4926467.1.
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Figure 3.5: (a) Two fractals originating from the same defect. They are over-
laid from two subsequent experiments following long dwells at, subsequently, high
RH–low RH (blue area) and high RH–low RH (green area). The dark features rep-
resent overlapping areas. The fractals were formed after purging with N2 at 5 l/min.
(b) Probability distribution of the branching angles of the fractals.

moderating B-type defects define the location of their ‘trunks’.

Figure 3.5a shows the growth of fractals, following a drop of RH after a
prolonged dwell at high RH. The fractals originate from the same defect, and
the first and second experiments are highlighted with blue and green, respect-
ively. The overlapping sections are denoted by dark green. The subsequently
grown fractals show only partial overlap, which proves that the branching is
not dominated by defects, but rather is an intrinsic property of the growth of
a 2D epitaxial ice crystal intercalated between mica and graphene. Further
evidence for the crystalline character of the fractals is provided in Figure
3.5b, representing the probability distribution of the branching angle. It
clearly shows a predominant peak at 60◦, characteristic of the hexagonal 2D
ice. The emergence of a crystalline form of water is further corroborated
by the fact that evaporation from an intercalated liquid interface would lead
to a spherical expansion of the depressed areas152 and not to the observed
fractal-shaped one. The surrounding double layer water film is ‘liquid-like’,
due to its confinement between graphene and mica, it exhibits perpendicular
ordering.41
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3.5 The Growth Mechanism

3.5 The Growth Mechanism

The fractals are formed upon the evaporation of water into the ambient fol-
lowing a drop of the RH. Evaporation takes place exclusively at a location
where a B-type defect provides contact of the intercalated water with the at-
mosphere. The latent heat of vaporization of (bulk) water amounts to 2501
kJkg−1 at 0◦C. The corresponding latent heat of freezing is 334 kJkg−1, and
thus, the heat extracted from the system by evaporation of one molecule of
water suffices to accommodate not less than seven water molecules in ice.
For completeness, we note that the different heat capacities (4.22 and 1.92
kJK−1kg−1 for water and ice) play only a subordinate role. The evaporation
of a water molecule initiates a cold spot at the location of the facilitating
B-type defect. Since the intercalated water is thermally isolated from the
layered surroundings (mica and graphene), the cold is effectively transpor-
ted parallel to the water film. With the thermal conductivity of 3D ice
being a factor of 4 higher than that of 3D water (2.2 WK−1m−1 versus 0.55
WK−1m−1), the cold is transported predominantly through the ice. The close
packed directions in the ice-crystal probably contribute most prominently.
When the cold reaches the extremities of the ice crystal, a part of it is also

transferred to the surrounding water molecules, which leads to local cooling
of the liquid. On these locations, an ice molecule has more neighboring water
molecules and a lower Kapitza interfacial thermal resistance.162 The Kapitza
effect would enhance the growth rate at the protrusions. The exchange of
cold is most prominent at the extremities of the fractal, i.e., at the locations
where the solid angle toward the liquid is relatively large, and contact with
more molecules in the liquid takes place. As a result, the temperature gradi-
ent is high and thermal transport is facilitated. Also at these locations, water
molecules can more easily find a suitable lattice position to fuse with the ice
and “annihilate” another part of the cold. In view of the high density of
the water molecules and even though local clustering may limit the available
molecules that can incorporate into the ice crystal, the finding of a suitable
lattice position seems quite straightforward. However, the molecule also has
to assume the required orientation to become promoted to the ice platelet.
Such an orientation selection is much more restrictive, and sufficient rota-
tional freedom is key for becoming part of the 2D ice nanocrystal. Note that
the rotational freedom of the water molecules is constrained in an ice-like
configuration and in this case is further hindered by the confinement.71,163
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Figure 3.6: A simple cartoon of the intercalated water film at different times (out of
scale). It represents the double layer intercalated between graphene and mica at high
RH. At a drop of the RH, water molecules from the double layer evaporate through
the contact point to the environment. A 2D ice platelet nucleates and propagates
through the bottom water layer. A 2D ice crystal is formed surrounded by a double
water layer.

Rotation requires thermal activation, and therefore, the local ‘temperat-
ure’ plays an important part. Especially around the older extremities, more
cold has been transferred into the surrounding liquid, and the local temper-
ature will thus be lower compared to an identical location around a younger
extremity. Therefore, the orientation selection will be faster in the latter
positions, and growth will be faster at larger radial distances from the ori-
gin. In the DLA situation, the growth of the latter extremities is faster due
to shadow effects,161 active in the low mass density mother phase. In the
current high mass density case and at a closer distance to the origin, the
lower local ‘temperature’ gives rise to more severe rotation restriction and
thus lower local growth rates. Both situations lead to fractal shapes of the
aggregates, but it appears that for the latter case, RLA (Rotation Limited
Aggregation) is more appropriate than DLA. Further evidence is provided in
the next section.
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The growth of ice requires the removal of the second layer of water above
the ice. Each incorporation of a water molecule into the 2D ice leads to
the detachment of another molecule from the liquid double layer. Since the
dipole orientation of the first ice layer is opposite to that of the liquid,6 an
adsorbed water molecule (ad-molecule) has a weaker binding to the support.
The second water layer destabilizes at the borders of the growing epitaxial 2D
ice crystal. The location of the initial detachment from the double water layer
is where the crystal expands, i.e., at the very tip of the younger protrusions.
The resulting ad-molecule can easily move across the ice by following, for
steric effects, the C–C bonds underneath the graphene sheet40 toward the B-
type defect and evaporate from there. Figure 3.6 sketches the above scenario.
For the reverse process occurring at excess RH, the fractal areas decrease:

water molecules condense at the B-type defect and induce a local hot spot;
the heat will be transported preferably to the younger extremities, where ice
molecules detach from the ice at the sharpest points, ‘annihilating’ the heat.
The local melting is further enhanced by the incorporation into the water
layer of the ad-molecules that initially arrived from the ambient. This process
causes a decrease of the local curvature and coarsening of the fractals. The
scenario developed here accounts for all experimental observations presented
above.

3.6 Influence of Evaporation Rate and Temperature
on the Shape of Ice Crystals

The growth instability gives rise to fractals, and the low edge mobility avoids
quenching of this shape instability.161,164,165 Typically fractals grown at a
higher temperature or at a lower rate have a coarser appearance.161 Figure
3.7 shows images with fractals grown upon a drop of the relative humidity.
The latter is achieved by introducing a flow of dry nitrogen through the box
containing the sample. Figures 3.7a–3.7c show results for a nitrogen flow
of, respectively, 15 l/min, 5 l/min, and 1 l/min. The highest flow leads to
thinner branches, while the flow reduction leads to coarser fractals. The
lower flow leads to a slower evaporation of water molecules from the double
layer and thus a lower growth rate of the fractals. The water molecules from
the adjacent double water layer, that incorporate into the ice crystal, have
sufficient time to find an energetically favorable orientation at a suitable site
and the fractals become coarser. The above scenario is explored in detail in
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chapter 4.
Figure 3.7d shows fractals under monolayer graphene that have been formed

at room temperature after exposure to 1% RH. The same fractals acquire a
coarser and smoother shape upon heating (the sample’s plate temperature
was increased to 100◦C for 2 h) and at constant RH (1%), Figure 3.7e. Fig-
ure 3.7f shows the overlay of 3.7d and 3.7e. The white color represents the
increase of the fractals’ width after exposure to higher temperature. A fur-
ther expansion of the extremities is observed in agreement with Song et al.39
The fractal expansion and coarsening are a result of exposure to a higher
temperature.
In order to rationalize the observations, it is noted that the situation is

quite complex. The temperature effect is relevant for the water intercalated
between mica and the graphene cover sheet. Since the equilibrium amount of
intercalated water decreases with increasing temperature, the fractional area
of 2D ice has a tendency to increase, and vice versa, the fractional area of the
double layer thick water film will decrease. The time to reach equilibrium by
equalizing the mass exchange through the B-type defect will be very long due
to its very small size. Note that in none of our experiments, this situation is
really reached. So growth of the fractals is expected upon temperature rise.
At the same time, the mutual exchange rate of molecules between the areas
with one intercalated 2D ice layer, respectively a double layer of water, is
increased. However, both the rotation of the molecules to reach a suitable
orientation for promotion into ice and the edge mobility necessary to find a
more favorable site increase. As a result, the fractal becomes coarser and
smoother. This is further enhanced due to the increase of the ice-crystal
temperature. The ice-crystal may undergo edge melting∗ at its extremities,
which leads to enhanced edge mobility.
Another way to melt the ice fractals is by the use of an STM tip. Fig-

ure 3.8 shows a sequence of two STM images obtained at the same loca-
tion with scanning set points of 50 mV and 90 pA. Significant differences
are observed between the first 3.8a and the second 3.8b STM images. The
fractal structures loose their ramified shape and obtain a more smooth and
straight appearance, indicating edge melting. This suggests that the tun-
neling electrons can pass through the graphene cover and interact with the

∗The melting of 3D crystals often goes through a stage of surface (2D) melting.166,167

In analogy, one may presume that the 1D borders of 2D crystallites also melt before the
2D ‘bulk’ does.
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Figure 3.7: Fractals that emerged from the same B-type defect after prolonged
stays at low RH induced by a decay of the RH and induced by N2 purging at a
rate of 15 l/min (a), 5 l/min (b), and 1 l/min (c). The initial situation, complete
intercalated double layer water film, was identical for all cases. (d) Ice fractals under
monolayer graphene at 20◦C ambient temperature. (e) The same fractals after 1 h
exposure to higher temperature (the sample plate was heated to 100◦C). The fractal
branches appear coarser and somewhat smoother in the latter case. (f) Shows the
overlay of (d) and (e); the white color indicates the increase of the fractal branches
width after exposure to a higher temperature.

water underneath.41 As one can see from our STM images (Figure 3.8) the
edges of the fractal have been changed, i.e., they became smooth and straight.
This is in line with the temperature experiments (see Figure 3.7), where the
fractal becomes smoother and coarser when exposed to a higher temperat-
ure. In this case we attributed the coarsening of the fractal to an increase
of both the rotational freedom of the molecules and edge mobility due to
heating. Furthermore, due to the increase of the ice-crystal temperature, the
ice-crystal undergoes edge melting at its extremities, which leads to enhanced
edge mobility and rotational freedom. Due to the crystalline structure of the

43



Chapter 3 Latent Heat Induced Growth of Ice Crystals

40 nm 40 nm

20 nm

a) b) c)

20 40 600

0.4

0.8

x [nm]

z 
[n

m
]

2L

1L
1L

2L

Figure 3.8: (a-b) Subsequent STM constant height images obtained with setpoints
50 mV and 90 pA. The images depict fractal structures grown under one layer (1L)
and two layers (2L) thick graphene flake. A considerable deformation of the fractals
is observed in panel (b) just after one complete STM scan. (c) Top: a constant
current topography of a fractal after scanning the surface with 4 V and 3 nA. Three
levels can be seen, the darker region represents graphene in direct contact with
the mica. Bottom: the corresponding cross section taken at the location indicated
with the blue line in the topography. Three levels are visible with a step height
approximately equal to 0.35 nm.

ice fractal and the epitaxial relation to the hydrophilic mica, we were able to
modify the bottom ice layer only after scanning a small region with extreme
scanning conditions (4 V, 3 nA), see Figure 3.8c. The cross section of panel
3.8c shows the formation of three levels, representing from dark to bright,
the graphene/mica, graphene/ice and graphene/double water layer interface.
A fourth faint contrast level is also observed that could correspond to small
water droplets formed on the double water layers.

3.7 Conclusions

In summary, the processes leading to expansion and shrinkage of the 2D ice
in a confined environment and in contact with a double layer of water are
complex as outlined above. The entire H2O-system is intercalated between
graphene and mica, and able to exchange material with the ambient at 20◦C.
The low thermal conductivity of both the bordering mica and graphene, nor-
mal to the interfaces, provides adequate thermal isolation of the intercalated
water/ice from the ambient. This system enables one to observe in real time
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and real space the 2D molecular dynamics of the growth and melting of
a 2D ice in contact with a double layer of water. Latent heat effects and
their consequences for molecular motion, especially rotation, are found to be
key ingredients to understand the appearance and disappearance of 2D ice
crystals. Under the current prevailing high mass density circumstances, the
growth of fractals is not properly explained in terms of conventional DLA.
We rather attribute it to RLA in combination with latent heat effects and
subsequent heat transport. Our findings are of the highest relevance for the
growth of planar snow (ice) flakes at relatively high temperature and high
supersaturation, i.e., exactly the conditions that lead to fractal (dendritic)
snow (ice) flakes (cf. morphology diagram3,4). Therefore, the current find-
ings form an essential ingredient for solving the longstanding enigma around
the growth of complex natural snow (ice) flakes. We suggest that latent heat
effects may well have important implications for crystal and thin film growth.
This holds, in particular, for anisotropic materials and ultrathin films with a
poor thermal contact to the substrate.
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4
Coarsening Dynamics of Ice Crystals

Confined Between Graphene and Mica

‘Here, we study the fractal shape dependence on the graphene cover and the
evaporation rate of the water molecules from the interface. We found that ice
fractals formed under a thick graphene flake and upon a low evaporation rate
are thick with few side branches, whereas fractals grown upon high growth
rate under single-layer graphene are thin and very ramified. We attribute
the coarsening of fractals to the extra degree of freedom of the surrounding
water molecules, enabled by the non-complete adaptation of the ice crystal’s
morphology by the graphene cover.’



Chapter 4 Coarsening Dynamics of Ice Crystals

4.1 Introduction

The physics and chemistry of the interfacial contact between water and solid
surfaces are of the highest fundamental and practical interest in environ-
mental sciences, many biological systems and corrosion effects, and has re-
cently received overwhelming attention.31,32,48,70,71,168 For this reason, water
in contact with the graphene/mica interface is of great interest,33,34,38–41,43,169
even amplified by intriguing intercalation effects and by the evolution of ice
fractals, which are easily accessible by atomic force microscopy.38 Xu et al.34
have reported on the evolution of intercalated water between graphene and
the supporting mica crystal at atmospheric conditions. AFM images reveal
the emergence of areas with different contrast levels. They found that dark
depressions appear surrounded by brighter areas and the height difference
between the darker and the brighter areas amounts to 0.37± 0.02 nm. This
height difference corresponds well to the interlayer spacing in hexagonal (‘Ih-
ice’) ice. Severin et al.38 and Song et al.39 reported the evolution of beautiful
fractals upon a reduction of the relative humidity (RH) or a temperature in-
crease, respectively. As we have described in detail in chapter 1, the fractals
represent one layer of 2D ice, whereas the surroundings correspond to a two
layer (or double) water film.
The growth of the fractals is attributed to rotation limited growth of ‘ice’

crystals, which form during de-wetting.169 This concept reveals that temper-
ature dependent local orientation adaptation of molecules in the liquid phase
to the edges of the growing ice layer are rate limiting for the growth. Latent
heat effects and consequent heat and molecular transport are key ingredi-
ents for understanding their evolution. The growth of the 2D ice crystal is
initiated by the heat extracted from the system by evaporation into the 3D
ambient of the second layer of water intercalated between mica and graphene
under low humidity conditions.169 It has been shown that the pattern of the
ice crystal depends on the evaporation rate, temperature and the thickness
of the graphene cover.38,39,169 Thicker graphene covers give rise to thicker
and less ramified fractals. This intriguing observation still lacks a physical
explanation.
In this chapter we investigate in detail the kinetic and structural aspects of

the intercalation of water/ice between a mica substrate and a graphene film
under ambient conditions using AFM. The presence of the graphene cover
layer is highly instrumental since it is impermeable for water and thus it not
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only prevents direct condensation and evaporation of water from and to the
ambient, but it also prevents the liquid to wet the probing tip, which would
otherwise give rise to strong dynamic and capillary forces leading to strong
perturbations of the water layer. Furthermore, due to graphene’s extremely
small thickness, it is very flexible and can easily conform very accurately to
the surface’s morphology. Therefore, the conformity of the graphene cover
layer allows to investigate the intrinsic properties of the graphene/ice/mica
system, which are directly accessible for experimental perusal. We will show
that in the graphene/ice/mica system, graphene controls the rotational free-
dom of the entrapped water molecules as well as their translational mobility
along the edges of the ice crystal. A transition from strongly branched and
thin DLA-like fractals to fractals with thicker and less branches is shown, as
a function of the graphene layer thickness and the fractal growth rate.

4.2 Experimental Details

Graphene flakes were exfoliated from a freshly cleaved HOPG (ZYA grade,
MikroMasch) sample, using the tape free method.156 Note, that HOPG ex-
hibits an ABA (Bernal) stacking, thus the exfoliated graphene (multilayer)
flakes should follow the same stacking order. These flakes were immediately
applied onto a freshly cleaved muscovite mica (SPI, V1) at ambient condi-
tions. The number of graphene layers was determined using optical micro-
scopy with a DM2500 MH materials microscope (Leica, Germany) and AFM
with an Agilent 5100 atomic force microscope (Agilent).146 AFM imaging was
performed inside an environmental chamber using Hi’Res-C14/Cr-Au probes
(MikroMasch), with a nominal spring-constant of 5 N/m and resonance fre-
quency of 160 kHz. The RH was controlled by an adjustable N2 flow. The
RH was measured using a humidity sensor (SENSIRION EK-H4 SHTXX,
Humidity Sensors, Eval Kit, SENSIRION, Switzerland), with an accuracy of
1.8 % between 10 and 90 % RH. For the growth of the ice crystals a continu-
ous N2 flow was applied in the environmental chamber, where the sample is
located. A 0.1 % RH is reached and ice crystals started to grow. The fractal
growth rate is directly related to the evaporation rate of the water molecules,
which is controlled by the local geometry of the graphene mica interface and
the N2 flow rate.
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4.3 Coarsening of Ice Fractals

In agreement with chapter 1 and ref.,38 the fractals evolve over time follow-
ing a decrease of the RH inside an experimental box containing the sample.
AFM phase images (inset of Figure 4.1a), taken simultaneously with the
topographic images (Figure 4.1a), show no brightness contrast between the
fractal structures and their surroundings. This result agrees with the one
reported in, for instance refs.,34,38 and signifies that the tip always interacts
with the same surface; in all cases the exposed interface is the upper side
of the graphene sheet. The fractal shape strongly depends on the N2 flow
rate.169 Figures 4.1c and d show fractals that emerge from the same area,
after N2 purging at a rate of 1 l/min and 15 l/min respectively. The initial
situation, complete intercalated two layer water film, was identical in both
cases. A decrease of the width of the fractals’ branches is evident with an
increase of the N2 flow rate. The branches’ average width under one-layer
(1L) thick graphene is ∼28 nm for 1 l/min and ∼13 nm for 15 l/min. High
flow rate results in a higher evaporation rate of the water molecules from the
water film, and consequently a faster growth rate. Figure 4.2 shows the areal
growth of two fractals, formed at the same location, after two consequent
experiments with different N2 flow rates. At the faster evaporation rate, the
water ad-molecules that are incorporated into the ice crystal do not have
enough time to acquire the right orientation and find a more favorable site,
before the evaporation of the next molecule. Furthermore, the number dens-
ity of grown fractals is larger after evaporation at the higher flow rate due to
a higher nucleation rate of the ice crystals (see Figure 4.1d). It is clear that
the patterns are related to kinetic and rotational limitations of the adjacent
water molecules.
Interestingly, a transition from highly ramified structures with thin branches,

to structures with a few but very thick branches, is also observed as a function
of the graphene thickness (see Figure 4.1). Figure 4.1b shows a fractal with
cross regions where the graphene cover changes from 1 layer to 4 layers. Note
that the extra layers are not interacting directly with the water molecules (top
graphene steps, see chapter 3). The fractals undergo a coarsening transition
as they cross to the thicker graphene region. This transition cannot be at-
tributed to a change of the local evaporation rate of water molecules and the
role of the graphene cover in the formation and structure of the ice crystals
needs to be examined.
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Figure 4.1: (a) AFM topographic image of a graphene flake on mica after the growth
of ice fractals induced by a drop of the RH. The inset shows the corresponding phase
image. A clear contrast is visible between graphene (G) and mica (M). (b) A small
scale AFM image recorded on the red square in panel (a). Branches of a fractal
crossing from 1 (1L) to 4 (4L) layers of graphene, the latter appear coarser. (c)
AFM image of a graphene flake after the drop of the RH using a N2 purging rate of
1 l/min. (d) The same area as in (c) after the drop of the RH using a N2 purging
rate of 15 l/min.
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Figure 4.2: Area growth as a function of time for two fractals formed in two
consecutive experiments at exactly the same location, but for different N2 flow rates,
5 l/min and 0.8 l/min.

First, it is important to note that the extremely small thickness of graphene
is what enables the visualization of the ice crystals. However, the elasticity
and ability of graphene to exactly conform to surfaces decrease significantly
with its thickness. Figure 4.3a shows a line profile of the edge of a fractal
under single layer (SL) graphene and ML (multilayer) graphene, respectively.
A convolution of the profile is apparent for the thicker graphene. This convo-
lution is attributed to a significant decrease of the bending ability of thicker
graphene covers. A SL graphene can completely adapt to the corrugation
of the surface. This gives little to no space to the surrounding molecules to
rotate and move; the molecules have to overcome the resistance posed by
the graphene cover. Furthermore, the diffusion along the edges of the crystal
is slow and an adjacent ad-molecule with the right orientation cannot find
an energetically favorable spot to occupy. Therefore, only molecules with
the right orientation ‘hit’ and ‘stick’ on the ice crystal. In contrast, under
thicker graphenes, a gap between the water molecules of the double layer
and the ice crystal is formed. This gap becomes larger as the number of
graphene layers increases (see Figures 4.3a and 4.3b). The water molecules
trapped between graphene and mica and in close proximity to the ice fractal
have more space and freedom to acquire the right orientation and occupy a
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Figure 4.3: (a) Line profiles taken across a branch of a fractal under SL graphene
and 10 layers (ML) graphene, respectively. The difference in the profiles is attributed
to the non-complete following of the fractal boundaries by the ML graphene; this is
further amplified and shown in the cartoon of (b). The top panel of (b) shows the
more accurate conformity of the fractal edges by a SL graphene cover. In contrast,
at the bottom panel a gap is formed between the fractal edges and the ML graphene.
The blue spheres represent the top water layer, the light blue spheres the bottom
water layer and the white spheres the ice crystal. (C) A simplified cartoon of the
rotation and edge diffusion of the water ad-molecules along the ice crystal edges.

suitable site. The non-complete conformity to the ice boundaries for thicker
graphenes enhances rotational freedom and edge diffusion. Rotational and
edge diffusion processes of the involved water molecules become significant
as the graphene thickness increases. The branches of the fractals become
thicker and smoother.

The thickness of the fractal is directly attributed to rotational freedom
and edge diffusion. However, the smoothening of the fractals cannot be
only attributed to rotational freedom and edge diffusion. Convolution due
to thicker (than SL) graphene cover should also be taken into account. The
non-complete conformity of very thick graphenes might smear out very thin
branches, which makes the fractal to appear smoother. We expect that this
type of convolution is negligible for a few layers graphene, since as can be
seen from Figure 4.1d, graphene can still image very fine structures. How-
ever it might play a significant role for very thick covers (>10 layers). A
schematic representation of the rotation and the edge mobility processes is
depicted in Figure 4.3c. These findings reveal that the evaporation rate and
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the number of graphene layers appear to directly affect the shape and size of
the ice crystal.

4.4 Discussion

The ability of a surface or a thin sheet to resist bending is described by the
bending modulus. The bending modulus can play an important role for the
transition from conformal to non-conformal morphology. It is found that the
bending modulus increases substantially from SL to ML graphene. For ML
graphene of n layers the bending modulus is approximated by170

Dn = nD1 + Ed3(n3 − n)
12 , (4.1)

where d is the interlayer separation distance, equal to 0.34 nm. The bending
modulus for a single layer, D1, is taken equal to 1.61 eV170 and the Young
modulus E=1 TPa.88 The first term on the right hand side of equation 4.1
is due to the intrinsic bending rigidity of each monolayer graphene and the
second term accounts for the in-plane bending rigidity.
In order to quantify our observations regarding the evaporation rate de-

pendence, we will consider the growth rate of the fractal. The growth rate
of the fractal depends strongly on the flow rate of the N2 gas (and thus the
evaporation rate). A lower flow leads to a slower evaporation of water mo-
lecules from the double layer and thus to a lower growth rate of the fractals,
see Figure 4.2. The growth of the ice fractals slows down over time due to the
heat leaked in from the surrounding double layer, see Figure 4.2 and chapter
3. To simplify our analysis we will only focus at the initial stage where the
growth rate remains constant (linear part of the plots). Note that this phase
determines most of the crystal’s area.
Based on the observations discussed above, we hypothesize a non-linear

behavior, with the fractal width, wf , having a power law dependence on the
sum of the bending energy of the graphene cover and the surface energy of the
ice crystal and the same power law dependence (from dimensional analysis)
on the inverse growth rate (G−1

f ) of the fractal, i.e.,

wf ∝
(
σIWG + Dn

A

Gf

)α
, (4.2)
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where σ is the surface energy of the system, taken equal to 0.075 Jm−2 and is
based on the summation of the individual components of the mica/ice/graphene
interface.5,171 Note that interactions between water molecules and multilayer
graphene are considered negligible, due to the larger interatomic distances.
Dn/A is the bending modulus of graphene per unit area. A is the average
surface area of a branch under one graphene layer formed with a high growth
rate (1.5 × 10−15 m2/s), measured to be ∼ 2.5 × 10−15 m2 and α is an ex-
ponent to be determined from the data. A log-log plot of the fractal width
as a function of σIW G+ Dn

A
Gf

is given in Figure 4.4a. An approximate slope of
α = 1

2 is measured. To test the agreement with our experimental results we
can rewrite equation 4.2 to

wf = hK

(
σIWG + Dn

A

Gf

) 1
2

, (4.3)

where h is the graphene-mica distance, taken equal to the size of the double
water layer, ∼0.74 nm and K is a fitting parameter equal to 1.05 × 10−6
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ms
1
2 /kg

1
2 . We can re-plot the data using equation 4.3. The finger width is

normalized by G
1
2
f to include all the results obtained for different experiments.

As shown in Figure 4.4b, the fitting curve describes the experimental points
very nicely. In order to understand the physical meaning of K we perform a
dimensional analysis. We rewrite equation 4.3 as

wf
h

=
(
K2σIWG + Dn

A

Gf

) 1
2

. (4.4)

Obviously both the left hand side and the right hand side of equation 4.4
are dimensionless. We write the dimensions of the right hand side of 4.4 as(
m2s
kg

kg
s2

)
/
(
m2

s

)
=
(
kg
s2

)
/
(
kg
ms

1
m
m2

s

)
. It can be seen that the denominator

of the equation is actually a product of the velocity Uf = Gf

h [ 1
m
m2

s ] of the
fractal front and kg/(ms) which corresponds to the units of dynamic viscosity.
Such an effective dynamic viscosity arises from space related hindrance of
the water (ad-)molecules that move across the ice toward the defect, where
they evaporate. It is found to be equal to 671 kg/(ms), about 6 orders of
magnitude larger than the bulk value. Note, that similar large values were
reported in for instance ref.172 and are still a hot topic of discussion.173–176
Therefore, the shape and size of the fractals is directly controlled by tuning
the thickness of the graphene cover and the water evaporation rate. The
non-complete conformity between the ice boundaries and thicker graphenes
as well as small evaporation rate lead to enhance rotational freedom and edge
mobility and thus coarser structures, i.e., closer to equilibrium. Note that the
observed behavior has strong similarities with structures formed during thin
film growth, where the overall symmetry and ramification of the structures
depend strongly on the corner and edge diffusion.164,165,177 As a consequence
the structure becomes less ramified and the width of the arms increases with
increasing edge and corner mobility.

4.5 Conclusions

In conclusion, not only the evaporation rate of the water molecules from the
double layer but also the rotational freedom and edge diffusion of the ad-
molecules that incorporate into the ice crystal, play a crucial role for defining
the ultimate morphology of the intercalated ice crystals. We found that the
fractals’ finger width scale as the square root of the ratio of the bending
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energy of graphene plus the surface energy of the intercalated ice and the
product of the velocity of the fractal front and a term related to hindrance.
Structures formed under thicker graphene and low evaporation rate (growth
rate) appear coarser and less ramified, i.e., structures closer to equilibrium,
as a result of an increase of the rotational freedom and edge mobility of
the water molecules. Our findings shed light on the intriguing shapes and
structures of ice crystals intercalated between graphene and mica.
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5
Graphene Visualizes the Ion Distribution on

Air-Cleaved Mica

‘The distribution and exact lateral organization of K+ on the air-cleaved
mica is yet unknown. We show, by the use of graphene as an ultra-thin
protective coating and scanning probe microscopies, that single K+ ions form
ordered structures, covered by an ice layer. The K+ ions prefer to minimize
the number of nearest neighbor ions by forming row-like structures as well as
small domains.’



Chapter 5 Graphene Visualizes the Ion Distribution

5.1 Introduction

Muscovite mica has been the substrate of choice for a large number of sci-
entific studies and technological applications owing to its atomically flat sur-
face, high surface energy, low thermal and electrical conductivity and its
perfect cleavage plane along the (0001) direction.178,179 Muscovite mica has
a layered aluminosilicate structure with the formula KAl2(Al,Si3)O10(OH)2.
The structure of mica consists of an octahedrally coordinated Al3+ sheet
which is sandwiched between two tetrahedrally coordinated sheets of Al3+

and Si4+, see Figure 5.1a, b. The random substitution of Si4+ by Al3+ in the
tetrahedral sheet results in a negative charge. Interlayer potassium cations
hold together these 2:1 layers and balance the negative charge of the mica
crystal. After cleavage of the mica, half of the potassium ions are expected
to remain on each of the two created surfaces in order to preserve charge
neutrality. The atomic lattice periodicity of mica has been obtained by AFM
and Friction Force Microscopy (FFM).179–182 However, little is known about
the position and lateral organization of the potassium ions on the air-cleaved
mica. Reliable and atomically resolved scanning probe images at ambient
conditions are hard to obtain because of the danger of causing irreversible
changes in the lateral organization of the K+ ions. In many cases the large
forces exerted on the surface result in significant damage and loss of lateral
resolution.
Although scanning probe techniques have been extensively used to study

the surface of mica immersed in aqueous ionic solutions,183–185 this inform-
ation is often not applicable to ambient conditions studies. Remarkably,
atomic resolution images are readily obtained owing to the reduction of the
exerted AFM tip forces.186,187 In a recent study, Ricci et al.188 used inter-
facial dissipation microscopy to image different metal ions adsorbed at the
surface of mica when immersed in water. Surprisingly, they observed that
the ions do not adsorb randomly, but prefer to form ordered arrangements.
The formation and stabilization of these structures is apparently achieved by
minimizing the surface energy of water at the mica-ion interface.
Understanding the complexity of the lateral organization of ions on air-

cleaved mica surface is key in crystal growth and self-assembly of molecules
on mica and justifiably has received intense scientific interest.178 Most theor-
etical studies assume a periodic structure of potassium cations. Nonetheless
this is a crude assumption since a uniform distribution of K+ ions is un-
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a) b)

K Si Al O H

Figure 5.1: (a) Side and (b) top view of the crystal structure of muscovite mica.
Note here that the exact distribution of the K+ ions is not yet known.

likely due to the randomness of the cleaving process. Other studies suggest
the formation of K+ islands, leaving thus ion-free mica regions.42 However,
due to the repulsive ion-ion interaction and the tendency to achieve charge-
neutrality on the surface, we consider this scenario to be unlikely.
Here we use graphene as an ultra thin coating for enabling the visualization

of single ions and ionic clusters on the mica surface. Graphene has been shown
to be able to accurately stabilize and conform to water layers34,38–41,152,169
and other small molecules189–192 when deposited on a substrate. It has been
proven an essential tool to probe small and otherwise dynamic molecules. We
show by means of STM and LFM that graphene can enable non-destructive
visualization, with single-ion resolution, of the lateral organization of ions
on the surface of air-cleaved mica. We find that the potassium ions spon-
taneously form ordered arrangements, i.e., rows and small domains, on the
surface. The presence of potassium ions at the mica surface is favored by
the system’s preference for charge neutrality and probably enhanced by the
graphene cover sheet. The lateral distribution of the ions is then governed
by repulsive Coulomb interactions with a range reduced by the surrounding
water molecules. C-AFM maps with adequate lateral resolution show direct
correlation between the K+ distribution and the conductance of graphene.
Immediately above the K+ ions, graphene is significantly less conductive
than over ion-free locations. This result indicates charge transfer from the
underlying surface to graphene and is in good agreement with previous stud-
ies13,159,193 and chapter three of this thesis. Our results shed light on the local
distribution of ions on air-cleaved mica and pave the way for controlling the
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local electronic landscape of graphene.

5.2 Experimental Details

Graphene was obtained from highly oriented pyrolytic graphite (HOPG ZYA
grade, MikroMasch) through the microexfoliation process and immediately
deposited on a freshly cleaved mica surface (SPI, V1). Optical Microscopy
(DM2500 MH materials microscope, Leica, Germany) and tapping mode
Atomic Force Microscopy, AFM (Agilent 5100 atomic force microscope, Agi-
lent) were used to determine the thickness of graphene, see chapter 3. Lateral
Force Microscopy (LFM) and Conductive AFM (C-AFM) imaging of the Gr-
mica system were performed at room temperature and in contact mode, using
AD-E-0.5-SS tips (diamond tips, Adama innovations) with a nominal spring-
constant of 0.5 N/m and resonance frequency of 30 kHz. The AFM scanner
was placed inside an environmental glove box, in which the relative humid-
ity (RH) could be controlled. The RH was tuned by an adjustable N2 flow
and was measured using a humidity sensor (SENSIRION EK-H4 SHTXX,
Humidity Sensors, Eval Kit, SENSIRION, Switzerland), with an accuracy
of 1.8 % between 10-90 % RH. Scanning tunneling microscopy (STM) was
performed in an RHK Technology UHV3000 variable temperature STM op-
erating at a base pressure of 1×10−10 mbar, using chemically etched W tips.
All the STM images are aquired at room temperature. For the STM and
C-AFM measurements the graphene flake was mechanically connected to a
bigger graphite flake acting as an electrode.

5.3 Direct Visualization of Potassium Ions

Freshly cleaved mica is reactive and immediately a thin water film is ad-
sorbed and covers its entire surface.78 When graphene is placed on mica, this
water film assumes a defined structure as a result of the confinement.34,169
It consists of two water layers with thickness close to the interlayer distance
of bilayer hexagonal ice, i.e., Ih-ice. A cartoon of the experimental system is
shown in Figure 5.2a. An AFM topographic image of single layer graphene
on mica is shown in Figure 5.2b. After preparation the samples were imme-
diately inserted into an UHV chamber, where the STM measurements were
performed. Ice crystals such as the one shown in Figure 5.3a (dark areas)
are found all over the surface. They are located underneath the graphene
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a)

1 μm

Mica
SL Gr

b)

Figure 5.2: (a) Water molecules co-exist with potassium ions. The graphene surface
can be scanned by the use of an AFM which allows to non-destructively obtain
information on the confined nanostructures. (b) An AFM topograph of a graphene
flake deposited on the mica surface. The region of single layer (SL) graphene (Gr)
is indicated. The white dashed line indicates the borders of the graphene flake.

cover and are a layer thinner than their brighter surroundings (double water
layer). As we have shown previously, the growth of the ice crystals is induced
by the heat extracted from the system by evaporation of intercalated water
molecules, from the graphene-mica interface, into the ambient under low hu-
midity. Due to the small scan size of STM (5×5 µm2), we are unable to
determine the exact number of graphene layers. Nevertheless from the size
of the observed fractals we do not expect the thickness to be larger than 4
graphene layers.194

Small scale STM images, Figures 5.3b and 5.3c, reveal a ripple-like rough-
ness of the graphene surface that is best visible at the interior of the ice
crystals. For clarity, the RMS (Root Mean Square) roughness at the interior
and the surroundings of the ice crystal is 50 pm and 35 pm, respectively. The
difference of the RMS roughness between the two regions is a result of the ex-
tra water layer at the environment of the ice crystals, which can smoothen the
interface by filling atomic scale defects. The obtained RMS values are larger
than those reported in earlier AFM studies.34,195 We attribute this discrep-
ancy to the higher(-atomic) resolution of our STM images, which compared
to the large scale AFM images of those earlier studies give a much more
reliable roughness measurement. The rippling periodicity and amplitude ob-
served here amounts to 1-2 nm and 50 pm, respectively. The height of the
protrusions fits well with heights reported for ions adsorbed on mica when
immersed in aqueous ionic solutions.183 The apparent lattice constant, as
obtained by Fast Fourier Transforms (FFT), differs by 2% between the hills
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Figure 5.3: (a) UHV STM topography of a few layers graphene deposited on mica
recorded at 0.2 V and 100 pA. Ice crystals (darker regions) are observed intercalated
between graphene and mica surrounded by two water layers (brighter region). (b)
A high resolution image at the edges between an ice crystal and two water layers.
A ripple-like structure is observed. (c) An atomic resolution image clearly showing
the ripple-like structure of graphene. (d) FFT of the hills (red circle in panel (c))
and valleys (green circle in panel (c)) of the rippled graphene surface and the higher
edges of the fractal (blue circle in panel (b)).

and valleys of the rippled graphene surface (see Figure 5.3d). The difference
is attributed to local stretching of the graphene near the hill tops and local
compression of the graphene sheet near the valleys when it is conformed to
the structures underneath. In contrast, the difference reaches about 8% at
the edges of the ice crystals, indicating that the ripples are real topographic
features. We consider the formation of ripples as evidence for the existence of
potassium ions that are nonuniformly distributed on the mica surface. Un-
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Figure 5.4: (a) Lateral force image of an ice crystal intercalated between graphene
and mica. The graphene situated just above the ice crystal displays a ripple-like
structure. Inset: the corresponding topographic image. (b) A small scale lateral
force image of the structure observed in the fractal. Inset: the corresponding topo-
graphic image. (c) A zoomed in lateral force image of graphene directly above an ice
crystal (at the location indicated with the red box in (a)). Single ions are observed
forming row-like structures and small domains. Inset: The corresponding FFT. (d)
Filtered image of (c) using an appropriate threshold and overlaid with a hexagonal
grid. Row-like and small domain structures are indicated with yellow and white
arrows respectively. (e) The locations occupied by single ions obtained from (d) and
overlaid with a hexagonal grid. Inset: The corresponding FFT. (f) Histograms of
the nearest neighbors distribution of single ions on mica (N=1220, mean=2.32) and
a random distribution (N=1681, mean=2.73) on an identical lattice.

fortunately, convolution induced by the few layers graphene cover does not
allow identification of single ions at the interface.

In order to overcome this problem, we have performed LFM on a single-
layer (SL) graphene-mica interface under low humidity conditions. Note that
LFM can resolve atomic lattice periodicities of solid surfaces.181,182 We have
used forces in the order of 0.1-1 nN in order to avoid any irreversible damage
of the surface. Lateral force images, Figure 5.4a and 5.4b, recorded simul-
taneously with topographic images (see insets of Figure 5.4a and 5.4b) reveal
a rough surface at the location of the ice crystals. The mean lateral force
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value of graphene above the ice crystals is substantially higher than that of
the surroundings. The surface above the ice crystals has a ripple-like struc-
ture similar to that observed by STM. The same ripple-like structure is also
present in the surroundings of the ice crystals, i.e., 2 layers of water, however
less pronounced. This is due to convolution effects of the 2 water layers.
Small scale friction images recorded directly above an ice crystal (red dashed
box in Figure 5.4a), Figure 5.4c, reveal bright protrusions. Interestingly, the
observed protrusions appear to follow the mica lattice and have a hexagonal
arrangement as is revealed by the recorded FFT. The separation distance
between adjacent protrusions was found to be equal to the lattice constant
of mica, i.e., 0.52 nm. The protrusions unambiguously indicate the presence
of K+ ions at the graphene-mica interface. Surprisingly, the ions appear to
preferentially form rows and small clusters. A reference mica lattice can be
reconstructed by FFT and overlayed with the locations of the K+ ions, Fig-
ure 5.4d and 5.4e. The variation in the protrusions’ brightness is indicative
of variations in the adsorption site on the underlying surface, i.e., mica inner
hexagonal cell, atop Si4+ or Al3+. In agreement with our observations, Loh
et. al.183 demonstrated that indeed the height contrast of the ions depends
on their exact binding site. Unfortunately, our measurements cannot determ-
ine the exact lattice position of the ions on the mica surface. Furthermore,
successive AFM images reveal that the K+ ions are stable, demonstrating
the conserving role of the graphene cover against the applied tip force.

5.4 The Lateral Organization of Potassium Ions

From the distribution of K+ ions, a histogram of nearest neighbors is ex-
tracted and reveals a preference for having 2 and 3 neighbors (see Figure
5.4f). This corresponds very well to the number of neighbors expected for
row-like and very small domains with a hexagonal base pattern. From sev-
eral images, like the one in Figure 5.4c, at different locations and different
samples, we found that the surface coverage of K+ ions is approximately 45%,
i.e., very close to the expected 50% coverage of air-cleaved muscovite mica.
The observed distribution deviates from a random distribution in which the
ions adopt a two-dimensional gas-like arrangement, as shown in Figure 5.4f.
The random distribution probability is calculated by considering a hexagonal
lattice and no interactions between the particles. The analytical expression
describing a random distribution on a hexagonal grid when no interactions
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are taken into account, is obtained by assuming a single hexagonal lattice
where the middle position is occupied. For zero number of nearest neighbors
non of the surrounding positions should be occupied. The probability per
position that it is unoccupied is (1-c), where c is the coverage. There are in
total six positions, thus the total probability is P0 = (1− c)6.
For the case of one nearest neighbor, five of the positions are available

while one position is occupied, the probability is given by (1 − c)5c. Then
the total probability is

P1 =
(

6
1

)
(1− c)5c1, (5.1)

for two nearest neighbors the probability is

P2 =
(

6
2

)
(1− c)4c2. (5.2)

The probability to find a particle with nn number of nearest neighbors is
given by

Pnn =
(
N

nn

)
(1− c)(N−nn)cnn, (5.3)

where N is the number of positions, i.e., 6 and c is the coverage. The only
variable parameter is the coverage, which is extracted from the lateral force
images, i.e., approximately 45%. The histograms reveal that the adsorbed
ions on the mica tend to minimize the number of nearest neighbor K+ ions,
compared to ions that are randomly distributed on an identical lattice. This
finding is consistent with repulsive interactions between the positive ions.
Interestingly, the shift to lesser nearest neighbors is contrary to the findings
of Ricci et al.188 for adsorbed ions on mica in aqueous ionic solutions.

The results of Ricci et al.,188 mentioned above, are explained due to at-
tractive ion-ion interactions. They found that the organization of these geo-
metrically closed packed ionic structures is controlled by the organization
of water molecules at the interface. The water molecules adjacent to the
adsorbed ions obtain better coordination in the hydration structure of neigh-
boring ions as opposed to single ions. As a result the hydration free energy
is minimized and dominates the repulsive electrostatic forces. In contrast to
Ricci et al.,188 our system is not immersed in water. Although, water layers
do exist in the graphene-mica interface, they apparently play a less domin-
ant role in the positioning of the potassium ions. The shift to lesser nearest
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neighbors in the ion distribution in the current case can only be explained
by the repulsive ion-ion interactions. On the freshly air-cleaved mica (im-
mediately after cleavage), the K+ ions repel each other and therefore try to
minimize the amount of nearest neighbors. Because of the high coverage it is
not possible for the ions to achieve zero nearest neighbors and therefore row-
like and small hexagonal domains are formed. The system’s preference for
charge neutrality further favors the presence of K+ ions. The lateral distri-
bution of the ions is governed by repulsive Coulomb interactions with a range
that is modified by the surrounding water molecules. With the help of Monte
Carlo (MC) simulations this scenario is tested. We have considered the ad-
sorption of ions with well-defined interactions ranging from highly repulsive
to no interaction between neighboring ions.

The simulations were performed by assuming a hexagonal grid. The lattice
sites of the grid are available positions for particles (ions) to occupy. Initially
a particle occupies a random site on the hexagonal grid with a probability Po.
The next generated particle will have a probability of occupying a lattice site
Po away from the first generated particle, i.e., locations where the coordina-
tion number/nearest neighbors is 0. At locations where nn is 1, i.e., the sites
next to the first generated particle, the probability for occupying these sites
drops to P = P 1+nn

o = P 2
o . Similarly for N generated particles, the N+1

particle will have a probability to occupy a site of the hexagonal grid equal
to P = P 1+nn

o , where nn is the nearest occupied particles/ neighbors of this
particular grid site. Here Po represents the strength of the interactions. It
can take any value between 0, the particles infinitely repel each other, and
1, representing no interactions between the particles. For the case of Po = 1
every grid site can be equally occupied by the generated particles, leading to
a random distribution. The obtained distribution is perfectly described by
equation 5.3. When P is between 0 and 1, the probability depends on the
amount of nearest neighbors of a particular site.

The particles are generated one by one up until the coverage reaches 45%,
i.e., equal to the coverage obtained experimentally. We note here that in
the experimental systems the ions are not generated one by one but they
pre-exist on the mica surface. Another difference is related to the mobility
of the ions which is finite. After cleavage one should expect that the ions
can, up to some extent, diffuse across the mica and acquire a more favorable
configuration. For simplicity in the simulations the ions are static and cannot
reorder themselves. Therefore our MC simulations should be considered as a
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Figure 5.5: The organization and histogram of the probability distribution of 1681
generated particles on a hexagonal grid for (a) Po = 1, (b) Po = 0.7 (the red box in-
dicates that the obtained distribution matches with the experimental observations),
(c) Po = 0.3 and (d) Po = 0.1.

qualitative or at most a semi-quantitative attempt to identify the nature of
the lateral interactions between the ions.
The results for discrete values of Po (from 1 to 0.1), are presented in Fig-

ure 5.5. Images of each of the generated distributions and their correspond-
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ing probability distribution histograms involving 1681 particles are shown
in Figure 5.5. The simulations with Po = 0.7 excellently reproduce the ex-
perimental images and distribution probability, shown in Figure 5.4f, with a
mean value of nearest neighbors around 2.3. This illustrates that the meas-
ured arrangement of ions on the air cleaved mica is a result of moderate
repulsion between adjacent ions.
Statistical analysis of the nearest neighbors of each potassium ion reveals

a distribution that looks like Figure 5.4f. There is a clear preference for 2
nearest neighbors. We compare this distribution with a random distribu-
tion. The random distribution probability is generated using the mica lattice
structure and a coverage of 45%, i.e., the same as the experimental distribu-
tions. The random distribution probability is a typical Gaussian distribution
as expected for a coverage of 45% of the available sites. A clear difference is
observed between the two distributions. A shift of the maximum occurs for
the nearest neighbors of the potassium ions toward the left hand side. This
is interpreted as indicative of weak repulsion between adjacent ions with its
weakness caused by the screening ability of the water molecules. Our experi-
mental results fit well with the simulations when moderate repulsion between
neighboring ions is considered. The relative weakness of the repulsive inter-
actions is a result of the presence of water which reduces the range of the
Coulomb repulsion.

5.5 Local Conductance Variations of the Graphene
Cover

Previous studies have demonstrated13,159,169,193 that graphene in contact
with a supporting substrate can be substantially doped. When in contact
with a mica surface graphene conserves its unique properties,159 even when
mica has been shown to induce doping of graphene.13,169 In chapter 3 we
have shown that graphene above the double water layer is only slightly n-
type doped. This indicates that the double water layer does not lead to a
sizable charge transfer. Surprisingly, graphene above the ice crystals/lower
level fractals is p-type doped. The potassium ions electronically neutralize the
mica and therefore should not induce any significant doping on the graphene
cover.159 As we have shown in chapter 3, the doping is rather caused by an
ice layer covering the mica-K+ surface, similar to that of Figure 5.6 (the ice
structure has been taken from ref71). In this ice structure, the OH bonds face
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electroneutral Charge Doping electroneutral

Local Charge Variations

Figure 5.6: A schematic representation of the graphene-mica interface. Water
molecules form order structures at the interface. At the locations of the ice crystals
the water molecules, form a crystalline structure of ice that is polarized.71 This
ice layer is responsible for charge transfer onto the graphene cover. Local charge
variations are induced by missing potassium ions.

either the mica surface or in plane water molecules71 and therefore graphene
effectively lies on a negatively charged surface.
In order to confirm the influence of an ice-like layer covering a nonuniform

distribution of K+ ions in the fractal regions, C-AFM is used. In C-AFM a
conductive tip is maintained in mechanical contact with the surface while it
measures the current generated by the applied bias voltage. Figure 5.7a is
an AFM topography image of graphene covering an ice crystal. The corres-
ponding lateral force image is shown in Figure 5.7b. The detailed structure
induced by the K+ ions is found inside the fractal. The simultaneously re-
corded current map is given in 5.7c. As expected, the regions above the
double layer of water are substantially less conductive than the graphene
regions just above the ice crystals. Since the conductance depends on the
local electron density, i.e., the density of states around the Fermi level, the
doped graphene shows a higher conduction because of a higher density of
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Figure 5.7: (a) Topography, (b) lateral force and (c) current image of graphene
above an ice crystal on mica. The current image (c) clearly shows that the conduct-
ance of graphene above the ice crystal is higher than above the two water layers.
(d) A small scale lateral force image of graphene above an ice crystal. Potassium
domains (bright) are observed. (e) The corresponding current map of (d) showing
the regions where potassium is missing are more conductive. (f) An overlay of (d)
and (e), showing strong correlation between the locations of potassium vacancies
and the higher conductance regions (green regions). The voltage bias was 1 V for
all recorded images presented here.

states,159,169 see also chapter 3. The heterogeneities in the current map are
mainly a result of small droplets found occasionally at the interface. The
higher conductance is a result of the doping of the graphene just above the
ice crystal. In the absence of ice crystals, the conductance of the graphene
remains unaltered.196

Small scale high resolution friction (Figure 5.7d) and the first ever current
maps with resolved ions (Figure 5.7e) reveal that graphene in the troughs of
adjacent K+ rows (vacancies) exhibit higher electrical conductance as com-
pared to graphene directly above the ions. The correlation becomes better
visible by overlaying the two images, as shown in Figure 5.7f. Strong cor-
relation is observed between the darker regions of the lateral force image
(potassium vacancies) (Figure 5.7d)) and the high conductance regions (yel-
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low) in the current map (Figure 5.7e). The differences in the conductance of
graphene inside the fractal is a result of local variations in the charge trans-
fer from the underlying substrate. As mentioned previously, the ice layer is
polarized, resulting in a negatively charged surface71 (see Figure 5.6). In ad-
dition, the mica surface without the K+ ions is negatively charged, whereas
the mica surface with K+ ions is neutral. At the positions where the K+ ions
are located the negatively charged surface is induced by the polarized ice
layer. However, at locations where the K+ ions are missing, the negatively
charged surface is induced by the ice layer as well as the mica surface. There-
fore the local electron density is higher and higher currents are measured at
the locations where K+ ions are missing. The small overlap (blue region in
Figure 5.7) is a result of small charge spread and it is only limited to the
edges of the ionic domains.

These results clearly demonstrate the existence of a nonuniform ion dis-
tribution that is covered by an ice layer. The existence of a nonuniform
distribution of K+ ions is of high significance in a plethora of studies where
mica is used as a substrate, e.g., biology, crystal growth and surface engineer-
ing. Our findings may bear important implications for the interpretation of
earlier experimental studies which disregarded the possibility of nonuniformly
distributed K+ ions on mica in contact with a polarized ice layer.13,42

5.6 Conclusions

Using scanning probe microscopies in combination with graphene as an ultra
thin cover, we have managed to obtain information on the local organiz-
ation of ionic domains on air-cleaved mica surfaces. Lateral force images
show that the K+ ions prefer to reduce the number of nearest neighbors (co-
ordination number) due to repulsive ion-ion interactions by forming specific
arrangements. The repulsive ion-ion forces are screened by the presence of
ordered water layers. The ordered water/ice-K+ interface is studied by meas-
uring the electronic properties of the graphene cover using conductive AFM.
At locations where the water molecules arrange in a fractal-like crystalline
structure, graphene has a higher electrical conductance due to the higher
local electron density induced by charge transfer from the ice layer. High
resolution conductance images reveal single ions and show distinct variations
of the conductance exactly above the ice layer. These variations show a direct
correlation with the nonuniform distribution of K+ ions. The current results
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are of importance in crystal growth and self-assembly on mica surfaces and
give new valuable information on charge transfer phenomena in the graphene
cover.
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6
Pressure Induced Melting of Confined Ice

‘We performed the two-dimensional analogue of the classic regelation ex-
periment demonstrated first by Thomson. Unlike the original experiment, we
were able to largely exclude thermal influences from the environment. For
this purpose we used an AFM tip to exert pressure on ice in a graphene-mica
confinement. The application of pressure above a critical threshold leads to
melting, while release of the pressure causes refreezing. From this water re-
gelation experiment we could extract the 2D heat of fusion. Our findings are
of importance for the knowledge of the behavior of confined water, crucial in,
for instance, biophysics and surface chemistry.’



Chapter 6 Pressure Induced Melting of Confined Ice

6.1 Introduction

Water at atmospheric conditions exists in several states of aggregation, such
as vapor, liquid and several amorphous and crystalline solid phases.1,2,4,197
Understanding the vast amount of ice phases and phase transitions is essen-
tial for many fields, including environmental, life and planetary sciences.31,198
The most important phase transitions are those of melting and freezing of
water since they define the sea level and dominate life on earth.199 One of
the anomalous thermodynamic properties of water is that its melting point
decreases as the pressure increases.200–203 This effect is of particular import-
ance because it can define water flow under large compressive forces. Pres-
sure induced melting plays a prominent role in glacial motion.204–206 The
weight of massive glaciers can cause internal deformations on the ice struc-
ture. The effect is strongest near the glacier/terrain interface where pressures
are highest. At these locations ice melts, even at temperatures below its bulk
melting point, the resulted liquid form of water allows the glacier to slide over
the terrain.
It was initially believed that moderate pressures were sufficient to form a

thin water layer on ice, attempting this way to explain the anomalous fric-
tion behavior of ice, for example during ice skating.207 However, this idea was
already challenged early on by Faraday.208 Slipperiness of ice (for example,
in ice skating applications) is the result of the presence of a liquid-like film of
water on the ice surface, even at temperatures below its freezing point.209–211
Pressure induced melting of ice requires far greater pressures than those en-
countered in common slippery situations. Another example that is often as-
sociated with ice skating is Thomson’s 19th century experiment that involves
the sintering of a wire through an ice cube (or a large block of ice).208,212
The wire cuts through the ice by melting it by the application of an external
force. As the wire moves through, the water behind it immediately refreezes.
Ice melting due to the application of a high external pressure and refreezing
when the pressure is relieved is known as regelation. Thomson’s experiment
is often used as a textbook paradigm for pressure induced melting and re-
gelation.213,214 However, even though pressure induced melting is real when
sufficiently high pressures are applied (in the order of hundreds of MPa or a
few GPa), the wire that cuts through a block of ice is a far more complicated
experiment and several other parameters contribute to the melting process.
Among those, heat conduction through the wire, friction heating, and wire
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wettability, contribute the most.203,215,216 Even though it is difficult to ex-
perimentally decouple pressure induced melting from other effects, it still
plays a prominent role in several physical processes. It is most prominent in
systems in which large pressures prevail. Such systems are difficult to access
experimentally, and knowledge on the molecular dynamics comes only from
theoretical investigations.203,217,218 It is thus highly desirable to find a way
to access pressure induced melting experimentally.

We have designed an experiment that allows for the first time to ex-
plore the microscopic behavior of ice layers under an external pressure. Our
solution suppresses possibly disturbing thermal influences from the environ-
ment. We use graphene as an ultrathin coating to trap water structures
on a supporting mica surface. Because of the graphene’s unusual proper-
ties, such as, impermeability to small molecules, mechanical flexibility and
chemical stability, it allows for the direct visualization of confined water
structures by scanning probe techniques.34 The anisotropy in the thermal
conductivity of graphene157 and mica,158 with a high/low conductivity par-
allel/perpendicular to the sheets, allows to investigate the intrinsic proper-
ties of the ice network, isolated from thermal fluctuations during imaging.
A sharp AFM tip is used to raster-scan the graphene surface on top of ice
crystals on mica. By regulating the tip load we can directly control the
locally applied pressure at the graphene/ice/mica interface with nanometer
precision and high accuracy. Any heat induced by the scanning AFM tip
is quite rigorously led away from the ice crystals due to the extremely low
thermal conductivity perpendicular to the graphene sheets, since the in-plane
thermal conductivity outweighs by far the out-of-plane thermal conductiv-
ity (2000-5000 Wm−1K−1 and 6 Wm−1K−1, respectively).157 The system is
therefore a viable candidate to investigate pressure related phase transitions
of ice networks decoupled from thermal effects.

Graphene coating of water has provided useful insight on intercalation ef-
fects and on the physical properties of confined water structures.22–24,33,34,38,40,219
In principle, when water is confined between two flat surfaces, its structure
and dynamics depend heavily on the molecular structure of the confinement
walls, the confinement dimensions, temperature, and pressure.15–17,20,21,220
Often confined water structures display perpendicular order due to strat-
ification effects at the vicinity of the surface.19,70,221 In particular, water
confined between graphene and mica forms flat islands with faceted edges
and well defined thickness, close to the interlayer distance of Ih-ice.34 These
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Figure 6.1: (a) AFM topographic image of ice crystals (fractal) confined between
graphene and the supporting mica, surrounded by two water layers. (b-c) Schematic
illustration of the structure of the ice crystals and the surrounding double layer of
water, respectively. Color code: O (red), H (white), K (green), C (gray), Si (orange).

water structures are in equilibrium with the environmental water pressure
and they communicate with the environment through defects located at
the graphene/mica interface.38 At ambient relative humidity (∼50%) the
graphene/mica confinement contains a thin water film with a thickness that
corresponds to two water layers.41,169 Interestingly, at low relative humid-
ity (∼1%), ice crystals grow at the interface induced by the heat extracted
from the system by the evaporation of water molecules from the intercalated
water film.169 Because of diffusion and rotational limitations of the water
molecules that want to incorporate into the ice crystal, and in combination
with latent heat effects and heat transport, the crystallites acquire a fractal
shape (see Figure 6.1a).194 First-principle molecular dynamics (MD) simu-
lations revealed that the first water monolayer is a fully connected hydrogen
bonded network epitaxially grown on mica.71,153 The first ice layer on mica
(and in contrast to multilayer films) has no free OH bonds sticking out of its
surface.48,71,79 The ice layer possesses a net dipole moment where the pos-
itive side points toward the mica surface. A schematic of this confined ice
network is shown in Figure 6.1b, the structure is based on ref.71 Owing to
the absence of uncoordinated OH bonds on the surface of the ice layer and
the appearance of a net dipole moment, a graphene covering these ice films
is p-type doped.169,222

Here we report on ice melting induced by the application of an external
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pressure. We show that the ice crystals melt when subjective to high external
pressures and refreeze when the pressure is lifted, coined as regelation. For
local pressures higher than 6 GPa, a solid to quasi-liquid transition takes
place. The water molecules of the ice crystal become dynamic and the layer
looses its net dipole moment, indicative of disorder. The ice crystals start to
melt initially at their edges and the quasi-liquid layer expands toward their
interior. The process is fully reversible, when the applied pressure is released,
the water molecules immediately refreeze and reform a polarized ice layer.
Our experiments are of interest to water (flow) in biological and geological
systems. They also expand on the complex phase diagram of confined ice
between graphene and mica.

6.2 Experimental Details

The graphene flakes were obtained using the microexfoliation process from
a freshly cleaved HOPG (ZYA grade, MikroMasch) and immediately depos-
ited on a freshly cleaved mica surface (SPI, V1) at ambient conditions. The
number of graphene layers were determined by optical microscopy with a
DM2500MH materials microscope (Leica, Germany) and tapping mode AFM
(Agilent 5100 atomic force microscope, Agilent).146,169 All the experiments
were performed inside an environmental chamber in which the relative hu-
midity can be controlled. The RH was measured using a humidity sensor
(SENSIRION EK-H4 SHTXX, Humidity Sensors, Eval Kit, SENSIRION,
Switzerland), with an accuracy of 1.8% between 10% and 90% RH and was
controlled by purging the environmental chamber with an adjustable N2 flow.
The sample was heated using a Peltier element and a Lakeshore 332 temper-
ature controller. LFM and C-AFM imaging of the graphene-mica system was
performed at room temperature and in contact mode using AD-E-0.5-SS tips
(diamond tips, Adama innovations) with a nominal spring-constant of 0.3
N/m and resonance frequency of 30 kHz and PtSiCont (NanoSensors) with
a nominal spring constant of 0.3 N/m and a resonance frequency of 15 kHz.
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6.3 Pressure Induced Solid to Quasi-liquid Phase
Transition

When the graphene/water/mica system is exposed to low relative humidity,
ice crystals are formed at the graphene/mica interface induced by the heat
extracted from the system due to water evaporation into the environment.169
An example is shown in the AFM topographic image shown in Figure 6.1a,
the ice crystals (shown as bright areas in this particular image, we note here
that brighter color indicates lower height in this AFM image) have a fractal
shape. The surrounding darker area is a double layer water film, see Figure
6.1c, the height difference between the two levels, in this image, amounts
to 0.36 ± 0.02 nm, a value very close to the interlayer distance of Ih-ice
(hexagonal ice). The structure of the ice crystal is shown schematically in
Figure 6.1b. Besides the ice crystals and the water bilayer, small droplets
of water are occasionally present on top of the water double layer as shown
for instance in Figure 6.2a (here the ice crystals are denoted as dark re-
gions). The simultaneously recorded LFM image, not shown here, displays a
difference in roughness between graphene on top of the ice layer and the sur-
rounding water double layer. The higher roughness of graphene on top of the
ice fractal was attributed to the presence of potassium ions and ionic domains
on the air-cleaved mica surface.222 The same structure is also present in the
double water layer, however less pronounced as a result of convolution by the
second water layer. These images were obtained in contact mode AFM with a
tip load of approximately 0.8 nN. By considering a diamond tip with a radius
of curvature of about 5 nm, the applied pressure on the graphene/ice/mica
system induced by the tip is approximately 4.5 GPa, calculated using the
Hertz model.6,223,224

Therefore by scanning the surface in contact mode and varying the tip load
in a controlled way, we can obtain spatial information about the aggregation
state of the confined water structures as a function of the applied pressure.
We find that when the pressure exceeds a critical value, Pc, the ice/water
edges become fuzzy and dynamic. This edges change from frame to frame
even when the pressure is kept constant and higher than Pc. In addition, a
quite faint but strongly persistent contrast appears that propagates from the
edges of the ice crystal, visible in both topographic and LFM images, Figures
6.2b-c and their insets. The contrast is stronger in the LFM images. Under
these conditions, the edges of this region are dynamic (see Figure 6.3b and
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Figure 6.2: (a) AFM topographic image of an ice crystal (dark) measured with a
tip load of 0.8 nN (4.5 GPa). (b-e) Sequence of AFM topographic images and in
the insets the corresponding LFM images showing the dynamic behavior of the ice
fractals when there is pressure applied using an AFM tip. The applied pressures
are respectively 8.5, 9.7, 10 and 8.5 GPa. Besides the ice layer (white arrow) and
the double layer of water (black arrow), a third layer is present which grows with
increasing pressure (blue arrow). This is the quasi-liquid water layer. (f) The same
region as in (a), after several images were recorded with higher applied pressures
within the white dashed box. The edges between the ice crystal and the double
water layer become smoother after the pressure is lifted (red arrows). The fractal
region increased and a higher density of water droplets is found on top of the double
water layer. The area outside the white dashed borders is unaffected, indicating that
the changes are only induced due to the pressure applied by the AFM tip.

compare it to Figure 6.3a, i.e., a zoom-in of Figure 6.2a) and change shape
every consecutive image, even when the pressure remains at a constant value.
Furthermore, the area it occupies strongly depends on the applied pressure.
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Figure 6.3: (a) zoom-in topography image of a boundary between the ice crystal
and the double layer of water at 4.5 GPa, and (b) of a boundary between the quasi-
liquid layer and the double layer of water at ∼10 GPa. A clear difference is observed
in the fuzziness of the boundary.

As the pressure increases, this region propagates further toward the interior
of the (dark) ice layer, this becomes clear upon comparing, for example,
Figures 6.2c and 6.2d, and the total area that it occupies increases further.
The dynamic nature of this region suggests that the water molecules at this
location are mobile. Based on this dynamic behavior, we will hereby refer to
this region as a quasi-liquid water layer. Additional proof will be presented
further below.
When the pressure is reduced, the area of the quasi-liquid layer reduces,

starting first from the interior of the ice crystal, Figures 6.2d-e. The process
is fully reversible, meaning that the molten area disappears completely when
the pressure drops below a certain threshold (<6 GPa). In addition to the
disappearance of the quasi-liquid layer the ice-double layer of water edges
become stable and smooth when the pressure is decreased, see arrows in
Figure 6.2f. Moreover, the density of small water droplets that are found on
top of the surrounding water layers has increased, suggesting mass transport
(see Figure 6.2f and compare it to 6.2a). Note that after the pressure is lifted
the total ice area has increased accompanied by a decrease of the double
water layer area. The excess amount of water molecules form a third water
layer or droplets on top of the double layer (mass conservation). Regions
that were not scanned with a high tip load remained unaltered (see Figures
6.2a and f, outside the white dashed square). We emphasize that the melting
of the ice crystals is heterogeneous, as it only occurs locally at the region of
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Figure 6.4: (a) AFM topographic image of a melted fractal (∼10 GPa). Three
levels are present, namely (i) the ice layer (indicated with a white arrow) (ii) the
quasi-liquid layer (blue arrow) and (iii) the double water layer (black arrow). (b)
Cross-section across the white dashed line marked in panel (a). Three levels are
present in the height profile. The height difference between the fractal and the double
layer of water is approximately 0.36 nm. The quasi-liquid like layer is approximately
70 ± 10 pm higher than the ice layer. (C) Histogram of the cross-section in (b),
showing three distinct peaks corresponding to the three different layers.

high pressure just below the surface of the AFM tip. As the tip moves across
the graphene surface the water is expected to refreeze at the locations left
by the tip. At the locations where the pressure is lifted, refreezing should
occur with a finite speed, that is, faster than the AFM scanning speed (the
refreezing rate is low compared to the scan speed for a single line, 0.5 s, but
faster than the acquisition time of one image, 256 s).
Figure 6.4a shows topographic information of an area consisting of the

quasi-liquid layer, ice layer and the double water layer. Marked with the
white dashed line in Figure 6.4a, the line profile provides a quantitative
measurement of the depth of the fractal with respect to the double layer
of water, i.e., 0.36 ± 0.02 nm, which is in good agreement with previous
studies.39,41,169 A histogram of the line profile is shown in Figure 6.4c and
reveals a third peak which corresponds to the evolved quasi-liquid layer. This
layer is approximately 70 ± 10 pm higher than the ice crystal. The increase of
height is a result of the disordered water network, which is in direct contrast
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Chapter 6 Pressure Induced Melting of Confined Ice

to the H-down network of the ice crystal, Figure 6.1b. The disorder results
in several OH bonds that point away from the mica surface and increase the
average thickness of the quasi-liquid layer.
Supportive evidence that the evolved dynamic region is a quasi-liquid layer

of water is obtained from LFM measurements (see insets in Figures 6.2b-
e). Strikingly, the lateral deflection of the cantilever as measured by the
LFM signal (which is proportional to tip-surface friction) increases at the
regions where graphene covers the dynamic water layer by about 10%. This
is rationalized by the fact that in these regions it is easier to deform the
graphene cover in a vertical sense (owing to the mobile nature of the water
molecules at these locations). These indentations give then rise to enhanced
resistance when the tip is moved parallel to the surface. On the other hand,
graphene in contact with ice can be less easily indented, which gives rise
to lower friction forces, in line with the observations.225,226 We emphasize
that the LFM images very clearly show the existence of melted ice and the
extension of its area. These regions are also visible in topography images,
but the contrast is rather weak and the exact area of the melt is sometimes
harder to detect due to strong contrast enhancement actions.

6.4 Emerging Disorder in the Quasi-Liquid Layer

In chapters 3 and 5, we have shown that the graphene cover can be doped by
the underlying ice/water structures. The investigation made it possible to
gain information about the structure of the ice crystal and the double water
layer. The graphene on top of an ice crystal is p-doped, where on the other
hand the double water layer does not induce any significant charge doping
on the graphene cover because of disorder. The p-doping is the consequence
of the crystalline structure of the ice, which has a H-down configuration with
a net dipole moment,71,79,153 whereas the net dipole moment is absent in
the water double layer. In essence, the ice surface is electronegative and
the graphene is doped due to charge transfer.159 This difference in charge
can be measured using a conductive AFM.222 Figure 6.5a and its inset show
a topography and a conductive AFM image of an ice crystal intercalated
between graphene and mica, under 4.5 GPa of applied pressure (the pressure
is small enough that it does not induce any changes in the ice crystal) at
room temperature. No bias was applied between the conductive AFM tip
and the substrate. Instead, only charges that are present on or near the
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Figure 6.5: (a) Topography image of an ice crystal intercalated between graphene
and mica at room temperature when the tip load is 0.8 nN (which corresponds to 4.5
GPa). As can be seen by the current image (inset), the charge (yellow) is localized
at the graphene ice interface. (b) Corresponding overlaid images of the topography
in (a) and its inset. A clear correlation is observed between the yellow conductance
parts and the ice crystals. (c) Topography (inset: current image) of an ice crystal
scanned at an external pressure of ∼7 GPa (3 nN). A quasi-liquid layer (indicated
with a white arrow) is formed within the fractal borders. (d) Overlaid images of the
topography in (c) and its inset. At the positions where a quasi-liquid layer is formed,
the charge vanishes almost completely. (e) Cross-correlation between the topography
and current images as a function of the applied pressure. A clearly diminishing trend
is observed between the cross-correlation and the applied pressure. (f-g) Schematic
illustrations of the ice layer and the quasi-liquid layer, respectively. Color code: O
(red), H (white), K (green), C (gray), Si (orange).

surface can be detected by the AFM tip and measured in the current signal.
A distinct correlation is found between the topography and the current image.
Graphene above the ice layer displays a significant amount of current (yellow),
whereas graphene above the double layer shows almost no current (blue). In
order to enhance the correlation, the topography and the current images are
overlaid in Figure 6.5b. Clearly, all the yellow parts (high current) are located
within the borders of the ice fractal.

When pressures larger than 6 GPa are applied on the ice crystals, a phase
transition takes place and a quasi-liquid layer is formed (see Figure 6.5c:
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slightly brighter areas within the ice fractal). Exactly at the places where the
quasi-liquid layer is formed, the current measured with the C-AFM vanishes.
When the two images are overlaid, the change in charge density becomes even
more clear (as shown in Figure 6.5d). This can only be explained by a change
in the structure of the underlying ice crystal. As mentioned earlier, the water
network in the ice has a H-down configuration which results in a net dipole
moment (Figure 6.5f).71 The quasi-liquid layer, as a result of disorder, loses
its net dipole moment and therefore no current/charge is measured on the
graphene cover (Figure 6.5g).153 In Figure 6.5e the cross-correlation between
the topography and the current image is shown. A distinct decrease of the
correlation is observed as a function of the applied pressure. This declining in
overlap is the expected result since with increasing the pressure, an increasing
fraction of the ice layer is melted. As explained above the melted regions do
not contribute to the conduction.

To summarize the above observations, when the pressure exerted on the
confined ice exceeds a specific threshold, the ice/water edges become very
dynamic and a dynamic layer appears at the interface. This layer is thicker
than the ice layer by 70 ± 10 pm. This region increases in lateral size with
increasing pressure. Owing to the dynamic nature of this layer, the observed
disorder and the high apparent mobility of the water molecules, we refer to
it as a quasi-liquid water layer. We expect that this layer preserves some
slight order that is stemming from the underlying mica due to stratification
effects (see Figure 6.5g). We have thus shown that pressure variations can
induce morphological changes in confined ice nanocrystals. The ice crystals
melt when a high pressure is exerted at the interface by an AFM tip. When
the pressure is lifted the newly formed quasi-liquid layer refreezes. Our ex-
periments provide the first ever example of regelation, fully decoupled from
thermal effects owing to graphene’s large anisotropy in the thermal conduct-
ivity, which warrants very good isolation from the environment. Heat that
might be induced by frictional forces is immediately transported away from
the underlying water structures, owing to the high in-plane thermal conduct-
ivity. This leaves pressure as the sole parameter responsible for the observed
phase transitions.

The observed quasi-liquid layer shows similarities with the structure found
by Li et al. on water on mica.153 The authors performed ab initio molecular
dynamics study of the structural and dynamic properties of water adlayers
on the mica surface153 at different temperatures. They found that at room
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temperature molecules that are bonded to the mica form an ice-like network,
where the water molecules bridging the K+ ions are slightly weaker bonded
than those bonded directly on the mica oxygen ions. When the system is
brought to elevated temperatures the structure starts to show melting be-
havior. Even though the hydrogen network collapses at these temperatures,
the hydrogen bonds between the water and the supporting mica can remain.
The bridging water molecules can easily rotate and diffuse resulting in a
liquid-like layer. Of course in our system the temperature remains constant
and cannot be made accountable for the observed phase transition. We thus
propose that the H2O molecules behave similarly when an external pressure
is applied. When water is compressed, the O:H hydrogen bond shortens and
stiffens, on the other hand the O-H covalent bond elongates and softens via
O-O repulsion.218 The elongation of the covalent bond and its energy loss
lowers the melting point. Once the pressure is reduced, the H:O-H bond
fully recovers to its original state.217

6.5 Graphene Thickness Dependence

It is evident from the AFM images in Figure 6.2 that the quasi-liquid layer
emerges at approximately 6 GPa and its area increases in size when the
external pressure is increased. The area of the quasi-liquid layer (AQL) is
measured for each frame and plotted as a function of the applied pressure in
Figure 6.6a. The quasi-liquid layer area increases with increasing pressure till
a maximum of 0.25 µm2 (∼ 95% of the total ice area) at a pressure of approx-
imately 10 GPa. We note here that melting does not occur instantaneously
everywhere in the image, these variations might originate from the nonuni-
form distribution of the potassium ions on the mica surface, see chapter 5,
that could influence the bonding of the water network.153 When the pressure
is decreased, the quasi-liquid area decreases till it completely vanishes. The
molecules immediately refreeze and resume their positions in a polarized ice
layer (see Figure 6.5a).
The same behavior is observed when the ice crystals are covered with

thicker graphene covers. However, the applied force needed to create the
quasi-liquid layer increases with the graphene thickness. For example, in
order to melt an ice crystal covered by bilayer graphene, a ∼25% larger force
is needed to melt the ice compared to monolayer graphene case (see Figure
6.6b). For three layers of graphene, forces larger than 10 nN are needed to
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Figure 6.6: (a) The quasi-liquid layer area as a function of the applied pressure.
The area of the quasi-liquid layer increases with increasing applied pressure and
completely vanishes when the pressure is lifted. When the pressure is larger than
6 GPa the ice crystals start to melt. (b) The area of the quasi-liquid layer as a
function of the applied force for different graphene thicknesses recorded with the
same diamond tip. Larger forces are needed to melt ice crystals when the number of
graphene layers increases. Inset: The quasi-liquid layer area as a function of pressure
for different number of graphene layers. Due to the increasing number of graphene
layers, the effective contact area increases and thus a larger force is needed to melt
the ice (while the required pressure remains constant).

form the quasi-liquid layer. We attribute this behavior to the increase of the
effective tip-graphene contact area on the ice surface. Thicker graphene cover
sheets will convolute the indentation by the tip more and lead to an increase
of the effective contact area, due to their higher bending modulus170 than
single layer graphene. Therefore, higher forces are required in order to reach
the pressure needed to melt the ice crystal, i.e., 6 GPa. The curves perfectly
overlap with each other when compensating for the increase of the contact
area due to the thicker graphene cover (inset of Figure 6.6b). This reveals that
the mechanism leading to the observed phase transition is purely pressure.
The extracted contact areas for bilayer and trilayer graphenes have increased
about 2 and 3 times, respectively, compared to single layer graphene.
Our information is obtained from friction forces during scanning and the

possibility that related heat effects may interfere with the inherent properties
of the considered system needs attention. For this purpose we have conducted
experiments with different tips (different radii of curvature and material).
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The results of the most deviating measurements are shown in Figure 6.6a,
obtained with sharp diamond tip (radius of curvature < 5 nm) and those
shown in Figure 6.7a, obtained with a blunt PtSi tip (radius of curvature of
about 20 nm), both from data gained at room temperature. When accounted
for the different contact areas and the consequently larger forces required to
melt the ice, the same melting characteristics is observed and the influence
of friction induced heating on the melting of the ice crystals is thus clearly
excluded. The clearest effect is expected from the variation of the contact
area: a larger contact area leads to a higher friction force227 and therefore
an enhanced heat generation should be expected. Still no differences are
observed for the results obtained with tips with different radii of curvature.
Apparently, the graphene cover sheet warrants sufficient thermal insulation
due to its conductivity anisotropy discussed above. We can safely conclude
that the melting of the ice is the result of the exerted pressure only.

6.6 Temperature Influence on the Melting Pressure

When the temperature of the substrate is increased, the applied pressure
required to melt the ice crystals decreases (see Figure 6.7a). Because of the
higher substrate temperature, the water molecules gain energy and there-
fore become dynamic even at lower pressures.153 As a result less pressure
is needed to melt the ice crystals. The magnitude depends strongly on the
substrate temperature. For example, at 60◦C an external pressure of ∼2 GPa
is needed in order to melt the ice crystals. Li and Zeng153 predicted that
for a monolayer of ice on mica without a graphene cover, the interfacial hy-
drogen bonds, i.e., the bonds between the mica and the water molecules, are
broken at temperatures around 100◦C. At these temperatures, the ice layer
loses its structure and its net dipole and acts as liquid. These observations
explain the coarser and smoother shaped fractals observed after heating at
100◦C for 1 h in chapter 3. When the temperature is increased, the fractals
undergo edge melting, the water molecules at the edges rearrange resulting
in a smoother and coarser fractal.
It is noted that the critical pressure for melting, PM, is equal to the sum-

mation of the van der Waals adhesion pressure, PW, and the critical exerted
pressure, Pc. The van der Waals adhesion pressure is calculated using PW =
EW/d, where EW is the adhesion energy per unit area and d is the distance
between the graphene cover and the supporting mica.5,228 PW is estimated
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Figure 6.7: (a) Areal change as a function of pressure at different substrate tem-
peratures recorded with the same PtSi tip, normalized to the maximum quasi-liquid
area. At elevated temperatures, the pressure needed to initiate melting decreases.
(b) Phase diagram of confined water in the Pressure-Temperature (ln(PM ) per Pa,
1/TM ) plane extracted from the curves in (a).

to be approximately 150 MPa for EW ≈ 0.075 Jm−2 and thus negligibly
small152,194 . PM as a function of temperature denotes the coexistence curve
between the solid and the quasi-liquid phases. The functional shape of this
curve is given by the Clausius-Clapeyron relation229

ln( P
P◦

) = −L
k

( 1
T
− 1
T◦

), (6.1)

where L is the specific latent heat of fusion, k is Boltzmann’s constant and
P◦ is the equilibrium pressure at some temperature T◦. We have plotted
the ln(PM ) per Pa values obtained from data, as shown in Figure 6.7a, as a
function of the corresponding reciprocal temperatures in Figure 6.7b. From
a first order polynomial fit and by using equation 6.1, we have extracted the
specific latent heat of fusion of water molecules from the solid ice into the
quasi-liquid water, and found it equal to 0.15 ± 0.04 eV per water molecule.
We emphasize here that the value is independent of the uncertainty regarding
the critical pressure of melting, since the ∆A(P,T) curves have been obtained
with the same tip. This value is only two times larger than the bulk latent
heat of fusion at 0◦C, i.e., 0.062 eV per water molecule. This correspondence
is a strong confirmation of the suggested mechanism. The phase transition
is clearly related to melting of the confined ice. The difference of the latent
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heat of fusion in two dimensions compared to the three dimensional case
is hard to explain and needs a specialized theoretical consideration, which is
lacking at this moment. This difference is quite subtle in view of the fact that
already in three dimensions the heat of fusion is about one order of magnitude
smaller than the heat of vaporization. Interestingly, from our data we can
extrapolate that at about 100◦C the confined ice layer undergoes melting at
a pressure of ∼ 1 atm, in good agreement with the results of chapter 3. We
finally note that the exact value of PM depends on the absolute size of the
contact area. Possible margins have no consequence for the obtain heat of
fusion of two dimensional ice.

6.7 Conclusions

To conclude, the pressure induced solid-to-quasi-liquid phase transition of
confined ice has been explored in situ and real time using scanning probe
microscopies. Two-dimensional ice crystals trapped between graphene and
mica melt and form a quasi-liquid layer of water, when a critical pressure
beyond 6 GPa (at room temperature) is exerted locally onto the system.
The H-down ice network looses its order and the molecules become dynamic
and mobile. The process is fully reversible, when the applied pressure is
lifted the water molecules immediately refreeze and resume a polarized H-
down network. We were able to determine the heat of fusion in 2D ice at 0.15
± 0.04 eV per water molecule. The protective graphene cover transports the
dissipated energy induced by the probing tip effectively away from the ice
crystals such that the melting and refreezing processes are only governed by
pressure. The graphene cover warrants a powerful thermal protection from
the environment. Our results are crucially important for understanding the
phase behavior of confined water and they provide an example of intrinsic
regelation of 2D ice.
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Structure and Dynamics of Confined

Alcohol–Water Mixtures
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‘Here we have studied the behavior of multicomponent fluids in confined
geometries. Alcohol water mixtures segregate into alcohol-rich islands and
water-rich films. The alcohol islands are in direct contact with the graphene
surface. Alcohol adsorption at low relative humidity reveals a strong prefer-
ence of the alcohol molecules for the ordered ice interface. The diffusion coef-
ficients display a size dependence on the molecular size of the alcohols, and
are about 6 orders of magnitude smaller than the bulk diffusion coefficients,
demonstrating the effect of confinement on the behavior of the alcohols.’



Chapter 7 Confined Alcohol–Water Mixtures

7.1 Introduction

Confined molecular films have attracted a lot of attention during the last
decade, owing to their role in lubrication,226 nanofluidics12 and biological
systems.11,230 The behavior of the confined molecules is governed by an in-
tricate interplay of intermolecular interactions and molecule-substrate inter-
actions and in many cases is substantially different from the bulk phase.15
Several groups have made important experimental30,31,48,78,231–233 and the-
oretical32,71,234,235 contributions in understanding the molecular structure
of the adsorbed molecules and their behavior on a surface. However, the
behavior of confined films was, until recently, only mainly explored theoret-
ically,18,236 whereas investigations by experimental means17,237 were limited
due to the lack of experimental techniques that are able to directly probe
their structure and behavior at the atomic scale.
The discovery of graphene initiated and enabled research of confined mo-

lecular layers and droplets at the nanoscale. The seminal work of Xu et al.34
revealed that a graphene cover protects and allows the visualization of thin
molecular films of water adsorbed on a mica substrate. The use of graphene
is essential for several reasons. First, it protects the molecular layers from
the tip during imaging. Second, due to its impermeability for molecules,
it blocks the direct condensation and evaporation of molecules. Evapora-
tion and condensation of small molecules can, however, occur through de-
fects at the graphene cover (e.g., B-type steps).38 Third, due to graphene’s
atomic thickness it can exactly adapt to the morphology of the underly-
ing substrate. Furthermore, the presence of graphene and mica, with their
large differences in thermal conductivity along and perpendicular to the in-
terface, warrants a valuable isolation from the environment and allows to
study the intrinsic properties of the system.169 Therefore, it can provide
useful information on the behavior of thin films of small molecules at the
nanoscale. A number of studies have been performed for confined water mo-
lecules. Most of these studies have focused on the structure and behavior
of confined water between graphene and a variety of substrates, including
mica,34,38–40,169 SiO2

36 and graphite,35 as well as the effect of these water
films on the graphene cover.13,41–44 It has been shown that water tends to
form continuous multilayer films when adsorbed on hydrophilic substrates.
For instance, a confined water film on mica consists of two water layers at
ambient conditions, with perpendicular order and no long-range lateral or-
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der. The water layers are in dynamic equilibrium with the environmental
water.38 At low relative humidity (RH) an epitaxial ice layer (long-range or-
der) grows on mica and has a fractal shape. The ice growth is induced by
the heat extracted from the system by evaporation of water molecules.169

Small alcohols, such as methanol, ethanol, n-propanol, n-butanol, play a
key role in biology,238 surface modification, and many industrial processes239
and have received a lot of attention. For instance, water-ethanol mixtures
have been shown to induce a transition of DNA molecules from all-B-forms to
all-A-forms,240 depending on the concentration of ethanol. In the bulk phase
small alcohols are soluble in water. However, the properties of these mixtures
are substantially different in confined geometries and are still not well un-
derstood. For example, several studies have reported phase separation190,192

and crystal-like properties.191 Severin et al.190,192 studied the adsorption and
desorption of ethanol from vapor of the graphene/water/mica system. By
exposing the system to ethanol vapor, small ethanol islands grow over time,
surrounded by a water film that shrinks as the ethanol islands grow. Ren et
al.241 reported on the dewetting of hydrophobic plates by ethanol molecules.
Molecular dynamics (MD) simulations done by Zhao et al.236 revealed phase
separation of ethanol-water mixtures confined between graphene plates and
a preferential adsorption of the ethanol molecules at the graphene surface.

Our work majorly extends these early studies on the adsorption-desorption
and phase separation of ethanol-water mixtures into nanopores, including a
systematic study of various alcohols, among which we find pronounced differ-
ences. Our systematic experimental study on the behavior of alcohol-water
mixtures in a hydrophobic-hydrophilic confinement has revealed several phe-
nomena, which can be of paramount importance in nanofluidics and bio-
logy. For instance, 2D graphene nanochannels provide a promising hydro-
phobic nanofluidic material, for example, in nanofiltration membranes. The
structural and kinetic properties of methanol-, ethanol-, 2-propanol- and 2-
butanol-water mixtures confined between graphene and mica are compared in
detail. The alcohol chains preferentially adsorb at the graphene/ice interface
forming 2D islands on top of the ice layer and surrounded by a multilayer
water film. However, the structure of these domains and the orientation of
the molecules depend on the length of the alcohol chains: Smaller alcohol
chains form 2D faceted islands, suggesting a crystal-like structure, with the
alcohol molecules in a ‘standing up’ configuration. Their growth relates to
the free energy barrier for further growth and the 2D diffusion rate. The

95



Chapter 7 Confined Alcohol–Water Mixtures

measured diffusion coefficients reveal a dependence on the size of the alcohol
and are about 6 orders of magnitude smaller than their bulk counterparts.
Our experimental results thus shed new light on the structure, adsorption and
dynamics of various alcohol-water mixtures in a hydrophobic-hydrophilic con-
finement, which is of fundamental importance in biology, nanofluidics, and
many industrial processes.

7.2 Experimental Details

Graphene flakes were exfoliated from a freshly cleaved HOPG (ZYA grade,
MikroMasch) sample, using the tape-free method.156 The graphene flakes
are then gently pressed on top of a freshly cleaved muscovite mica sample
(SPI, V1) at ambient conditions. Subsequently, these flakes are detected
with an optical microscope (DM2500 MH materials microscope from Leica,
Germany). We observe layered graphite flakes, which are in many cases ter-
minated by regions of bi- or single-layer graphene. The number of graphene
layers is determined by optical microscopy and AFM with an Agilent 5100
atomic force microscope (Agilent).146 AFM imaging was performed in tap-
ping mode using Hi’ Res-C14/CR-AU probes (MikroMasch), with a nominal
spring-constant of 5 N/m and resonance frequency of 160 kHz. The sample
and the AFM scanner are placed in a closed environmental chamber. The
RH in the environmental chamber is decreased by purging with dry nitro-
gen (N2) at an adjustable flow rate. The RH is increased by blowing dry
nitrogen through one or two washing bottles filled with distilled water (18.2
MΩ× cm with a TOC (total organic carbon) of <3 ppb using a Milli-Q Ref-
erence A+ system from Merck Millipore). The flow speed is measured using
two flow sensors (0.1-3 l/min with accuracy 0.1; 0.1-10 l/min with accur-
acy 0.3) and the RH is measured using a humidity and temperature sensor
(SENSIRION EK-H4 SHTXX, Humidity Sensors, Eval Kit, SENSIRION,
Switzerland), with an accuracy of 1.8 % between 10 and 90 % RH placed
in close proximity to the sample. The temperature was kept constant at
21◦C (room temperature, RT), no significant variations were observed dur-
ing the experiment. Furthermore, in order to purge the system with alcohol
vapor, a washing bottle was filled with the desired alcohol, that is, meth-
anol, ethanol, 2-propanol, or 2-butanol (Sigma-Aldrich, analytical standard
(≥ 99.5%), used as received). The washing bottles are rinsed three times
with these alcohols and the unconnected tubes are purged with nitrogen for
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10 minutes at 2 l/min to remove water and other contaminants. Another
washing bottle is used to reduce the toxicity of the waste fumes from the
chamber’s outlet. In order to further avoid water contamination of the alco-
hols, an amount of approximately 50 mL of alcohol was taken directly from
the freshly opened bottles. The purging rates of the alcohol vapor was kept
constant at (1.0± 0.1) l/min in every experiment.

7.3 Alcohol-Water Phase Separation

The schematic of Figure 7.1a illustrates the experimental procedure. Samples
were prepared at ambient conditions. At ambient conditions, a double layer
of water is trapped between graphene and mica. This double layer shows
perpendicular order, but poor long-range lateral order. By changing the en-
vironmental water vapor to the alcohol vapor, 2D islands are formed between
graphene and mica.192 A typical AFM image of faceted methanol islands,
formed by purging methanol vapor in the AFM chamber, is shown in Figure
7.1b. AFM phase images (not shown here) reveal no apparent phase contrast
between the methanol islands and their surroundings, which indicates that
the tip interacts always with the graphene cover implying that the islands
are under the graphene sheet. The height difference between the islands and
their surroundings was measured by AFM, see Figure 7.1c for the height
distribution. The methanol islands have an average height difference of 0.08
nm ± 0.02 nm with respect to their surroundings. Similar results have been
obtained for ethanol, 2-propanol, and 2-butanol. The corresponding AFM
images of the islands formed between graphene and mica, after subsequent
purging with ethanol, 2-propanol and 2-butanol, respectively, are shown in
Figure 7.2. Ethanol islands (Figure 7.2a) appear very similar to the islands
observed for methanol with faceted edges and with a height difference of 0.1
nm ± 0.02 nm. In contrast to ethanol and methanol, 2-propanol exhibits
two distinct phases. ‘Phase c’ (where c stands for crystal-like) (Figure 7.2b)
shows faceted islands with a height difference of 0.2 nm ± 0.02 nm, and
‘phase a’ (where a stands for amorphous) (Figure 7.2c) shows continuous
round layers with a height of 0.34 nm ± 0.02 nm. In the case of 2-butanol,
islands with a height difference with respect to their surroundings of 0.34 nm
are observed. The height differences of the alcohol islands with respect to
their surroundings are depicted in Figure 7.3. Note that the faceted islands
reveal a 6-fold symmetry with angles close to 120◦, suggesting ordering in
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Figure 7.1: (a) Cartoon of the experimental procedure. Upon a change of the
ambient vapor to alcohol vapor, water molecules evaporate from the graphene-mica
interface through a pore, whereas alcohol molecules condensate via the pore and
form 2D islands. (b) Methanol islands formed by the adsorption of methanol from
methanol vapor. (c) Height distribution of the islands and their surroundings.

the alcohol layers.
We interpret the growth and formation of these 2D islands in the following

manner: during the replacement of the environmental vapor by the alcohol
vapor, the water concentration in the chamber drops. This leads to evapora-
tion of water molecules that are confined between graphene and mica, through
defects in the graphene cover, for example, B-type steps. The evaporation
of the water molecules induces the growth of ice layers at the interior of the
graphene-mica pores, as we have described in detail in chapter 3. Meanwhile,
due to the increase of the alcohol vapor in the environmental chamber, alco-
hol molecules creep into the pores (of the graphene-mica interface). These
alcohol molecules, as we will show later, preferentially adsorb on top of the
ice layers. The resulting structure consists of a layer of alcohol on top of an
ice layer that is surrounded by two water layers. The preference toward the
ice interface of the alcohol molecules rather than the water layers is shown in
Figure 7.4. Figure 7.4a shows an ice crystal that has grown upon a reduction
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Figure 7.2: AFM images of alcohol islands in between graphene and mica formed
by adsorption from (a) ethanol vapor, (b, c) 2-propanol vapor (‘phase c’ and ‘phase
a’ islands) and (d) 2-butanol vapor.

of the RH by purging the AFM environmental chamber with dry N2 gas.
Insertion of alcohol vapor into the chamber results into the radial filling of
the ice crystal, demonstrating the high affinity of the alcohol molecules for
the ice interface. Eventually, the filled fractal relaxed with time to a faceted
layer similar to the ones observed in, for instance, Figures 7.1 and 7.2. This is
probably due to surface tension and line tension smoothing of the interface.
The proposed mechanism can explain the small height differences of the

alcohol layers with respect to their surroundings. In the case of methanol,
ethanol, and 2-propanol ‘phase c’, the measured values correspond to the
height difference between one alcohol layer on top of the ice crystal and two
water layers. For example, for methanol, the measured height is the differ-
ence between one methanol layer on top of the ice layer and two water layers
(we note here that the interlayer distance of hexagonal ice is 0.37 nm). By
subtraction of the height of one water layer the apparent height of the meth-

99



Chapter 7 Confined Alcohol–Water Mixtures

M
et

ha
no

l0

1

2

3

4

5

H
ei

gh
t [

Å
]

Et
ha

no
l

2-
Pr

op
an

ol
‘P

ha
se

 c’

2-
Bu

ta
no

l

2-
Pr

op
an

ol
‘P

ha
se

 a
’

Figure 7.3: Height values measured for each alcohol island with respect to their
surroundings.
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Figure 7.4: (a) Ice crystals under a few layers of graphene. (b)-(e) Time frames of
the radial filling of the ice crystal, when exposed to 2-propanol vapor. (f) Coarsening
and smoothing of the fractals has occurred after 48 h.
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with the blue line in panel (a). (c) Simplified cartoon of the proposed structure of
the intercalated molecules. An alcohol layer (red spheres) is formed on top of an ice
layer (white spheres) and surrounded by a double water layer (blue spheres).

anol islands is 0.45 ± 0.02 nm, which corresponds well with the size of the
methanol molecules.233 Similarly, we obtain heights of 0.47 ± 0.02 nm and
0.57 ± 0.02 nm for ethanol and 2-propanol ‘phase c’ islands, only slightly
smaller than the size of the molecules (0.55 and 0.60 nm, respectively233).
This is demonstrated in Figures 7.5b and c. Figure 7.5b shows a cross sec-
tion taken across a 2-propanol partially filled ice crystal indicated with the
blue line in Figure 7.5a. Three levels are clearly observed: The level of the
ice layer, the surrounding double water layer, and the 2-propanol/ice layer,
see also the cartoon in Figure 7.5c. The reported height values have been
calibrated using the graphene step height, 0.34 nm. The well-defined thick-
ness of the islands, which corresponds very well to the size of the molecules,
is indicative of ordering. In contrast, both 2-propanol ‘phase a’ islands and
2-butanol islands are circular with a height difference of 0.34 ± 0.02 nm. We
propose that these islands either consist of an amorphous phase or have a
‘standing down’ configuration with the OH groups facing the ice layer. Note
that longer alcohol chains have been found to lay flat on graphitic surfaces
due to the effect of the nonpolar alkyl chain.242

The formation of the alcohol domains suggest separation into an alcohol
phase and a water phase. The phase separation on a molecular level is intim-
ately related to the molecular interaction potentials. The phase separation
is a result of the competition of intermolecular interactions and molecule-

101



Chapter 7 Confined Alcohol–Water Mixtures

substrate interactions. On a macroscopic scale this results into a different
contact angle and surface tension. The free energy of the water alcohol in-
terface includes a surface contribution, a bulk contribution and a line term
related to the boundary between the two phases. This line term is the two-
dimensional analogue of surface tension, i.e., line tension. The line tension of
monolayers on water is in the order of 10−12 N.243,244 For bulk systems, line
tension effects can obviously be ignored. However, it can play a prominent
role at the nanoscale. Severin et al.190 demonstrated that the nanophase
separation of water-ethanol films under a graphene blanket is influenced by
the thickness of the graphene cover. Graphene deforms at the island edges.
The deformation depends on the number of graphene layers because addi-
tional energy is required to bend a graphene layer. Moreover, Zhao et al.236
found in their simulations that separation in water-ethanol mixtures, con-
fined between two graphene surfaces, occurs due to the stronger interaction
of the ethanol molecules with the hydrophobic graphene surface. In our case
demixing is further enhanced due to the hydrophilic nature of the mica sur-
face. Water preferentially adsorbs at the mica surface, whereas the alcohol
molecules preferentially adsorb on the graphene/ice interface.

Alcohol molecules might be able to mix with the surrounding water film as
suggested in ref.234 Resolution limitations of the AFM do not allow to resolve
isolated alcohol molecules mixed with water. An elegant way to test alcohol
water mixing is by exposing the system before and after alcohol exposure to
low RH. At low humidity, 2D ice fractals are formed, see Figure 7.6b and
refs.38,169 The structure and growth of the fractals can be disturbed by con-
tamination of the graphene-mica interface.156 Typically ice fractals have a
well-defined branch thickness, which depends on the graphene thickness and
the evaporation rate of the intercalated water molecules.194 Contamination
disturbs the ice structure and leads to a more erratic extraction of the wa-
ter molecules from the pores. In a similar manner, alcohol molecules mixed
in the water layers can be considered as contaminants and can disturb the
crystalline structure. To test whether the alcohols mix with the water mo-
lecules, we first melt the ice fractals by increasing the RH back to the ambient
value (50%). Thereafter, we purge the system with alcohol vapor, that is,
2-propanol. We find that 2-propanol ‘phase c’ islands are formed, see Figure
7.6d. These layers were subsequently removed by purging the chamber with
water vapor for 24 h as described in ref.192 Figure 7.6e shows the system
after removing the alcohol islands. The surface then appears smooth, that is,
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Figure 7.6: (a) Monolayer and trilayer graphene on water on mica. (b) Ice fractals
grown after exposure of the system to low relative humidity (0.1% RH). (c) Removal
of the fractals by increasing the RH to the ambient value. (d) Formation of ‘phase
c’ 2-propanol islands after exposure to the alcohol vapor. (e) Removal of the alcohol
islands by changing back to water vapor. (f) Formation of erratic and ill-defined
fractals after exposure again to 0.1% RH.

similar to 7.6a and 7.6c. After exposing the same surface again to low RH,
erratic and ill-defined fractals grow, in marked contrast to the well-defined
ice crystals in Figure 7.6b. We note here that the experimental conditions,
that is, temperature, evaporation rate, and graphene thickness, were kept
constant throughout the experiments. Similar behavior has been observed
for the other alcohols. We argue that the intercalated alcohols can partially
mix with the water film. These mixed alcohol molecules can be strongly at-
tached to the surrounding water molecules and remain attached even after
the evaporation process. Note that pinning of alcohol molecules at defect
sites of the interface might also play a role and should not be ignored. This
observation is in good agreement with the results of Cheng and Sun,234 who
found from molecular simulations that ethanol-rich islands grow on top of a
water-rich film.
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Figure 7.7: Area versus time for methanol, ethanol, 2-propanol and 2-butanol
islands in (a) linear and (b) log-log scale. The slope for small times is 1, implying
linear growth.

7.4 Growth Dynamics of Alcohol Islands

The growth of the intercalated islands is facilitated by a nearby B-type step
edge or a defect in the graphene cover.192 The growth of these islands slows
down over time until it more or less saturates. The formation of small
clusters growing slowly over time implies a diffusion controlled nucleation and
growth process. The phase separation is driven by surface and line tension
between the phases as well as preferential adsorption of the alcohols at the
graphene/ice interface. In order to investigate the dynamics of the growing
islands, we measured their areal growth as a function of time. Using image
processing tools the acquired AFM images were first flattened by a second
order polynomial. The flattened images were then transformed into black
and white images, where white refers to the alcohol domains and black to
the surroundings (using an appropriate threshold). Subsequently the area of
the white domains (alcohol layers) was measured. Figure 7.7a shows repres-
entative curves for methanol, ethanol, 2-propanol, and 2-butanol. 2-Propanol
‘phase c’ and ‘phase a’ revealed similar behavior; therefore, we will not make
a further distinction between the two. It is apparent that their growth slows
down over time. We would like to note that we never observed a completely
filled alcohol layer; water filled pockets were always observed randomly on
the surface, as can be seen in Figure 7.6d.
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In order to be able to compare these different experimental results, we plot
these curves in a log-log scale, as shown in Figure 7.7b. From Figure 7.7b,
two issues are apparent. First, the slope of each curve is approximately equal
to 1 for the first part of the growth, indicative of linear growth. Second, the
intercept is different for different alcohols. The measured slope of 1 indicates
diffusion in 2D channels, that is, length scales grow as t

1
2 , where the diffusion

coefficient strongly depends on the size and shape of the molecules as well as
intermolecular and substrate interactions. The relationship below is generally
valid for diffusion in a 2D system

< x2 >= 4Dt, (7.1)

where < x2 > is the mean square displacement (MSD), D is the diffusion
coefficient, and t is the time. We relate the MSD to the area of the islands
at each specific time. On the basis of the above equation and by fitting
to a first order polynomial, we can extract the diffusion coefficient of the
alcohols. It should be noted that AFM cannot image fast diffusing objects
(relative to the scanning speed, i.e. the time it takes to image the object),
thus our estimate should be considered as a lower bound. The measured
diffusion coefficients show a strong dependence on the size of the molecule.
We obtained the values (30±10)×10−16 m2

s , (10±5)×10−16 m2

s , (6±2)×10−16

m2

s and (10±1)×10−17 m2

s for methanol, ethanol, 2-propanol, and 2-butanol,
respectively. We would like to note here that the analysis was performed for
alcohols intercalated through B-type steps and graphene wrinkles, which are
abundant in the graphene mica interface. The observed trend reflects that
longer chains need to overcome higher energy barriers to creep inside the
pores. A comparison to the bulk diffusion coefficients (D ∼ 10−9 m2/s )245
shows about 6 orders of magnitude difference, which suggests hindering of the
lateral degree of freedom. This demonstrates that confinement dramatically
slows down the diffusion of small molecules inside the nanopores.

In order to clarify whether the measured diffusion coefficient indeed re-
flects the real diffusion coefficients of the alcohols in the nanoconfinement
and not the different vapor pressure of the alcohols, we have performed ex-
periments for different alcohol-water concentrations. As we have described in
the experimental procedures, alcohol intercalation was achieved by exposing
the system into the desired alcohol environment. For that purpose, N2 gas
was purged through a bottle filled with approximately 50 ml of the desired
pure alcohol (Aldrich, ≥ 99.5% purity and used as received) and directly
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Figure 7.8: (a) Area vs time in a log-log scale and linear scale (inset) of methanol
islands grown for different methanol-water concentrations. Similar, log-log scale and
linear plots for ethanol (b), 2-propanol (c) and 2-butanol (d) with different alcohol-
water concentrations, indicated in the legends. In general the alcohol concentration
ranged from 99.5% to 90%.

into the AFM environmental chamber. This way, in a matter of minutes,
the ambient environment of the AFM chamber was changed with the alcohol
vapor, the RH subsequently drops. Accurate measurements of the RH was
not possible due to the contamination of the humidity sensor with the alco-
hol chains. However, water molecules have to be present up to some extent
but with substantially lower concentration than the alcohol molecules. An
indirect control of the water-alcohol gas phase concentration was achieved by
adding a specific amount of water to the alcohol bottle. The amount of water
molecules in the AFM chamber then depends on the concentration of water
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3 μm
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2-propanol (85%)-water(15%)
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Figure 7.9: (a) A graphene flake on mica at ambient conditions, regions of single
layer but also multi layer graphene are visible. (b) and (c) the same area after
exposure to 2-propanol (85%)-water (15%) concentration for 75 and 150 minutes
respectively. These images demonstrate that alcohol domains do not grow for high
water concentrations in the vapor.

in the bubbling bottle. However, the exact gas phase concentrations of water
and alcohol in the AFM chamber remain unknown, thus for simplicity we give
the concentration of alcohol and water in the bubbling bottle. The kinetics
of the different alcohol-water concentrations were subsequently determined.
Figure 7.8 shows the results of water-methanol, -ethanol, -2-propanol and -2-
butanol mixtures of different concentrations, the water amount ranges from
0.5-10% between the experiments and is given in the Figure panels. As can
be seen no clear difference or any trend is observed for any of the used alco-
hols. Note, that differences in the reaction time of the system (the time that
it takes before alcohol domains start to grow) has been observed but it had
a random character and not any specific order.
Furthermore for water concentrations higher than 10-15% and within the

experimental times of several hours, we have not observed any alcohol domain
growth (see Figure 7.9). Tentatively, these observations can be rationalized
as follows: the presence of water leads to a water vapor pressure of about 23.4
mbar at 20◦C. During purging the water-alcohol vapor is transported into the
AFM chamber and the water vapor is replenished by the evaporation of water
from the water in the bubbling bottle. The rate of replenishment is given by
the evaporation rate and thus depends on the water content. Water contents
above ca. 10-15% are apparently high enough to maintain the water pressure
at 23.4 mbar. At lower water contents the removal rate of water is higher than
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the replenishment rate and as a result the RH in the AFM chamber drops to
a new and lower steady state level. Once this is sufficiently low, evaporation
of the water intercalated between mica and graphene occurs through the
graphene nanopores and the fractal 2D ice crystallites are formed, which in
turn facilitate the intercalation of alcohol chains. These experiments provide
further proof that the measured diffusion coefficients are indeed related to
the diffusion of alcohols in the nanopores and do not depend on the gas phase
concentrations.

7.5 Conclusions

In summary, we have studied the behavior of small alcohol molecules, namely,
methanol, ethanol, 2-propanol, and 2-butanol intercalated between graphene
and mica in real time and space using atomic force microscopy. The ad-
sorbed molecules form alcohol-rich islands on top of ice layers and in between
graphene and mica. We have demonstrated a phase separation: the alcohol
molecules show preferential adsorption at the graphene/ice interface, whereas
water domains prefer the mica surface. The measured height differences of the
alcohol domains with respect to their surroundings suggest an ‘upright con-
figuration’ for the small alcohols with respect to the graphene surface and an
amorphous phase or a ‘standing down’ configuration for the larger alcohols.
Moreover, a dependence of the diffusion coefficients on the molecular size is
observed. The measured confined diffusion coefficients are about 6 orders of
magnitude smaller than the bulk diffusion coefficients. We have successfully
demonstrated the effect of confinement on the structure, dynamics and ad-
sorption of water-alcohol mixtures. Our experimental findings provide new
information on the structure and dynamics of nano-confined alcohol-water
mixtures and can be valuable for many fields and in particular biology.
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8
Hydrophobic Ice Confined between

Graphene and MoS2

‘The structure and nature of water confined between hydrophobic walls are
investigated at room temperature by means of atomic force microscopy. We
find the formation of two-dimensional crystalline ice layers that consist of
two planar hexagonal layers. Additional water does not wet these planar ice
films. The hydrophobic character arises from the lack of dangling bonds on
either surface of the ice film because of their unique nontetrahedral bonding
geometry.’



Chapter 8 Hydrophobic Ice Confined between Graphene and MoS2

8.1 Introduction

The properties and structure of water at planar surfaces have been extensively
investigated using surface science techniques30–32,48,246 because of enormous
interest in many fields including environmental sciences, lubrication,226 nan-
ofluidics12 and biology.11 The structure and nature of water is often affected
by the surface’s structure and wettability, pressure and temperature. For
example, because of the strong binding of water to hydrophilic substrates,
the structure of water near the surface is influenced by the substrate. This
often results in nontetrahedral bonding geometries, as has been observed for
crystalline hydrophobic ice films grown on Pt(111) at cryogenic temperat-
ures.247

The lack of bonding of water to a hydrophobic substrate as well as stratific-
ation induced by the substrate (in its vicinity) can also lead to the growth of
ice films with a nontetrahedral geometry and remarkable properties. Kimmel
et al.70 observed metastable crystalline ice grown at 100-135 K on graphene
on Pt(111). This crystalline ice consists of two flat hexagonal layers of water
molecules. The hexagons of each layer are stacked directly on top of each
other. In this structure each molecule forms three in-plane hydrogen bonds
with each nearest neighbor and one out-of-plane hydrogen bond with the
molecule in the opposite layer. In this way, the number of hydrogen bonds is
maximized. There are no dangling bonds on either surface of the ice. The ice
is considered hydrophobic because adding a third water layer is energetically
not favorable. Water molecules that are located on top of the double ice layer
will either diffuse toward the edge of the ice and incorporate into the double
layer or will form 3D clusters. Similar ice films have also been observed on a
Au(111) substrate37 at cryogenic temperatures and it has been hypothesized
to exist on any hydrophobic planar surface because of the weak (van der
Waals) interactions of the water molecules with the atoms of the surface.70
Molecular dynamics predicted the existence of these ice films in confined hy-
drophobic geometries,221 that can be stable at room temperature,19,70 but
they have yet to be experimentally observed.
It is well-known that the properties of confined water are in many cases

dramatically different from those of their bulk counterpart. These proper-
ties include complex phase behavior, nontetrahedral bonding geometry, novel
phase transitions and anomalous self diffusion.16–21 Even though most know-
ledge comes from MD simulations and DFT calculations, recent experimental
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work of confined water in carbon nanotubes and graphene (slightly hydro-
phobic with bulk contact angle ranging from 70◦ to 90◦) (and other 2D ma-
terials) has provided information on the state of water confined between hy-
drophilic/hydrophobic34,38,169,189,194,248 and hydrophobic/hydrophobic35,154
interfaces. Despite significant efforts, a systematic understanding of the in-
fluence of confinement on this rich behavior is still lacking. Understanding
the vast amount of ice phases and the dynamics of ice structures is cru-
cial in many fields, including life sciences, environmental sciences, condensed
matter physics, lubrication, and nanofluidics. For example, ice layers on
surfaces are used for the preparation of supported metal9 and oxide nano-
particles.10 Moreover, water diffusion in hydrophobic nanopores is of great
relevance for biological systems and nanofluidics.11 In the case of 2D materi-
als, water adsorbates or intercalates can influence their electronic properties.
For example, ice on graphene or under the graphene can electronically dope
the graphene.42,193 The type of doping and level depends crucially on the
structure and state of the ice.

In this chapter we provide experimental evidence that water confined between
graphene and MoS2, at room temperature, forms a unique two-layer (2L)
structure with low surface energy due to intrahydrogen bonding inside the
ice. Our findings are in line with recent theoretical works, which have pre-
dicted the existence of a hydrophobic double-layer ice with nontetrahedral
geometry in a hydrophobic confinement and at room temperature.19,70 Our
work paves the way toward an understanding of the complex behavior of
confined water structures at room temperature (RT).

8.2 Experimental Details

Exfoliated graphene flakes (cleaved from HOPG, ZYA grade, MikroMasch),
consisting of one or a few layers are deposited on top of a freshly cleaved
synthesized 2H-MoS2 (2D Semiconductors) substrate. Like graphene, MoS2
is considered to be hydrophobic. The reported contact angles, for water
droplets on this surface, are in the range of 70-90◦.249 Optical microscopy
(DM2500MH materials microscope, Leica, Germany) was used to locate the
graphene flakes. Optical microscopy and tapping mode AFM (Agilent 5100
atomic force microscope, Agilent) were used to determine the exact num-
ber of graphene layers (as described in chapter 2). AFM imaging on the
graphene/MoS2 system was performed using Nanosensors SSS-FMR-10 with
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a nominal spring constant of 2.8 N/m and resonance frequency of 75 kHz.
Water droplets and layers on top of the graphene or the MoS2 substrates
require softer cantilevers in order to be properly imaged without affecting
their shape and size.231 In these experiments, we have used MikroMasch
HQ:NSC36/AL BS C cantilevers with a nominal spring constant of 0.6 N/m
and a resonance frequency of 65 kHz. The AFM instrument was operated in
intermittent contact amplitude modulated mode (tapping mode). The can-
tilever was excited with a frequency slightly below its resonance frequency.
When the tip is in the proximity of the surface, the oscillation amplitude is
reduced as compared to the free amplitude, AFree, owing to the force field
induced by the sample. Scanning of the surface’s topography is achieved
by keeping a constant setpoint amplitude (ASP ). For the case of droplets
and water layers on the air/substrate interface (without the graphene cover),
AFree was kept below 10 nm and ASP was set to 0.95 × AFree. In this
way, a potential capture of the tip from the interfacial water structures was
avoided. Furthermore, AFM imaging was performed inside an environmental
chamber. The relative humidity (RH) inside the glovebox and the AFM en-
vironmental chamber was controlled by an adjustable N2 flow which either
bubbled through a water bottle or directly purged into the chamber and
was measured using a humidity sensor (Sensirion EK-H4 SHTXX, Humidity
Sensors, Eval Kit, Sensirion, Switzerland), which has an accuracy of 1.8 %
between 10 and 90 % RH. We emphasize that the experiments have been
performed at RT.

8.3 Water Adsorption and Island Formation

In order to clarify that water adsorbs on both HOPG (or graphene flakes)
and MoS2 surfaces, we have exposed them at high relative humidity (80-
90%) for a couple of minutes and subsequently imaged the surfaces with
AFM. The results are shown in Figure 8.1. Water adsorbs in the form of
layers or droplets at both surfaces depending on the exposure time but also
at the surface’s morphology.250 The water layers (and droplets) exhibit a
large phase contrast with respect to their surroundings. They are very dy-
namic with fuzzy edges and can be easily disturbed and modified by the
probing tip. These water structures can be easily removed by decreasing the
environmental relative humidity below 40%.
MoS2 and thin graphene flakes were initially exposed to high (80-90%) RH
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Figure 8.1: (a) AFM topographic image of a freshly cleaved MoS2 measured at
ambient conditions. (b) The same location after exposing the surface to 85% RH for 5
minutes. Elongated water layers are formed along the surface. (c) The corresponding
phase image of (b), revealing sharp phase contrast between the water layers and the
MoS2 surface. (d) Water droplets formed on the MoS2 surface after long exposure
to high RH. (e) AFM image of an HOPG sample after exposure to water vapor for
a couple of minutes. Water layers are visible on the whole surface.

for a short period of time (5-10 min) in a home-built glovebox. Water adsorbs
on both surfaces, as has been shown in Figure 8.1. The graphene flakes
are then deposited on top of the MoS2 substrate, Figure 8.2a summarizes
the experimental process. The adsorbed water is confined between the two
surfaces, and the system is ready to be imaged by AFM, as can be seen in
Figure 8.2c (we note here that samples made at low (1-30%) RH do not show
any water structures at the interface, see Figure 8.2b). In contrast to water
structures on the free graphite or MoS2 substrates (Figure 8.1), the confined
water films are stable with well-defined faceted edges, suggesting that they
are ordered, i.e., crystal-like. AFM phase images (see inset of Figure 8.2c)
suggest that these water structures are indeed between graphene and MoS2.
In general, zero to little phase contrast (∼0-1◦) is observed, which indicates
that the probing tip always interacts with the same surface, i.e., graphene.
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Figure 8.2: (a) Cartoon of the experimental procedure. The graphene (indicated
with Gr in the Figure) and the MoS2 surfaces are exposed to a high RH environment
(about 80%) for a short amount of time (5-10 minutes). Water adsorbs on both
surfaces leading to the formation of water layers and droplets. When the two surfaces
are brought together these water structures are confined between the two materials.
(b) Monolayer graphene on MoS2 deposited under 30% RH. (c) Monolayer and few
layers graphene on MoS2 deposited after the two surfaces were exposed for 5 minutes
to high (80-90%) RH. Water layers are confined between the two surfaces. The inset
is the corresponding phase image and it reveals little phase contrast between the
water layers and the graphene surface but huge contrast between graphene and
MoS2.

8.4 Structure and Dynamics of Confined Water
Islands

Occasionally, we observe that some of the water structures slowly grow over
time. In Figure 8.3 snapshots of the growth of a water structure is shown.
The ice crystal grows in one direction (different from the scanning direction
by about 30◦) acquiring an elongated form. This crystallite appears to grow
at the expense of the surrounding crystals, indicating mass transport. As the
crystal grows, often, a propagating front, of a lower height contrast with re-
spect to the initial structure, is observed which acts as an apparent precursor
of the island and it leads the growth (Figure 8.4a, b). Similar dynamics have
been observed in several samples. Two height levels can also be seen at vari-
ous other images and at different areas and samples; for instance, Figure 8.4c
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t0
t0 + 160 min t0 + 510 min

t0 + 1022 mint0 + 644 min t0 + 1209 min

1 μm

Figure 8.3: AFM snapshots of the growth of an ice crystal. The ice
crystal grows at the expense of surrounding crystals. For multimedia
view see the [URL: http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b09812] doi:
10.1021/acs.jpcc.6b09812.

shows islands under a few layers of graphene with two distinct height levels.
Cross sections taken across the water films, Figure 8.4d-f reveal a total

height difference with respect to their surroundings of 0.56 ± 0.02 nm (black
curve). The cross sections also reveal that each level (layer) has a height
of about 0.28 nm (red and blue curves). These values do not correspond
at all to the height of the bilayer of hexagonal ice ‘Ih-ice’ (0.37 nm) or any
multiples of it. However, they are rather close to the size of planar ice films,
0.285 nm. Furthermore, they clearly have a hexagonal symmetry as can be
seen in the histogram of Figure 8.5a, in which a distribution of the angles
between two adjacent island edges is shown. A predominant peak at around
120◦ is clearly observed, suggesting a hexagonal symmetry. Furthermore,
shoulders at approximately 90◦ and 60◦ are observed. Often, an elongation
of the islands is observed, similar to what we saw for water condensation on
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Figure 8.4: (a, b) AFM snapshots during the growth of a water layer indicated with
the black arrow. (c) Water layers under few layers of graphene. Panels (d) and (e)
are line profiles taken across the structures of panel (a) (red and black, respectively),
and panel (f) is that taken across panel (c) (blue), revealing that these structures
consist of two layers of water.
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Figure 8.5: (a) Histogram of the distribution of the angles measured between two
adjacent edges of the water layers, as indicated in Figure 2c. The histogram shows
a predominant peak at 120◦. (b) Top and side view of the structural model of the
2L ice, as has been described in refs.70,221 The red and white spheres represent O
atoms and H atoms, respectively.
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the bare MoS2 surface, indicating that the growth of the islands is kinetically
limited.

Our results clearly demonstrate the existence of planar two-layer (2L) crys-
talline ice films with a hexagonal symmetry in a hydrophobic confinement and
at RT. The observed ice structures are reminiscent of a novel ice phase, which
has been first observed in low-temperature experiments on hydrophobic sub-
strates, such as graphene.37,70 As has been described first elsewhere,70,221
these ice films consist of two hexagonal (honeycomp lattice) planar layers in
registry with each other and with a nontetrahedral geometry. Every water
molecule of the 2L ice forms four hydrogen bonds with its neighbors, three in
the same plane and one out of plane with the water molecule of the opposite
layer, leading to a self-closed hydrogen bonding network with low surface
energy due to the maximized number of hydrogen bonds.70 The lattice con-
stant of the 2L ice is 0.48 nm,70 in contrast to 0.45 nm of the bilayer Ih-ice.
Cartoons of the top and side views of the 2L ice structure are shown in Figure
8.5b.

8.5 Emerging Hydrophobicity of the 2L Ice

The total area covered by water depends on the exposure time and the dis-
tance of the sample from the inlet of the water vapor into the glovebox.
Longer exposure and at a closer proximity to the inlet results in a larger lat-
eral expansion of the two-dimensional ice layers and often to a higher density
of water droplets, see Figure 8.6a. Figure 8.6b shows that all the 2L ice
structures and the water droplets are under the graphene; no phase contrast
is observed. Water droplets on top of the graphene (bright features in Figure
8.6a) show strong phase contrast (∼ 20◦ in Figure 8.6b) and can be dragged
by the AFM tip. We have never observed the growth of a third ice layer,
which indicates that two-layer thick ice is energetically more favorable than
three-layer thick ice. Occasionally 3D droplets of various sizes are observed
on top or at the edges of the 2L ice (Figure 8.6). DFT calculations37 demon-
strate that 1L or 3L thick ice are energetically less favored when compared to
2L thick ice: 3L ice is less stable than 2L ice by not less than 0.1 eV/H2O,37
although it is slightly more stable than 1L ice. This last finding contradicts
our observations because we have never observed any 3L ice structures, while
in contrast, we have seen on many occasions 1L ice structures. We attribute
this difference to the fine details of the hydrophobic confinement. The DFT
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Figure 8.6: (a) Large-scale AFM image of a graphene flake with various thickness
on MoS2. 2L ice crystals marked with the white dashed lines are under the graphene
flake. Occasionally, various sizes of water droplets are on top and at the edges of the
2L ice. Droplets between graphene and MoS2 are also observed. (b) Corresponding
phase image, in which both the 2L ice crystals and droplets reveal no apparent phase
contrast with respect to the graphene surface. For comparison, water droplets on
the MoS2 and graphene reveal a strong phase contrast.

calculations have been performed for ice structures on a hydrophobic solid-
vacuum interface; however, in our case the second hydrophobic wall might
induce another limitation making the three-layer ice energetically less favor-
able than the 1L ice. The surface free energy of the 2L ice is low. The 2L ice
films are only weakly interacting with the substrate or the graphene cover.
Owing to these weak interactions, small 2L ice islands are very mobile. AFM
images showing the mobility of small 2L ice clusters are given in Figure 8.7.
The 2L ice crystals move with steps up to hundreds of nanometers within
a few minutes of measuring time. The high mobility of small clusters is at-
tributed to the weak interaction of the 2L ice with both surfaces (MoS2 and
graphene).
The lack of OH dangling bonds on either of the two surfaces of the ice

gives the 2L ice a hydrophobic character. Water molecules that arrive on
top of the two-layer ice are weakly bound and will prefer either to diffuse
toward the edges where they become part of the ice structure or form a
3D non-wetting structure.70,247 This is also consistent with our system, be-
cause there is no observation of a layer-by-layer growth but rather a lateral
expansion and/or the observation of 3D droplets on top or at the edges of
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t0 t0 + 30 min t0+ 39 min t0+ 65 min
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0.5 μm

Figure 8.7: (a) AFM image sequence of a small 2L ice crystal, indicated with the
white arrow. The ice crystal shows rapid movement in between the two surfaces.
Eventually it can escape from the interface at the graphene MoS2 boundary.

the 2L ice. To test whether the droplets are indeed on top of the ice lay-
ers and not surrounded by ice, we have measured the droplet height as a
function of footprint diameter and compared it to sessile water droplets on
the MoS2 surface (Figures 8.8a, b). Note here that large droplets under the
graphene display a polygonal shape, which is induced by the graphene cover.
To avoid any misinterpretation of our results, we have restricted our analysis
to droplets with a spherical shape, see Figure 8.8a. A clear difference is ob-
served in Figures 8.8a-c, suggesting that the droplets are in between different
surfaces, i.e., graphene/MoS2 (black points in Figure 8.8) and graphene/2L
ice (red points in Figure 8.8). It is also evident from Figure 8.8c that the
contact angle of a water droplet between graphene and MoS2 (black points)
is substantially lower than the contact angle of large sessile water droplets
on MoS2.249 To check this in more detail we have measured water droplets
on the bare MoS2 surface and compared their sizes and contact angles with
the confined droplets. We measured contact angles in the range of 60◦ (blue
points Figure 8.8a), i.e., very close but slightly smaller than the reported
values for large sessile water droplets. Note here that convolution effects
have been taken into account according to ref.251 We note that especially on
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Figure 8.8: (a) Cross sections of droplets between graphene/MoS2 (black),
graphene/2L ice (red), and on the bare MoS2 surface (blue). The solid lines are
spherical cap fits. (b) Height (H) vs footprint diameter (L), and (c) contact angle
(CA) vs footprint diameter (L) for all three cases. (d) Pressure (P) vs footprint
diameter (L), and (e) adhesion energy (γ) vs footprint diameter (L) for droplets
between graphene/MoS2 (black) and graphene/2L ice (red).

the free sessile droplets, different tip-surface interactions can overestimate or
underestimate to some extent these measurements. The large difference in
contact angles between sessile droplets on the MoS2 surface and droplets con-
fined between MoS2 and graphene is attributed to confinement effects. The
pressure induced by the confinement is substantial154,252 and therefore cap-
able of deforming small droplets, resulting in the reduction of their contact
angle.
The diameter and height of droplets confined between a 2D membrane,

such as graphene, and a supporting substrate depend on the number of mo-
lecules; the adhesion energy between the membrane and the substrate, in that
case either MoS2 or 2L ice; and the elastic properties of the membrane. The
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ratio of the height versus the diameter is determined by the balance between
van der Waals interactions and the elastic energy of graphene.252 It has been
proposed that this ratio is independent of the substance of the bubble.252
Membrane or nonlinear plate theories are typically used to determine the ad-
hesion energy of graphene with its substrate, by the use of a trapped bubble
or blister.152,253 Yue et al.253 demonstrated that for monolayer graphene cov-
ering relative big bubbles the membrane analysis is sufficient. This analysis
uses a spherical cap approximation but does not take into account the small
but finite bending stiffness of graphene. Therefore, it does not describe the
bubble’s edges accurately but nevertheless provides a simple solution. Using
membrane analysis, the pressure inside the bubble is obtained by253

P = E2DH
3

ΦL4 + P0, (8.1)

where E2D is the 2D Young’s modulus of single-layer graphene;88 H and
L are the height and footprint diameter of the droplet, P0 is the external
pressure; Φ = 75(1−ν2)

8(23+18ν−3ν2) ; and ν is Poisson’s ratio equal to 0.16 for single
layer graphene. We have estimated the pressure inside the droplets between
monolayer graphene and MoS2 and monolayer graphene and 2L ice using eq.
8.1, see Figure 8.8d. In both cases, smaller droplets display larger pressures
and the pressure decays fast as the size increases and saturates at approx-
imately 1 × 106 N/m2 for graphene/droplet/MoS2 and 3 × 105 N/m2 for
graphene/droplet/2L ice.
Using the ideal gas law, the graphene-substrate adhesion energy is directly

related to the equilibrium droplet size, because it is a result of the potential
energy of the droplet balanced by the interfacial energy. The adhesion energy
(γ) is derived253 to be equal to

γ = 5E2DH
4

8ΦL4 . (8.2)

The graphene-substrate adhesion energy is shown in Figure 8.8e for both
cases as calculated from eq 8.2. It can be seen that graphene adheres better
on the MoS2 substrate with an adhesion energy in the order of ∼ 0.01 N/m,
whereas the graphene/2L ice adhesion energy is in the range of ∼ 0.003 N/m.
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8.6 Conclusions

Our scanning probe investigation of confined water is consistent with the
existence of a nontetrahedral ice phase at RT in a hydrophobic confinement.
This ice phase consists of two planar hexagonal ice layers. The water mo-
lecules of each layer of the ice are stacked on top of each other and have a
self-closed hydrogen bonding. This leads to weak interactions with the sub-
strate and with other water molecules on top of the 2L ice. Our results are
in line with recent MD simulations of ice films confined between hydrophobic
walls and low-temperature experiments of ice films on graphene and Au(111)
substrates. This unusual geometry of the 2L ice may be of importance in
biological samples in which water is in direct contact with hydrophobic sur-
faces and may be also relevant for water structures on hydrophobic surfaces
and at ambient conditions.
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Summary

The structure and dynamics of water under a geometric confinement is of
great significance due to its importance in water flow, surface chemistry and
environmental sciences. The physical properties of water at an interface or
in a nanopore are often different than its bulk counterpart and can strongly
depend on the fine details of the confinement. A systematic understanding of
the influence of the confinement on this rich behavior was, until recently poor,
because of experimental limitations to access interfacial water structures.
The discovery that graphene is stable in its two dimensional form has opened
new research possibilities and it has proved to be an instrumental tool for
the investigation of confined water structures. Its remarkable mechanical
and electronic properties combined with scanning probe techniques allow to
directly visualize and measure water structures that are confined between
graphene and a variety of supporting substrates. Information regarding the
influence of the interface structure and wettability, environmental humidity,
temperature, pressure and the presence of foreign species on the structure
and dynamics of confined water can be now experimentally accessed in situ
and real time with scanning probe microscopies.

In chapter 3, we studied the growth of fractal nanostructures in a 2D
system, intercalated between mica and graphene. Based on our scanning
tunneling spectroscopy data, we provided evidence that these fractals are 2D
ice. They grow while they are in material contact with the atmosphere at
20◦C (without significant thermal contact to the ambient) and at low relat-
ive humidity. The growth is studied in situ, in real time and space at the
nanoscale. We found that the growing 2D ice nanocrystals assume a fractal
shape, which is conventionally attributed to DLA. However, DLA requires a
low mass density mother phase, in contrast to the actual currently present
high mass density mother phase. Latent heat effects and consequent trans-
port of heat and molecules are found to be key ingredients for understanding
the evolution of the ice flakes. We conclude that not the local availability
of water molecules (DLA), but rather them having the locally required ori-
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entation is the key factor for incorporation into the 2D ice nanocrystal. In
combination with the transport of latent heat, we attribute the evolution of
fractal 2D ice nanocrystals to local temperature dependent rotation limited
aggregation. The ice growth occurs under extreme supersaturation, i.e., the
conditions closely resemble the natural ones for the growth of complex 2D
snow (ice) flakes and we consider our findings crucial for solving the ‘peren-
nial’ snow (ice) flake enigma.

At low humidity, epitaxial one-layer thick ice fractals form. The growth of
the ice fractal is initiated by the heat extracted from the system by evapora-
tion, into the 3D ambient, of the second layer of water intercalated between
mica and graphene under low humidity conditions. In chapter 4, the fractal
shape dependence on the graphene cover and the evaporation rate of the wa-
ter molecules from the interface is investigated. We found that the thickness
of the fractals’ fingers scale as the square root of the ratio of the bending
energy of graphene plus the surface energy of the intercalated ice and the
product of the velocity of the fractal front and a term related to the hindrance
of the water ad-molecules. Ice fractals formed under a thick graphene flake
and upon a low evaporation rate are thick with few side branches, whereas
fractals grown upon high growth rate under single-layer graphene are thin
and very ramified. We attribute the coarsening of fractals to the extra degree
of freedom of the surrounding water molecules, enabled by the non-complete
adaptation of the ice crystal’s morphology by the graphene cover.

The exact structure of the graphene-ice-mica interface has not been dis-
cussed yet. Potassium (K+) ions are known to cover the mica surface in order
to preserve charge balance. The distribution and exact lateral organization
of K+ on the air-cleaved mica is yet unknown. In chapter 5, we showed, by
the use of graphene as an ultra-thin protective coating and scanning probe
microscopies, that single K+ ions form ordered structures that are covered
by an ice layer. The K+ ions prefer to minimize the number of nearest
neighbor ions by forming row-like structures as well as small domains. This
trend is a result of repulsive ionic forces between adjacent ions, weakened due
to screening by the surrounding water molecules. Using high resolution con-
ductive atomic force microscopy maps, the local conductance of the graphene
is measured, revealing a direct correlation between the K+ distribution and
the structure of the ice layer. Our results shed light on the local distribution
of ions on the air-cleaved mica, solving a long-standing enigma. They also
provide a detailed understanding of charge transfer from the ionic domains
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toward graphene.
The classic regelation experiment of Thomson in the 1850’s deals with

cutting an ice cube, followed by refreezing. The cutting was attributed to
pressure induced melting, but has been challenged continuously and only
lately consensus emerges by understanding that compression shortens the
O:H non-bond and lengthens the H-O bond simultaneously. This H-O elong-
ation leads to energy loss and lowers the melting point. The hot debate sur-
vived well over 150 years, mainly due to a poorly defined heat exchange with
the environment in the experiment. In chapter 6, we achieved thermal isola-
tion from the environment and studied the fully reversible ice - quasi-liquid
water transition for water confined between graphene and muscovite mica.
We observe a transition from 2D ice into a quasi-liquid phase by applying a
pressure exerted by an atomic force microscopy tip. At room temperature
the critical pressure amounts to about 6 GPa. The transition is completely
reversible: refreezing occurs when the applied force is lifted. The critical
pressure to melt the 2D ice increases with temperature and we measured the
phase coexistence line between 293 and 333 K. From a Clausius-Clapeyron
analysis we determine the latent heat of fusion of two-dimensional ice at 0.15
eV/molecule, being twice as large as for bulk ice.

In chapter 7, the effect of confinement on the structure and dynamics
of alcohol–water mixtures between graphene and mica, has been studied in
situ and in real time at the molecular level by AFM at room temperature.
AFM images reveal that the adsorbed molecules are segregated into faceted
alcohol-rich islands on top of an ice layer on mica, surrounded by a pre-
existing multilayer water-rich film. These faceted islands are in direct contact
with the graphene surface, revealing a preferred adsorption site. Moreover,
alcohol adsorption at low relative humidity reveals a strong preference of
the alcohol molecules for the ordered ice interface. The growth dynamics of
the alcohol islands are governed by supersaturation, temperature, the free
energy of attachment of molecules to the island edge and two-dimensional
diffusion. The measured diffusion coefficients display a size dependence on
the molecular size of the alcohols, and are about 6 orders of magnitude smaller
than the bulk diffusion coefficients, demonstrating the effect of confinement
on the behavior of the alcohols. These experimental results provide new
insights into the behavior of multicomponent fluids in confined geometries,
which is of paramount importance in nanofluidics and biology.

Chapter 8 describes the structure and nature of water confined between
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hydrophobic MoS2 and graphene at room temperature. We found that water
forms two-dimensional crystalline ice layers. In contrast to the hexagonal
ice ‘bilayers’ of bulk ice, this 2D crystalline ice phase consists of two planar
hexagonal layers. Additional water condensation leads to either lateral ex-
pansion of the ice layers or to the formation of three-dimensional water
droplets on top or at the edges of the two-layer ice, indicating that water
does not wet these planar ice films. The hydrophobic character arises from
the lack of dangling bonds on either surface of the ice film because of their
nontetrahedral bonding geometry. The unusual geometry of these ice films is
of great importance in biological systems with water in direct contact with
hydrophobic surfaces.
The observed phase behavior, phase transitions and dynamics of the con-

fined water structures underline the complexity of the governing physical
mechanisms. It is clear that the behavior of the water molecules will heav-
ily depend on the confinement characteristics as well as temperature and
pressure. For instance, the fact that the ice structure is different in the
case of water confined between graphene and MoS2 compared to ice between
graphene and mica, indicates the significance of the interface in defining the
geometry of the ice phase. It is evident that a general picture of the state of
water under confinement cannot be drawn and the confinement details and
conditions should be considered in future investigations.
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Samenvatting

De structuur en dynamica van opgesloten water is van groot belang vanwege
de rol die het speelt in waterstromingen, oppervlaktechemie en omgeving-
swetenschappen. De fysische eigenschappen van water aan een oppervlak
of in een nanopore zijn vaak anders dan in de bulk en bovendien hangen de
eigenschappen ook vaak af van precieze details van de opsluiting. Een system-
atisch begrip van de invloed van deze opsluiting op het rijke gedrag was tot op
heden vrij minimaal door de experimentele beperkingen m.b.t. de toegang tot
de waterstructuren aan de grenslaag. De ontdekking dat grafeen, een enkele
laag koolstofatomen gerangschikt in een honingraatstructuur, stabiel is heeft
geresulteerd in nieuw mogelijkheden om het water aan een grenslaag in detail
te onderzoeken. De opzienbarende mechanische en elektronische eigenschap-
pen van grafeen gecombineerd met scanning probe technieken maken het
mogelijk om de waterstructuren die gevangen zitten tussen een substraat en
grafeen direct zichtbaar te maken. Informatie met betrekking tot de invloed
van de grenslaagstructuur, bevochtiging, luchtvochtigheid van de omgeving,
temperatuur, druk en de aanwezigheid van andere componenten op de struc-
tuur en de dynamica van opgesloten water kan nu in real time experimenteel
toegankelijk worden gemaakt met scanning probe technieken.

In hoofdstuk 3 hebben we de groei van fractale nanostructuren in een 2D
system, welke geïntercaleerd is tussen een mica substraat en grafeen, be-
studeerd. Gebaseerd op onze scanning tunnelling spectroscopische metingen
komen we tot de conclusie dat deze fractalen bestaan uit 2D ijs. De fractalen
groeien terwijl ze in contact zijn met de lage luchtvochtigheid omgevingsat-
mosfeer van ca. 20◦C (zonder noemenswaardig thermisch contact met de
omgeving). De groei is in-situ en in real time op de nanoschaal bestudeerd.
We hebben gevonden dat de 2D ijskristallen een fractale vorm aannemen,
hetgeen doorgaans veroorzaakt wordt diffusion limited aggregation (DLA).
DLA heeft echter een lage dichtheid moederfase nodig, in tegenstelling tot
de hoge dichtheid moederfase waar we hier mee te maken hebben. Latent
warmte en het transport van warmte en moleculen blijken de hoofdingrediën-
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ten te zijn voor het begrijpen van het ontstaan van ijsvlokken. We komen tot
de conclusie dat niet de lokale beschikbaarheid van watermoleculen (DLA),
maar juist het feit dat ze de goede oriëntatie hebben bepalend is voor de
inbouw in de 2D ijskristallen. In combinatie met de transport van de latent
warmte wijten we de ontwikkeling van de 2D ijskristallen aan de lokale tem-
peratuurafhankelijke rotation limited aggregation. De aangroei van ijs vindt
plaats onder een extreme oververzadiging, e.e.a. komt sterk overeen met de
groeicondities voor complexe 2D sneeuw (ijs)vlokken. We beschouwen onze
bevindingen van groot belang voor het oplossen van het nog steeds onop-
geloste sneeuw (ijs)vlokken enigma. Voor lage luchtvochtigheid vormen zich
epitaxiale één-laags dikke ijsfractalen. De groei van de ijsfractalen worden
geïnitieerd door de warmte die onttrokken wordt uit het systeem door de
verdamping van geïntercaleerd water uit de tweede laag.

In hoofdstuk 4 wordt de fractale vorm in relatie tot de grafeen deklaag en
de verdampingssnelheid van de watermoleculen bestudeerd. De dikte van de
fractale vingers blijkt te schalen met de wortel uit de verhouding van buiging-
senergie van grafeen plus de oppervlakte energie van het geïntercaleerde ijs
en het product van de snelheid van het fractale groeifront en een term gere-
lateerd aan de bewegingsbeperking van de watermoleculen. Ijsfractalen die
zich vormen onder een dikke grafeenlaag en bij een lage verdampingssnelheid
zijn dik met maar een paar zijtakken, terwijl fractalen die zich vormen onder
een enkele laag grafeen en bij hoge verdampingssnelheid juist dun zijn en veel
zijtakken hebben. We wijten deze coarsening van de fractalen aan de extra
vrijheidsgraad van het omgevingswater welke mogelijk gemaakt wordt door
het niet volledig aanpassen van de ijsfractalen aan de grafeen deklaag.

We gaan verder niet in op de precieze structuur van de mica/water/grafeen
interface. Kalium (K+) ionen staan bekend om het feit dat ze een oppervlak
gedeeltelijk kunnen bedekken om zo de ladingsbalans in evenwicht te kunnen
brengen. De precieze verdeling en laterale ordening van deze K+ ionen op
gekliefde micaoppervlakken is echter nog onbekend. In hoofdstuk 5 laten we
zien, door gebruik te maken van een grafeen deklaag en scanning probe mi-
croscopie, dat K+ ionen op een micaoppervlak een geordende laag vormen die
bedekt is met een ijslaag. De K+ ionen proberen het aantal naaste naburen
te beperken door het vormen van ketenachtige structuren en kleine domeinen.
Deze trend is een resultaat van de repulsieve kracht tussen naburige ionen,
welke wat worden afgeschermd door de watermoleculen in de omgeving. Door
ruimtelijke opnamen te maken van de geleidbaarheid met hoge-resolutie con-
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ductive atomic force microscopy konden we een directe relatie leggen tussen
de verdeling van K+ ionen en de structuur van de ijslaag. Onze resultaten
geven inzicht in de lokale verdeling van de ionen op gekliefde micaopper-
vlakken, hetgeen een reeds lang bestaand enigma oplost. Bovendien geeft
het ook een goed begrip van de ladingsoverdracht tussen de domeinen van
ionen en het grafeen.

In het klassieke regelation experiment van Thomson uit 1850 wordt een
ijskubus doorgesneden, waarna het delen weer snel aan elkaar vastvriezen.
Het snijden werd in eerste instantie verklaard door druk geïnduceerd smelten,
maar deze verklaring werd door velen in twijfel getrokken. Onlangs is pas
consensus bereikt over de verklaring van dit proces: de druk zorgt voor een af-
name de O:H afstand en een toename van de H-O bindingslengte. De toename
van O-H bindingslengte leidt tot een verlies van energie en een verlaging van
de smelttemperatuur. Dit debat heeft meer dan 150 jaar geduurd. Dit komt
met name door de slecht gedefinieerde warmte–overdracht met de omgeving.
In hoofdstuk 6 is het ons gelukt om het ijs goed thermisch te isoleren van de
omgeving waardoor we de reversibele ijs-quasi vloeistof overgang van het wa-
ter opgesloten tussen grafeen en muscovite mica kon bestuderen. We zagen
een overgang van 2D ijs naar een quasi vloeistof fase door een druk aan te
brengen met de tip van een atomic force microscope. Bij kamertemperatuur
bedraagt de kritische druk ca. 6 GPa. De overgang is volledig reversibel: na
het verwijderen van de druk vindt weer onmiddellijke bevriezing plaats. De
kritische druk om 2D ijs te smelten neemt toe met toenemende temperatuur
en we hebben de co-existentie lijn tussen 293 en 333 K bepaald. Gebruik-
makend van de Clausius-Clapeyron betrekking vinden we een heat of fusion
voor 2D ijs van 0.15 eV/molecuul, d.i. twee keer zoveel als de bulkwaarde.

In hoofdstuk 7 wordt in-situ en in real time de invloed van opsluiting op de
structuur en dynamica van een alcohol-water mengsel tussen grafeen en mica
op moleculair niveau bestudeerd. AFM beelden laten zien dat de geadsor-
beerde moleculen zijn verdeeld in gefaceteerde alcoholrijke eilanden bovenop
een ijslaag op mica omgeven door een multilaag bestaande uit voornamelijk
water. De gefaceteerde eilanden zijn in direct contact met het grafeen opper-
vlak, hetgeen aantoont dat grafeen de voorkeursadsorptiepositie is. Verder de
adsorptie van alcohol bij lage luchtvochtigheid laat een grote plakkans zien
voor de geordende ijslaag. De groeidynamica van de alcoholeilanden wordt
bepaald door de oververzadiging, temperatuur, de vrije randenergie en de 2D
diffusie. De gemeten diffusieconstante vertoont een sterke afhankelijkheid
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met de lengte van het molecuul. De gemeten diffusieconstanten zijn ca. zes
ordes van grootte kleiner dan de bulkdiffusieconstante, hetgeen duidelijk het
effect van de opsluiting aantoont. Deze experimenten geven nieuwe inzichten
in het gedrag van meer-componenten vloeistoffen in besloten geometrieën,
hetgeen van groot belang is voor de nanofluïdica en biologie.
Hoofdstuk 8 handelt over de structuur van water opgesloten tussen grafeen

en hydrofoob MoS2 bij kamertemperatuur. Het opgesloten water vormt een
2D ijslaag. In tegenstelling tot de hexagonale dubbellagen van bulk ijs, vormt
deze 2D kristallijne ijsfase vlakke hexagonale lagen. Extra condensatie van
water leidt tot óf de laterale groei van de ijseilanden óf tot 3D waterdruppels
bovenop of aan de randen van de ijslaag. Water bevochtigt de ijslaag dus
niet. Het hydrofobe karakter is het gevolg van de afwezigheid van gebroken
bindingen van het ijsoppervlak. Deze bijzondere geometrie van de ijslaag is
van groot belang in biologische systemen waar water in direct contact staat
met hydrofobe oppervlakken.
De geobserveerde fase, fase-overgang en dynamica van het opgesloten wa-

ter tonen duidelijk het complexe karakter van de onderliggende fysica aan.
Het is duidelijk dat het gedrag van watermoleculen sterk afhangt van de
opsluiting, temperatuur en druk. Het verschil tussen grafeen/water/mica
en grafeen/water/MoS2 laat ook zien dat de grenslaag/interface een belan-
grijke rol speelt. Het is evident dat een algemeen beeld van de toestand
van opgesloten water niet kan worden gegeven omdat het van zoveel factoren
afhangt en daarvoor zijn extra studies onmisbaar.
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