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Abstract

Van der Waals two dimensional heterostructures are systems created by stacking
two-dimensional crystals such as graphene, boron nitride, and MoSy. The layers
are attracted to each other by van der Waals forces. The essential property of
such structures is an atomically flat surface. Also, two-dimensional heterostructures
recently actively studied because they have a great potential to develop materials
with any required properties.

While creating these heterostructures, inevitably, some contamination can be
trapped between layers leading to the formation of the bubble. The structure con-
sisting of the atomically flat substrate, the upper two-dimensional crystal, and the
trapped matter is called van der Waals nanobubble. At first, these nanobubbles were
treated as negative manufacturing defects. Eventually, a large number of interesting
properties of the nanobubbles were found, such as extreme internal pressure and gi-
ant pseudo magnetic field. Also, nanobubbles are spots of intense photoluminescence
emission caused by a strained-induced shift in the band structure.

In this study, the properties of the van der Waals nanobubbles are studied by the
example of graphene nanobubbles - the van der Waals nanobubbles with graphite
as a substrate and the graphene as the upper layer.

In current study, molecular dynamics simulations are performed to investigate
the graphene nanobubbles filled with argon with a radius up to 33 nm. These
calculations allow verifying the universal shape scaling, i.e., the constant height of
the bubble to the footprint radius of the nanobubble, which is found experimentally.
Also, it is discovered that argon exists in solid-state inside nanobubbles. However,
the trapped argon is at such temperature and pressure, insufficiently enough for
crystallization in the bulk system. The 'pancake’ nanobubbles are found, i.e., the
nanobubbles with relatively low height to radius ratio, which are at the metastable
states - nanobubbles with a radius less than 10 nm.

The molecular dynamics simulations can be performed only for small nanobub-
bles up to 50 nm. For the investigation of larger nanobubbles, other approaches
should be implemented. Thus, the theoretical model based on the continuum ap-
proach is developed, which covers a wide range of nanobubbles radii. It uses a
combination of the theory of elasticity of membranes, the equations of state of mat-
ter, and molecular dynamics simulations to evaluate some macro parameters such
as elastic modulus and adhesion energies. The properties of the nanobubble are
obtained by minimization of the total energy of the bubble consisting of the elastic
energy of the upper graphene sheet, the free energy of the trapped fluid, and the
adhesion energy between the substrate the graphene, and the trapped matter. The
proposed model is applied to a graphene nanobubble filled with argon and ethane
at different temperatures. The model allows finding a correlation between the size
of the nanobubble and the state of trapped matter. Also, it gives the profile of
the nanobubble and the stresses and strains of the upper graphene sheet, which
are consistent with molecular dynamics simulations and experimental studies. The
model reveals new phenomena, and we called it the forbidden region’ - the range
of radii where no stable bubble can be found. This region separates bubbles with a
different state of trapped matter. In this study, we consider gas and liquid states,
thus smaller bubbles contain liquid state matter, and bigger bubbles contain gas



state. Finally, the classical density functional theory is applied to get more precise
thermodynamical properties of the trapped matter and to take into account the
inhomogeneity of the fluid.

The study can be used as a reference for the theoretical investigation of the
van der Waals nanobubbles. The developed continuum model can be adapted for
any type of van der Waals nanobubble by substituting parameters for a given type
of substrate, upper two-dimensional crystal, and trapped matter. The molecular
dynamics simulations yield more detailed information about the system, but the
continuum approach covers a wider range of sizes of the nanobubbles.

The van der Waals nanobubbles have a great potential to study. Their variety
of unique properties can be used in some industrial applications. This work is an
attempt to get a deeper physical understanding of the formation of nanobubbles.
The author hopes that this research will benefit the science of nanoscale systems.
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Chapter 1

Introduction

1.1 Relevance of work

The system consisting of the substrate, outer two dimensional (2D) crystal, and
matter trapped inside, we define as a van der Waals (vdW) nanobubble. The special
case of a van der Waals nanobubble is graphene nanobubble (GN) when 2D crystal
is graphene. Graphene nanobubbles studies are a novel and rapidly developing
area that includes solid state physics, surface physics, and high pressure chemistry.
Investigation of graphene nanobubbles on an atomic scale is actual in fundamental
science and industry projects.

Recently, classical MD methods are used as a standard tool for developing mod-
els of such atomic systems. The advantages of numerical modeling are the possibil-
ity of tracking trajectories of atoms and molecules and further calculating macro-
parameters of the system, such as pressure, temperature, elastic modulus, etc. Thus,
it is possible to describe the properties of the whole system by observing the be-
havior of the separate atoms. That is why we use MD analysis to study graphene
nanobubbles since it is a highly non-homogeneous system. Experimental studies
only indirectly measure the inner structure of the nanobubble and the pressure of
trapped matter, while MD calculations make it possible to evaluate these values
directly.

Although the molecular dynamics (MD) method has significant potential for

predictive capability, this method has natural limitations such as the number of
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Chapter 1. Introduction 1.2. Research topic status

particles in the simulation box. Present-day supercomputers, such as the Joint
Supercomputer Center of the Russian Academy of Sciences, can simulate systems
consisting of millions of atoms. It corresponds to a nanobubble with a radius of
30-40 nm. In order to study bigger systems, it is necessary to develop continuum
models based on macroscopic elastic equations, equations of states of the matter,
and so on. These models use parameters, which can be obtained from experiment

or MD calculations or ab-initio calculations.

1.2 Research topic status

The recent popular research subject is the creation of 2D heterostructures Geim
and Grigorieva [2013|, Novoselov et al. [2016]. The van der Waals heterostructures
consisting of atomic planes are made layer by layer. During this process of creation,
foreign atoms could be trapped in the space between the layers, which leads to the
formation of bubbles and blisters of nanoscopic scale Levy et al. [2010], Khestanova
et al. [2016].

There are three different approaches of graphene nanobubbles investigation:

e cxperimental studies, which allows to directly or implicitly measure the pa-

rameters of the nanobubbles;
e MD studies allow to model and directly observe physical processes inside GNs;

e semi-analytical approach is based on theories from different areas: the theory

of elasticity, thermodynamics, and interaction of the matter.

Experiments reveal a lot of interesting properties of graphene nanobubbles. For
example, the nanobubbles can be used as chemical reactors of nanometer scale.
In work Lim et al. [2013] authors show that water inside graphene nanobubbles
becomes much more reactive and starts to interact with the diamond substrate. In
another work Mu et al. [2012] graphene nanobubbles are found to be able to visualize
chemical reactions in real-time.

There are other promising aspects of graphene studies: the connection between

magnetic, electronic, and mechanical properties of graphene. In work Levy et al.
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Chapter 1. Introduction 1.3. Goals and objectives

[2010] authors show that graphene nanobubbles generate gigantic pseudo—magnetic
fields up to 300 tesla. In other works Lu et al. [2012], Georgiou et al. [2011] the
curvature of graphene nanobubbles is controlled by an external electric field.

Also, the investigation is rapidly developing of van der Waals nanobubbles gen-
erated by irradiation of highly energetic ions Zamborlini et al. [2015], Larciprete
et al. [2016]. The authors show that inside nanobubbles, the clusters with irradiated
atoms are formed.

The MD study is performed in work Ghorbanfekr-Kalashami et al. [2017], the
small graphene nanobubbles with a radius up to 20 nm are investigated. The authors
used sophisticated potential ReaxFF Van Duin et al. [2001], authors performed MD
calculations with a different type of trapped matter. Also, similar systems are
considered in the work Algara-Siller et al. [2015]. This research shows that matter
behavior in confinement significantly differs from bulk matter behavior.

Also, relevant and interesting topic is interactions between vdW nanobubbles.
Thus, in Lu et al. [2012] a junction of the nanobubbles is investigated. Of signif-
icant interest is a dependence on the shape of vdW nanobubbles and the type of
matter trapped inside. In the work Ghorbanfekr-Kalashami et al. [2017], it is shown
experimentally and theoretically that there is a connection between the shape and

content of graphene nanobubbles.

1.3 Goals and objectives

1. Investigation of the profile of graphene nanobubbles with dependence on the

size of graphene nanobubble and the matter trapped inside
2. Investigation of adhesion properties between graphene and argon/methane

3. Development of a continuum approach, which allows to model nanobubbles of

any sizes

4. Investigation of connection between the shape of the nanobubble and the

trapped substance

5. Comparison of continuum and MD approaches

12



Chapter 1. Introduction 1.4. Novelty of the work

1.4 Novelty of the work

In this work, the properties of vdW nanobubbles are studied on the example of
graphene nanobubbles. An attempt is made to find general patterns in systems
consisting of the substrate, 2D crystal, which is attracted to substrate by vdW
forces, and trapped matter between the substrate and 2D crystal.

At the time of the beginning of this work, no known to author studies used the
MD methods to model graphene nanobubbles with a setup close to the experimental
one. For the first time, we observed that matter could crystallize at such temperature
and pressure in nanobubbles with sizes up to 33 nm (and probably more), where the
matter has to be liquid. This phenomenon is a manifestation of the strong influence
of confinement.

Despite that there were studies Khestanova et al. [2016], where a semi-analytical
approach is suggested for nanobubbles, a comprehensive model, which takes into
account the state of the trapped matter, was still missing. For the first time, in this
thesis a model is proposed that considers the system’s energy as a contribution of
three parts: energy of vdW interaction between the substrate, the graphene sheet,
and the trapped matter; elastic energy of graphene sheet; the energy of trapped mat-
ter. This model allows investigating the complex connection between the shape of
the bubble, trapped matter state, the pressure inside, stresses in the upper graphene
sheet, adhesion energy.

Also, our model is improved by applying density functional theory (DFT) to
take into account the inhomogeneity of the trapped matter. This model makes it
possible to describe the inner structure of the bubble and evaluate the effect of the

nanoconfinement.

1.5 Theoretical and practical impact

Investigating the state of trapped matter inside graphene nanobubble of different
sizes and analyzing the stresses inside graphene sheet during the formation of the
nanobubble are the main theoretical results of this study. The critical aspect also

is the development of a continuum model, which, together with the MD approach,
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Chapter 1. Introduction 1.6. Methodology and research methods

allows to consider nanobubbles of various sizes and investigate the inner structure
of the bubble on different scales.

The significant practical impact is contribution to understanding the connection
between the shape of the bubble and its inner structure. The insight into the
formation of graphene and other vdW nanobubbles is the crucial factor in creating
clear 2D heterostructures.

The indicator of the significance of the work is the nomination of paper lakovlev
et al. [2017] as one of the best in relevant topics "Editor’s choice: 2D materials
and heterostructures". Also, editors of the Physical Chemistry Chemical Physics
journal chose article Iakovlev et al. [2019b]| as hot research "selected by the Editors
as a 2019 HOT PCCP article".

1.6 Methodology and research methods

MD simulations are performed in large-scale atomic/molecular massively parallel
simulator (LAMMPS) software package Plimpton [1995] on different supercomput-
ers. The continuum model is implemented by minimizing the energy functional.
The code is written in python. The Broyden—Fletcher-Goldfarb—Shanno (BFGS)
method is used to get optimal coefficients of Chebyshev polynomials, which corre-
spond to equilibrium bubble. Density functional theory is used to take into account

the inhomogeneity of trapped matter inside graphene nanobubbles.
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"All models are wrong, but some are

useful"

George E. P. Box

Chapter 2

Background

Here is a comprehensive review of the literature related to the topic of this work.
The main methods used in this work are described. Also the history of graphene
nanobubbles studies is mentioned. Then, MD methods are discussed including de-

scription of potentials used in the work.

2.1 Graphene nanobubbles history

2.2 2D heterostructures

The history of graphene nanobubbles is not straightforward. It starts when Andrei
Geim’s group in Manchester actively started to study two dimensional (2D) het-
erostructures Geim and Grigorieva [2013]. 2D heterostructure is a material which
consists of the stack of two dimensional crystals, attracted one by another with van
der Waals forces. This type of material is also called van der Waals heterostructures.
Isolated atomic planes are not so interesting in sense of industrial applications, as
they are very active and reactive and it is really complicated to obtain the pure
atomic crystals. But if one has stack of the crystals planes - it is stable and also it
reveals many unusual properties.

Different types of 2D crystals can be used in van der Waals heterostructures:
graphene, MoSy, hBN, WSes, fluorographene and etc. The main idea of construction

is to take the monolayer and put it on the top of another monolayer or several layer
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Chapter 2. Background 2.3. Van der Waals nanobubbles

crystal. This concept Geim and his group called "Lego". The strong covalent bonds
make the material strong in-plane of the crystal, and relatively weak van der Waals
forces are enough to keep the stack stable. The first experiment that showed the
possibility of creating a stable van der Waals heterostructure is Ponomarenko et al.
[2011]. The authors showed a strong Anderson localization and the corresponding
metal-insulator transition in pure graphene. To do that they created two closely-
spaced but electrically isolated graphene monolayers sandwiched in boron nitride.
The main feature of 2D heterostructures is atomically flat and clean from any
contamination surface because of strong van der Waals adhesion between the lay-
ers Haigh et al. [2012]. However, there can be some remained water or hydrocar-
bons presented on the surface while preparing the samples. Thus the van der Waals
forces push this trapped substance between the layers into the nano or submicron-
size bubbles. After formation of the bubbles, the surface remains atomically sharp
and absolutely clean. For scientists these bubbles are the manifestation that the
surface of 2D heterostructures between the bubbles is perfectly clean. For exam-
ple, the authors Kretinin et al. [2014] found that devices created by encapsulating
graphene with molybdenum or tungsten disulfides and hBN exhibit the self-cleaning
effect between graphene, hBN and dichalcogenides. The contamination is found to
be captured into the "large pockets" and leaves the rest of surface clean. This at-
tribute is proved by measuring the carrier mobility, which is high for clean surface
(about 60000 cm? V~1 s71) and low for poor quality graphene (about 1000 cm? V—!

s71).

2.3 Van der Waals nanobubbles

The formed onto the surface bubbles are called van der Waals nanobubbles, or in
case there the upper 2D crystal is graphene - graphene nanobubbles. There are a
lot of interesting properties are discovered associated with them.

The comprehensive research is performed by Khestanova et al. [2016]. Authors
studied different types of substrates (hBN, graphite and MoSs) and upper 2D layers
(graphene, hBN and MoS; monolayers). Special technique is developed to prepare

16



Chapter 2. Background 2.3. Van der Waals nanobubbles

samples which includes standart dry-peeling technique Mayorov et al. [2011], fol-
lowed by annealing the prepared heterostructure for 20-30 minutes, that results into
formation of the bubbles. Then the surface with hundreds of the bubbles is analyzed
using atomic force microscopy (AFM).

Different sizes and shapes of the nanobubbles are detected depending on the type
of the substrate and upper 2D layer. Most bubble are with radius less than 500 nm
with round footprint. The bigger bubbles tend to be in pyramidal shapes, with either
triangular or trapezoidal bases. Also authors in Khestanova et al. [2016] defined
convenient geometrical parameter that characterizes the bubble - the height to radius
aspect ratio H/R. This value is useful to implement in order to compare shapes of
the bubbles for different types of materials. They found that the ratio is universal for
different radii ranges for particular types of the bubbles. For example, for graphene
and hBN nanobubbles on the hBN substrate the value H/R = 0.11. But there is
a deviation from the rule for nanobubbles with radius less than 50 nm. For MoS,
monolayer the H/R parameter is larger - around 0.14 for MoS, substrate and 0.16
for hBN substrate. The difference in these values attributes to different Young’s
modulus of monolayers and to different adhesion energies between the substrate and
the upper layers.

The first continuum approach is developed in study Khestanova et al. [2016]
which formulates the energy of the system as a sum of different parts: the elastic
energy of the 2D crystal, the van der Waals energy associated with detaching of the
monolayer from the substrate and the free energy of the substance inside the bubble

of volume V.

Etot = Eel + EvdW + Eb(V) (21)

Then by minimizing this energy with respect to radius R and the maximum
height hy,q, and denoting pressure as P = —0FE;,/0V, one can obtain the expression

for the geometrical parameter H/R assuming the absence of the external strain:

hma:ﬂ ™y (1
= ( ) 1

2.2
R 501Y ( )
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Chapter 2. Background 2.3. Van der Waals nanobubbles

where ¢; is a dimensionless constant which depends on the shape i(r), Y is a Young’s

modulus of graphene, v is a adhesion energy, which is decomposed as:

Y =YGs — Yab — VSb, (2.3)

where vas, Yan, Ys» are adhesion energies between the substrate and graphene,
graphene and trapped matter and the substrate and the matter inside the bubble,
respectively.

The equation 2.2 shows the dependence of the geometry of the bubble on the
elastic properties of the 2D crystal and adhesion energies. The stronger adhesion
between the layers in the heterostructure - the thicker the bubble, and in contrast,
the harder the 2D crystal - the flatter the bubble.

Also this article Khestanova et al. [2016] provides method of how to evaluate
the pressure inside the bubble using an AFM tip. Authors used nanoindentation
method Roos et al. [2010], which implies indentation of the bubble with an AFM
tip and recording the response - force-displacement curves. The new energy of the
system with the indented bubble consists of the van der Waals energy, elastic energy
with indentation correction, internal energies, and work done by an external force

by the tip:

Etot = —F0 + Eel(Ra 5) + EvdW(R) + EV [V(Rv 5)] (24)

After minimizing the energy with respect to R and ¢, assuming that inside the
bubble there is incompressible fluid, one can get the simple relation between the

force and the indentation depth:

F =2c¢(v)od (2.5)

where ¢(v) is a constant which depends on the Poisson ratio of the upper 2D layer.
The real force-displacement curves are not linear, as a contact area between the
tip and the membrane is finite. If one takes into account the non-linearity, the new

approximation can be derived:
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Chapter 2. Background 2.3. Van der Waals nanobubbles

F h?nam

where d(v) is a another constant which depends on the Poisson ratio. Finally, the

equation for dependence of the pressure due to elastic deformations:

10

Py(r) = TE[T’UW(T’)@JL(T’)], (2.7)

where o, is the radial stress. Thus, authors Khestanova et al. [2016] fit real ex-
perimental data with derived equations and evaluate pressure inside the bubbles.
For rather big MoS,; and graphene nanobubbles with radius 250-800 nm the van
der Waals pressure is of the order of several MPa. To evaluate hydrostatic pres-
sure of the trapped matter (most probably hydrocarbons in the study) inside the
bubble the elastic contribution has to be taken into account also. For the bubbles
discussed above the value of elastic pressure can reach 20 MPa. Also, using this
technique the elastic modulus of the 2D crystal can be measured. The Young’s
modulus of graphene is evaluated as 420420 N m~! and for MoS, - 210420 N m~!,
which is higher than the obtained values before using nanoindentation method:
350450 N m~! for graphene Hone et al. [2008] and 180+80 N m~! for MoS, Berto-
lazzi et al. [2011]. Authors attribute this difference to the fact that membrane is
strained up to ~ 1 % in the observed nanobubbles.

The electronic properties of graphene sheet change in the stressed state. Thus
the van der Waals nanobubble is a great example of the system which contains
strained graphene. There is a sequence of works, which are devoted to studying
of the electronic properties of graphene nanobubbles. In Levy et al. [2010] the
giant strained-induced pseudo-magnetic field up to 300 tesla is observed in graphene
nanobubbles. The electronic states can be adjusted using pseudo-magnetic fields.
In the work Levy et al. [2010] the strained graphene in the nanobubbles are studied
using scanning tunneling microscopy (STM). The Landau levels are found which
can be formed in graphene in presence of the magnetic field around 300 tesla. Using
the graphene nanobubbles, it is possible to study electronic properties in strained

crystal under inaccessible extreme magnetic field.
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Chapter 2. Background 2.3. Van der Waals nanobubbles

In another work Qi et al. [2014] pseudo-magnetic field in graphene nanobubbles
using MD method is studied. The authors use MD simulations to calculate the
geometry of graphene membrane placed against the round aperture inflated by some

gas. Then they use continuum mechanics equations of infinitesimal strain tensor:

1 Oy ou, 1 Oui Ouy
“=30x; Y ax,) T 2Gx oy,

(2.8)

where (X;) is the Cartesian coordinates and (u;) is a displacement field.

From MD simulations it is possible to get the displacements of the carbon atoms
and by substituting them into 2.8 obtain strain tensor.

Pseudo-magnetic field reflects the changing of the bond length between carbon
atoms and, as a result, the perturbation of the electrons near the Fermi level. The
tight-binding (TB) method is able to describe all low energy electronic properties of
graphene. The highest magnitude of the pseudo-magnetic field concentrates near the
edges of the aperture. That is because near the boundaries the most bent graphene
part is located. The tilted p, orbitals, curvature, and stretched bonds affect the
pseudo-magnetic field the most. In contrast, at the center of the bubble, weak
pseudo-magnetic field due to isotropic strain profile can be observed. This strong
localization can be used in strain engineering in order to guide electrons into the
channel-like geometries by the blisters edges.

Trapped water inside graphene nanobubbles on a diamond substrate exhibits
activity high enough to etch the diamond surface Lim et al. [2013]. After putting
a graphene layer onto the diamond, the system is annealed to the temperature
1275 K. It results in a large number of graphene nanobubbles with water trapped
inside. At such temperature the bonds between the substrate and graphene layer is
high enough to make inside "hydrothermal anvil cell", thus superheated water makes
square holes in the diamond substrate. Also trapped substance between graphene
layers is studied by a Fourier transform infrared (FTIR) spectroscopy in-situ. The
vibrational bands keep the same for the temperature up to 773 K, that means that
water is inside the bubble.

There is another type of the nanobubbles: graphene nanobubbles on the metal-

lic substrate. The type of adhesion has different physical nature - bonds between
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Chapter 2. Background 2.3. Van der Waals nanobubbles

carbon and metal atoms are covalent or ionic Das et al. [2013], nevertheless these
bubbles capture the basic principle of formation: competition between the elastic
forces of graphene and the adhesion forces between graphene and the substrate.
One of the way of producing these type of bubbles is bombarding the graphene
membrane on Ir substrate by low-energy argon ions Zamborlini et al. [2015]. The
ions penetrate through the membrane and form clusters. Then the system is an-
nealed and the surface is studied by low energy electron microscopy (LEEM) Bauer
[1994], synchrotron-based photoemission electron microscopy (XPEEM) Locatelli
and Mentes [2015], and scanning tunneling microscopy (STM). If annealing is per-
formed at 1080°C then the nanobubbles with radius of tens of nm and few nm of
height are formed. Thus the sizes are controlled by the temperature of treatment.
The result bubbles are found to be filled with solid aggregates of argon atoms Zam-
borlini et al. [2015].

Another study Larciprete et al. [2016] where argon atoms are intercalated under
the graphene membrane on Ni(111) and Gr substrate. After annealing the authors
obtained the nanosized blisters evenly distributed on the surface. The strain in
the graphene layer is non-uniform. It is attributed to the inhomogeneous graphene
elastic properties.

Graphene nanobubbles are a great example of system with curved graphene. The
curvature changes electronic and optical properties of the crystal. In the article Kim
et al. [2015] argon ions are intercalated between graphene and Pt substrate. It is
shown that such graphene nanobubbles are spots of intense phonon excitation and
electron tunneling above the phonon energy. This happens due to the increasing
the distance between the graphene layer and the substrate and following reduction
of the interaction. Thus, graphene nanobubbles can be used to control the local
phonon properties. Also this study explains that electron properties could differs
from the expected in graphene nanodevices due to imperfections in graphene or
substrate while assembling.

Another work Tyurnina et al. [2019] describes the possibility of using the van der
Waals nanobubbles with monolayer transition metal dichalcogenides as spots of pho-

toluminescence with adjustable wavelength. Strain can change optical and electronic
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Chapter 2. Background 2.4. Confined fluid

properties of 2D layer. Here it creates "artificial atoms", which work as exciton con-
densers and responsible for photoluminescence mechanism. In the study Tyurnina
et al. [2019] MoS; is used as upper 2D layer and substrates are PtSey, WSy, MoS,,
or graphite. It is demonstrated that the intensity of the photoluminescence can be
adjusted varying different substrates. Also it is found that photoluminescence is
quenched in the flat area, where the 2D crystal and the substrate are in good con-
tact, that makes the bubbles the only areas with high intensity of emission. Using
different monolayers transition metal dichalcogenides and substrates it is possible to

adjust desired by the application photoluminescence.

2.4 Confined fluid

The one more aspect, van der Waals nanobubbles are interesting, is the state of
the trapped matter and conditions in which the matter is. It is noticeable that the
matter inside the bubble is an example of the strong confinement. It can significantly
affect the behaviour of the substance. For example, in Nair et al. [2012] it was shown
that the permeability in graphene based membranes through the nanometer size
pores differs significantly for different types of substance. This membrane was almost
impermeable for liquids, vapors, and gases, including helium, but water penetrates
in 10 times faster than helium. This behaviour is absolutely unexpected for regular
filtration through the medium. Such behaviour authors attribute to the ability of
the monolayer of water to flow with low friction in 2D pores formed by graphene
sheets. In contrast, other types of matter are locked down by water contamination
or narrowing of pores due to low humidity.

Another work Holt et al. [2006] shows that permeability inside the carbon nan-
otubes with diameter less than 2 nm differs from the predicted Knudsen diffusion
model. For gas permeability is by more than an order of magnitude, for water - 3
orders of magnitude. Authors made comparison of their experiments results with
MD simulations measurements and it agrees well. Moreover the MD calculations
revealed the mechanism of the flow: the molecules are arranged into the "wires"

inside the tube. Thus the high permeability can be described either by proposed
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mechanism or by nearly frictionless surface.

There are many works show abnormal behaviour of water inside strong confine-
ment. "Soft dynamics" of water in carbon nanotubes (CNTs) was discovered by
neutron scattering Kolesnikov et al. [2004]. This kind of dynamics described by
flexible hydrogen bonds in water molecule and anharmonic intermolecular poten-
tials. Then MD study revealed that water inside the CNT forms rolled sheet that is
uniaxial with the CNT. And inside that tubes water molecules form the chain that
is very mobile.

Confinement between two graphene sheets can be used in situ transmission elec-
tron microscopy (TEM) Yuk et al. [2012]. This technique allows to observe liquid
films in more realistic conditions, also giving higher resolution. Another works Park
et al. [2015] shows usage of graphene liquid cells in order to investigate biological
objects, such as viruses, using TEM. This method allows to observe objects in their
native buffer solution at room temperature with nanometer scale spatial resolution.
In another work Wojcik et al. [2015] graphene cells are used to study alive cells
without exposing of vacuum.

Water captured between the two graphene layers is shown to present in the
absolutely new phase with a symmetry different from the conventional tetrahedral
geometry of hydrogen bonding between water molecules Algara-Siller et al. [2015].
The shape of the confined water is quadratic that is why authors called that phase
"square ice". The density of the water inside that confinement is very high with
lattice constant 2.83 A. The water between graphene sheets presents in the form of
bi- or tri-layer crystals.

Reactions in the confinement is another interesting topic to study. It is the direct
application of graphene nanobubbles, natural way to capture different substances,
localize it and observe the consequent reaction. For example, in Sutter et al. [2010]
the graphene-metal interface is modified by intercalation of oxygen molecules. This
leads to distancing the graphene layer from the metal substrate and consequently
restoring the Dirac cones inherent to isolated graphene later.

In the study Mu et al. [2012] there is suggested way to visualize chemical reac-

tions. A graphene island is grown on the Pt(111) substrate at high temperature,
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when cooling the large wrinkles are formed due to different expansion coefficients
of graphene and the Pt substrate. Then the gas flow exposes the prepared surface
and after raising the pressure, the gas stars to penetrates into the wrinkle. The
CO intercalation leads to enlarging distance between graphene and the substrate,
that can be detected by real-time low-energy electron microscopy (LEEM) and pho-
toemission electron microscopy (PEEM) by changing the diffraction intensity. Also
the reaction of the CO with Oy molecules can be visualized using LEEM/PEEM
and in situ X-ray photoelectron spectroscopy (XPS). The confined CO molecules
are influenced by strong confinement - CO molecules are able to desorb from the Pt
surface at room temperature.

Iodine intercalated into single wall CNT is found to form a helical chains Fan
et al. [2000]. Such strong confinement initiates the charge transferring between
iodine atoms and carbon atoms in the CNT. That produces iodine ions in that are

very active and easily oxidize particles at the ends of the tube and defects in the

CNT.

2.5 Molecular dynamics

Molecular dynamics simulation is a calculation of trajectory of atoms, molecules
or particles by integrating the equations of motion Norman and Stegailov [2013],
Frenkel and Smit [2001], Tuckerman [2010]. In classical molecular dynamics the
Newton’s second laws of motion is solving for each atom or particle in simulation

box:

mi%zﬂ(rl,...,m\;), (2.9)
where m;, r; and F; — the mass, the coordinate and the force acting on the
1th particle, respectively. Forces acting on particles are calculated via interatomic
potential U (rq,...,7n):
oU (ry,...,rN)

Fi=— o (2.10)
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There are different options how to solve these equations of motion, but most

used method is velocity Verlet integration in second-order approximation:

m; 27
ri(t+ At) =+ ot + 5HAL, (2.11)
vi(t + At) = v (t + %) i Fi(::iAt)%.

Statistical mechanics methods allow to get macro parameters of the system from

atoms or particles trajectories:

2 Yoo
T = m<; miv?/2), (2.12)

where N — the number of the particles in simulation box, v; — the velocity of the
particle. Also the pressure can be calculated using the coordinates of the particle

and their pair interaction, it is called virial theorem:

o ¥+%<ZZF(W)W>. (2.13)

i i<y

Interatomic potential U (71, ...,7y) is the key detail in molecular dynamics sim-
ulation. The choose of the potential influence how realistic is the system modeled.
Also different potentials requires different computational costs, which may differ in
tens and hundreds of times. In the next section the main interatomic potentials

used in this work will be discussed.

2.6 Interatomic potentials

In current work the carbon, argon and hydrocarbons interactions have to be taken
into consideration. Generally, interactions can be divided into intramolecular and
intermolecular.

Long intermolecular interaction between atoms, which have dipole-dipole phys-
ical nature, is usually described by van der Waals forces (see Figure 2-1). Such

interaction is well described by the Lennard-Jones potential:
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Epy =4e[(o/rij)"? = (o/rj)°], (2.14)

where o0 — equilibrium distance between particles, ¢ — the depth of the energy
well. The term riﬁ characterizes the attractive due to dipole-dipole interaction. And
term T% characterizes the repulsion behaviour, the 12 power is chosen for convenient
of integration operation. There are more physically interpreted form of that term
- it is the Buckingham potential Buckingham [1938|, where this term takes form

e~"/70. This more precise form of the intermolecular interaction is important for

modeling of the matter at high pressures.

r (&)

Figure 2-1: Typical curve of the Lennard-Jones potential. The depth of the potential
well — ¢; the distance, where the energy of the interaction is zero — o. R,,;, — the
distance, where the minimum of the energy landscape located.

More complex potentials are required to describe interaction between carbon
atoms, as the nature of carbon atom implies different orbital hybridisation depending
on the local environment. In MD simulations in this work two types of the potentials
are used: Tersoff Tersoff [1988, 1989] and AIREBO Stuart et al. [2000], Brenner et al.
[2002], O’Connor et al. [2015]. These interatomic potentials describe the mechanical
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properties of graphene, which is a key factor for this work.

2.6.1 Tersoff potential

The mathematical models are used in MD simulations to describe interatomic po-
tentials: energies of the interaction between atoms in the system, calculations of the
forces on the interacting particles. The general property of these models is Taylor

expansion for the energy as a function of atoms positions:

E=Y Vi(r)+ Y Valrar) + > Va(rir,me) + .. (2.15)

i<j i<j<k

where V, V5, V3 - the one body, two body and three body potentials and depend on
the coordinates of each atom. The first member is related to the external forces and
can be neglected if we consider only interatomic forces. V5 is the term which describes
well the dense structures, such as noble gases Ar, Kr, Xe and so on. However, this
type of potential is not suitable for description of the strongly covalent systems. No
pair potential is capable to describe stabilized crystal structure. To make it possible
one needs to add term V3. Together with term V5 they can make a reasonably
accurate model for the real physical systems.

The Tersoff potential is many-body potential, which takes into account local
environment of the atoms for the calculation of the force acting on the atom. Thus,
for example, if there are 4 carbon atoms near the carbon atom - it will form a sp3
hybridized bonds, if there are 3 atoms - sp2 hybridized bonds and so on. It allows to
model systems with any atoms configuration. For the first time this potential was
invented for the silicon atom, but then for carbon also. The general potential form

is the following:

1
E:ZEi:§ZVU, (2.16)

i i#]

Vij = fo(ri)[fr(rij) + bij fa(rig)], (2.17)
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fr(r) = Ae™™", (2.18)

fa(r) = —Be ", (2.19)

where the energy of the system is decomposed into the energies of the different cites
E; and the energies of the separate bonds V;, 7;; — the distance between atoms 4
and 7, fa and fr — the attractive and repulsive part of the potential respectively,

and fo is a smooth cutoff function:

)
1, r<R—-D,
fe(r) =91~ Lsin[Z(r — R)/D], R—D<r<R+D, (2.20)
0, r>R+D.
\

It should be noted, that the R and D parameters are adjusted in a way that in
closed pack structures, such as graphite or diamond, only nearest neighbours bonds
are taken into the account. Cutoff function f¢ is decreasing gradually from 1 to 0
in the interval from R — D to R + D. The main term of the potential is b;;, it is
responsible for the strength of the bond. Also it depends on the local environment
and decreases for large number of the neighbours. This dependence is described by
the b;;, which can decrease or increase depending on the local environment of the
atom:

1

" = W 221

Gi = folryg(Bi)ePstu =), (2.22)
ki,
c? 2
g0 =14+ < - (2.23)

d?>  [d?>+ (h—cosf)?]
Here term (;; depends on the number of the neighbours of the atom ¢, considering

the distance between atoms r;; — 7, and the angle §. Function g(#) has the local
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minimum for h = cosf, the d parameter describes how strong dependence on the
angle is and the ¢ parameter expresses the strength of the angle effect.

This potential and its parameters are fit to predict theoretical and experimental
data of real or hypothetical structures of silicon, carbon, etc. So the energy of the
bond, for example in crystal structure, is equal to the experimental measurements,
also the length of the bond has to be the same as in the diamond lattice and etc.
This potential was calibrated by Tersoff Tersoff [1988] in a way that the vacancy
formation in diamond corresponds to at least 4 eV, close to the value found by
Bernholc Bernholc et al. [1988].

Parameters of the potential in Tersoff [1988| was tested by the calculation of the
bond energy in different stable carbon structures, calculation of the elastic mod-
ules, phonon spectrum, energy of the formation of the defects, potential barriers for
vacancy migration in graphite or diamond. The results of the calculations are in
agreement with experimental data and ab-initio simulations. The distance to the
nearest neighbour in the graphite in calculations with Tersoff potential is 1.46 A,
that is close to the theoretical value 1.42 A. One more advantage of the potential
is the possibility to describe the difference in the energy strength in diamond and

graphite structures: for diamond it is -7.39 eV, and for graphite -7.37 eV.

2.6.2 AIREBO potential

AIREBO potential Stuart et al. [2000] is Adaptive Intermolecular Reactive Empirical
Bond Order. This potential is able to describe carbon and hydrocarbon systems.
The main part of the potential is the REBO part, which is in fact the Tersoff
potential described above. But in AIREBO also van der Waals energy and torsional

interaction are included. In general form:

B = %ZZ EZ}:;EBO+E£J+ Z Z EI;I;JQZRSION ' (2.24)

i j#i kei,j 16,5,k
This potential allows to model formation and breaking of the bonds, to study
the reactions flow. It also makes it possible to model in MD simulations gas and

liquid hydrocarbons, thin films and saturated systems.
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2.6.3 TraPPE-UA

TraPPE-UA is Transferable Potentials for Phase Equilibria-United Atom Martin
and Siepmann [1998]. This potential is created to describe hydrocarbons and it is
developed in a way to be computationally efficient. This is done by introducing
the pseudo atoms, the typical ones are CH4, CH3, CH,, CH and C. However, the
polar atoms are treated as individual cites. The potential energy consists of bonded
and non-bonded parts. Bonded term is responsible for interactions in the molecule
and includes bonds, angles and torsions. The nonbonded term consists of regular
Lennard-Jones potential and for some polar more complex molecules the Coulomb

Interaction is turn on:

12 6
Oij Oij 4iq;
g =dey | () — (L) | + -2 2.25
uNB(rj) i [(Tz’j> (T,‘j) ] 47'('607“@']' ( )

This part is applied only for sites between molecules or sites inside one molecule

separated for more than 4 bonds. The simplicity of this potential makes it very

efficient.
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"If you can’t explain it to a six year
old, you don’t understand it your-

self."

Albert Einstein

Chapter 3

Thesis Objectives

This chapter defines the goals and derives the specific questions to be addressed in
our research. Each section is represented by one article published in the journal.
Before the paper, there is a small introduction that describes how the article fits

into the general idea of the thesis.
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3.1 Atomistic study

The first approach to describe the formation of the graphene nanobubbles is to
perform MD simulations. The studied trapped matter is argon at room temperature.
The MD method allows the calculation of all system parameters, such as pressure,
the density of the trapped argon, observe the structure of the matter and calculate
stress and strain tensors of graphene. However, the MD study also has several
limitations that need to be considered. For example, the boundary effect of the
simulation box can strongly affect the results of the simulation. Also, this method
has computational limitations. Thus our resources allow us to simulate a few million
carbon atoms with ATIREBO potential.

The main result of this part is the observation of the solid argon inside the
graphene nanobubbles at such pressures and temperatures, where argon has to be
liquid. This result shows the strong effect of the confinement on trapped matter
created by the graphene walls. Also, the inner structure of the matter is studied.
The argon is shown to be at the close-packed hexagonal structure. Also, the profiles
of the bubbles are calculated, and the phenomenon of universal shape scaling is

approved, which is found experimentally and from semi-analytical findings.

3.1.1 Potential verification

The crucial part of all molecular dynamics simulations is the right choice of poten-
tial. In this work, we used AIREBO to describe carbon-carbon interaction. In the
calculations, the graphene layer is stretched and curved. So we decided to check the
mechanical elastic moduli and compare them with other molecular dynamics studies
and experimental measurements.

In order to verify AIREBO potential, we performed molecular dynamics calcula-
tions of stretching the graphene sheet in both the zigzag direction and the armchair
direction.

The cutoff for REBO part potential is set to 3.0 A. The timestep for calculation
is 0.5 fs. The simulation is performed under the NVT ensemble at 300 K. The engi-

neering shear strain rate is 1072 ps~!. The result stress-strain curve (see Figure 3-1)
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is in good agreement with another molecular dynamics study Zhao et al. [2009]. The

Young’s modulus derived from the MD simulation is 1.01 TPa, which is consistent

with experimental data Lee et al. [2008].

3.1.2 Contribution

My contribution to this work: carried out all MD calculations and data analysis,

took part in results discussion, and writing the manuscript.
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Figure 3-1: Graphene strain-stress curve obtained from molecular dynamics simu-
lation of graphene sheet tensile test in both the zigzag direction and the armchair

direction at 300 K.
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Atomistic study of the solid state
inside graphene nanobubbles

Evgeny lakovlev(®), Petr Zhilyaev & Iskander Akhatov

A two-dimensional (2D) material placed on an atomically flat substrate can lead to the formation of

. surface nanobubbles trapping different types of substances. In this paper graphene nanobubbles of

Accepted: 7 December 2017 . the radius of 7-34 nm with argon atoms inside are studied using molecular dynamics (MD). All modeled

Published online: 20 December 2017 © graphene nanobubbles except for the smallest ones exhibit an universal shape, i.e., a constant ratio of

. abubble height to its footprint radius, which is in an agreement with experimental studies and their

interpretation using the elastic theory of membranes. MD simulations reveal that argon does exist in
asolid close-packed phase, although the internal pressure in the nanobubble is not sufficiently high
for the ordinary crystallization that would occur in a bulk system. The smallest graphene bubbles with
aradius of 7 nm exhibit an unusual “pancake” shape. Previously, nanobubbles with a similar pancake
shape were experimentally observed in completely different systems at the interface between water
and a hydrophobic surface.

Received: 17 August 2017

Graphene is a basic material used to create various heterostructures that have been actively studied and have
shown potential for many electronic and optical applications'~. These structures are usually created layer by layer,
and sometimes, atoms and molecules can be trapped between layers, which results in bubbles, blisters and nano-
drums of nanoscale height®>~'°. The formation of these enclosures were first considered undesirable defects of the
surface. However, later studies showed that they possess several interesting properties, including a giant pseudo
magnetic field*® and extreme internal pressure’~?, and their presence can adjust phonon-electron interactions!!.
These structures can also be used as hydrothermal reactors'?, as surface modifiers” and for the visualization of
chemical reactions'®. Graphene nanobubbles and blisters on metalic substrates produced by bombarding with
noble gas ions'*!° are actively studied and could be used for novel gas storage technologies.

A high pressure of up to 1 GPa’ is assumed to be present in the substance trapped inside the heterostructures.
These pressures can lead to a phase transition that is strongly affected by the surface interaction between the sub-
strate and the two-dimensional (2D) crystal. This confinement ordering has already been discovered in carbon
nanotubes both experimentally' and theoretically'”. However, because of the small radius of the nanotube and,
consequently, the small number of atoms and molecules inside it, it is more appropriate to treat such a phase
transition as an ordering of atoms and molecules. The phase transition inside nanobubbles leads to intermediate
states wherein the system consists of billions of atoms, and its thermodynamic behavior is understood and largely
determined by the interaction with the interface.

The pressure inside graphene nanobubbles is determined by their shape and hence could be experimentally
evaluated using atomic force microscopy (AFM). In the work® the consistent experimental AFM study of geom-
etry of nanobubbles in 2D materials was performed. It was shown that the shape of the nanobubbles with the
radius more than 50 nm exhibits universal scaling, i.e. the ratio of the bubble height (H) to the radius of its
footprint (R) is constant in a wide range of bubble sizes and depends only on type of 2D material used (BN,
MoS, or graphene). In addition to these experiments, the elastic theory of membranes was used for theoretical
calculation of nanobubble shape and mechanical properties. This theory validates the experimental observations
and yields the expression for the ratio of the maximum nanobubble’s height to the radius of it’s footprint (H/R)
for round-type nanobubbles. In the experiments® the substance inside the nanobubbles was unknown. Therefore
there was no possibility to estimate adhesion energy magnitude between trapped substance and 2D-crystal or
substrate which was used as a parameter in the elastic theory of the membranes. Instead, the adhesion energy was
fitted so that theoretically predicted H/R ratio matches with experimental measurements.

Another issue associated with application of the elastic theory of membranes to modeling of graphene
nanobubbles is related to the fact that all material properties, such as Young’s modulus and adhesion energies,
are assumed to be constant. It is not obvious. In fact, one study'® showed that to correctly apply this theory to

Center for Design, Manufacturing and Materials, Skolkovo Institute of Science and Technology, Moscow, Russia.
Correspondence and requests for materials should be addressed to E.I. (email: Evgeny.lakovlev@skolkovotech.ru)
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Figure 1. Schematic representation of a meridional 2D slice of the graphene nanobubble. Trapped substance:
argon atoms; 2D crystal: curved graphene sheet; Substrate: graphene sheet frozen in the direction perpendicular
to the substrate; H: maximum height, and R: radius of the nanobubble, both measured for the undisturbed 2D
crystal.

Oproar A 3.400 3.405 3.406
Erap MEV 10.400 10.340 10.330
Oprcs A 3.400 3.380 3.380
Ear-co meV 5.438 4.998 6.749

Table 1. Lennard-Jones potential parameters used in this work and in previous studies. Cut-off radius r,,, for all
cases in this study is 10.2 A.

atomically thin and micron-sized membranes, the dependence of Young’s modulus and bending rigidity on the
size of the system should be accounted for. Therefore, verifying the elastic theory of membranes with the help of
molecular dynamics (MD) will be useful. In atomistic modeling, all material parameters can be calculated, and
the graphene nanobubble takes shape spontaneously. In general, MD simulations could play a valuable role in
evaluating the assumptions of the elasticity theory of nanoscale membranes and in providing a benchmark system
for validating analytic theories.

In this paper, the MD method is used to investigate graphene nanobubbles. Here we use a graphene sheet with
graphite substrate. Together with the substance trapped inside, these two parts compose the graphene nanobub-
ble. Nanobubbles with radii in the range of 7-34 nm are studied. The first goal of this paper is to study state of
the matter inside graphene nanobubbles, and in particular, to show if solid state of the matter can be observed.
The second goal is to study the nanobubbles shape and to see if it fits to the predictions of the standard theory of
elastic membranes®.

It is shown that argon is in the solid state of the matter with a close-packed crystal structure in all the nanobub-
bles with various radii. The thermodynamic states of the observed crystal structures in the pressure-temperature
(P-T) diagram are located considerably below the melting curve of the bulk argon. We attribute this behavior
to the stabilizing role of the interface between the 2D crystal and the substrate. It is also shown that the results
provided by theory of elastic membranes agree well with those obtained by atomistic modeling. We also report
here the existence of so-called “pancake” nanobubbles, which have not been observed in heterostructures yet, and
which contradicts the theory of elastic membranes, but have been found at the interface between highly oriented
pyrolytic graphite and water®.

Methods

The MD method is used to study the properties of graphene nanobubbles. The model of the graphene nanobub-
ble is presented schematically in Fig. 1. The model consists of three parts: a 2D crystal, i.e., the graphene sheet, a
trapped substance, i.e., the argon atoms, and a substrate, i.e., another graphene sheet.

The carbon-carbon interaction is described by the adaptive intermolecular reactive bond order potential
(AIREBO)? which is known to describe well the mechanical properties of graphene and graphite?'. The inter-
action between argon atoms is described by Lennard-Jones potential (see Table 1). The interaction between
carbon-argon atoms is also described by the Lennard-Jones potential, the parameters of which are adjusted using
Lorentz-Berthelot combining rules®:

_atg
iy 2 ’
Sij T A5 (1)

Carbon-carbon parameters g,_. = 3.4 A, ec_ = 2.84 meV, that are used in combining rules, are taken
from Lennard-Jones part of AIREBO potential?’. The resulting parameters agree with the previously used ones
(see Table 1).

A typical calculation consists of three stages: (i) construction of initial configuration, (ii) relaxation and (iii)
statistical acquisition.
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Figure 2. 2D slice of the simulated graphene nanobubble with a radius of 7.3 nm and 3 layers of argon inside.
Insets show the top view of each layer of argon and its hexagonal structure.

(i) The cubic box is used in the simulations. Firstly, two graphene layers are generated, they are stacked the
same as in graphite: the bond length is 1.418 A, the distance between layers is 3.35 A. Then the upper
graphene sheet is curved according to a previous experimental study®:

hH =1 — (r/RP + 0.25[(r/R} — (r/R)"] @

where h is the height at a particular point, and r is the radius at that point. The two graphene layers are
consist of the same number of carbon atoms, hence the bonds in the upper layer are stretched. The
corresponding average strain is of order (H/R)* ~ 1 — 2%. Finally, between the substrate and the 2D
crystal, argon atoms in simple cubic lattice are inserted.

(ii) Calculations are performed using the software package, LAMMPS?. Periodic boundary conditions are
applied in the in-plane (xy) directions. Non-periodic and fixed boundary conditions are applied in z direc-
tion, so that particles do not interact across the boundary and do not move from one side of the simulation
box to the other. Two types of minimization were performed, MD and conjugate gradient descent, which
yielded the same final results, except for the smallest nanobubble. In that case, the final results depend
on the method of minimization, and we obtain two types of nanobubbles with the same number of argon
atoms, regular and pancake. During the relaxation stage, the NPT ensemble is imposed on the substrate,
and the force component perpendicular to the surface is set to zero. The target pressure for NPT ensemble
is set to 0 bars, the target temperature for NPT ensemble is set to 300 K, which allows the relaxation of the
stresses that occur in the substrate due to the initial artificial formation of the nanobubble. The 2D crystal
and argon atoms are allowed to move in the NVT ensemble. All temperatures for NVT ensemble are set
to 300 K. When the stresses in the substrate are removed, the substrate atoms are fixed, the 2D crystal and
argon atoms continue to be set in the NVT ensemble. The MD time step for all calculations is set to 1 fs.
The number of time steps to calculate one nanobubble varies from 5 to 20 million depending on the bubble
size.

It should be noted, although the initial shape of the nanobubble is set to the experimental one eq. 2, in
general case the initial and final shapes of the nanobubble can differ significantly. The final shape is con-
trolled by the number of inserted argon atoms. Thus the 2D crystal experiences strong fluctuations during
the relaxation stage if the number of argon atoms is not equal to the equilibrium one (see Supplementary
video 1). The final period of relaxation stage is shown at Supplementary video 2, structuring of argon atoms
can be seen.

(iii) After the energy of the system stabilizes, we assume that equilibrium is achieved, and statistical infor-
mation can be gathered. During the statistic acquisition stage, the NVT ensemble is imposed on the 2D
crystal and argon atoms, the substrate atoms are fixed, and properties such as the shape of the nanobubble,
structural properties of argon, and stresses in the 2D crystal are calculated. To evaluate the pressure inside
the nanobubble, the volume is calculated using the Voronoi tessellation?®. The per-atom stress tensor is
evaluated according to ref.?. After averaging the per-atom stress tensor and obtaining the total stress ten-
sor of the argon atoms, the pressure is calculated as a minus trace of the obtained stress tensor.

To analyze the obtained crystal structure of solid argon inside graphene nanobubbles, we use common neigh-
bor analysis (CNA)?*?7. The CNA uses a decomposition of the radial distribution function and provides direct
interpretation of various features of the radial distribution function in terms of atomic structure. It can be used to
identify atoms in particular environment, such as FCC, HCP, BCC or icosahedral.

Visualization is done by software package VMD?.

Data Availability. The datasets generated during the current study are available from the corresponding
author on reasonable request.
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1|78 0.64 0.083 2463 2 1.962 417 43.51 43.60 100
2173 0.95 0.130 2463 3 1911 398 43.55 43.60 100
3 |138 1.57 0.114 12952 5 1.859 257 43.43 43.54 100
4 169 2.16 0.128 26153 7 1.849 229 78.77 79.17 100
5 240 2.77 0.116 73624 9 1.841 197 98.67 98.85 100
6 |333 3.70 0.111 196331 12 1.837 172 98.55 98.83 100

Table 2. Parameters of the simulated graphene nanobubbles. R: radius; H: maximum height; N,: number of
argon atoms inside the nanobubble; Ny, number of argon layers inside the nanobubble; p: argon density; P:
argon pressure; L, L, L,: final lengths of the simulation box.
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Figure 3. The melting line of bulk argon?*** and the thermodynamic state of argon inside the graphene
nanobubbles (red dots).

Results and Discussion

After relaxation, the argon inside all considered graphene nanobubbles with various radii is found to be in the
solid state (see Fig. 2). For the largest bubble with a radius of 33.3 nm, CNA shows that 65% of the final crystal is
face-centered cubic (FCC), 26% is hexagonal close-packed (HCP). Remaining 9% of undetermined atoms can be
attributed to grain boundaries, defects and atoms that are in contact with 2D crystal or substrate. The argon atoms
are layered perpendicular to the substrate. The spacing between argon layers for all simulated nanobubbles is
approximately 3.05+0.05 A, and the in-layer distance between neighboring atoms is 3.7 + 0.5 A. These distances
are directly calculated from atomic configurations during statistical acquisition stage of the modelling.

Table 2 shows the parameters of the simulated graphene nanobubbles. According to this table, all calculated
pressures in the trapped substance are considerably lower than the melting pressure of bulk argon at 300K, which
is 1200 MPa?* (see Fig. 3). Therefore, in the case of argon atoms trapped inside nanobubbles, we observed
additional stabilization that prevents the solid-to-liquid phase transition. We predict that further increasing
the graphene nanobubble radius and the concomitant decrease in the argon pressure will eventually lead to the
solid-to-liquid phase transition in the confined argon system. Figure 3 clearly shows that the melting line of argon
in the nanobubble confinement (if one exist) should be located significantly below the melting line of bulk argon
on P-T diagram.

The decrease in the pressure at which the melting takes place becomes even more noticeable if we consider the
HCP phase of argon. The phase transition from the FCC argon to HCP argon occurs at pressures of several tens
of GPa* while calculated pressures inside graphen nanobubbles do not exceed 400 MPa. This can be explained
by the fact that the specific free energy of HCP argon is very close to the specific free energy of FCC argon and
metastable mixture of HCP/FCC could exist for very long time. HCP and FCC are close-packed structures and
argon is inert atom without a designated direction of chemical bonding. Moreover, in solid argon in the graphene
nanobubbles HCP structure is observed near surface of 2D crystal that could additionally lower its energy.

For the simulated nanobubbles, except for nanobubble 1, we observed a universal shape, i.e., a constant ratio
between the maximum height and the radius. According to the elastic theory of membranes® of round nanobub-
bles, this H/R ratio depends only on the material constants:

1
H _ 706 — Y68 — Ys8) |*
R 5¢Y (3)

where H is the maximum height of the nanobubble, R is the radius of the nanobubble, s, Vs> sp are the adhe-
sion energies between the graphene and substrate, the graphene and the substance inside the nanobubble, and the
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Figure 4. (a) Dashed black line: shape of the graphene nanobubble in dimensionless coordinates taken

from?; blue line: shape of the graphene nanobubble with R =7.3 nm obtained from MD; red line: shape of the
graphene nanobubble with R =24.0 nm obtained from MD. (b) Distribution of stress o,, (solid lines) and o
(dashed lines) along the radial direction. Blue lines: graphene nanobubble with R ="7.3 nm; red lines: graphene
nanobubble with R=24.0 nm.

substrate and the substance, respectively, Y is Young’s modulus of graphene; and ¢ is a dimensionless coeflicient,
which is 0.7 in the case of round nanobubbles.

To validate equation (3), Young’s modulus Y of graphene and the adhesion energies g5, Ygp Vsp are required.
For consistency, all these parameters should be calculated from the potential used to model the nanobubble.
Young’s modulus Y for the AIREBO potential was previously calculated®! to be 21.12¢V/A? (1.01TPa), which
agrees well with ab initio calculations and experiments.

The adhesion energy between the graphene and the substrate is calculated as the work required to separate

graphene from the substrate. For the ATIREBO potential, we obtain a value of v, = 0.017¢V/A’, which is the
typical adhesion energy of graphene membranes®. In our case, gz =55 because the 2D crystal and substrate
consist of the same material. This adhesion energy is also calculated in this work. Three layers of graphene in
contact with argon atoms are considered. The potential energy U.ymposice Of this system is also calculated. Then,
only argon atoms are considered at the same pressure and the same temperature of T=2300K, and their potential
energy U,,,, is evaluated. Finally, the potential energy of the three layers of graphene, Ug,ppene» is computed.
Adhesion energies v and g are evaluated as (Uomposite — Uargon — Ugraphene)/Sarea- FoT two different argon pres-
sures, 86 MPa and 291 MPa, we calculate g = Ysp to be 0.0049 eV/A? and 0.0052 eV/A2, respectively. Because

o . 2
these values are very similar, for estimation, we take the average of these two values, 755 = 53 = 0.0051 eV/A'.

Thus, for values of Y = 22.12 eV/Az, Ygs = 0.017 eV/AZ, and 5z = g5 = 0.0051 eV/A that are obtained purely
by MD, the elastic theory of membranes according to equation (3) gives H/R=10.128.

The calculated values of the H/R ratio for nanobubbles 2-6 (see Table 2) are within 10% of 0.128, which is
the value obtained using the elastic theory of membranes. This result confirms the applicability of this theory to
interpreting atomic-force microscope measurements.

Figure (4a) shows the shape of the obtained graphene nanobubbles in dimensionless coordinates compared
with the dimensionless shape given by the elastic theory of membranes. The results obtained using MD calcula-
tions agree with those obtained from the elastic theory of membranes. The slight difference is explained by the
fact that the elastic theory of membranes has not considered that a solid structure inside the bubble can lead to a
stepped morphology. In addition, in the elastic theory of membranes, bending rigidity is neglected. Therefore, the
analytic curve is “stuck” at zero at =R, whereas that calculated from the MD curve smoothly approaches zero.
Additionally, the distribution of stress along the radial direction is calculated, and the radial and angular compo-
nents of the stress are presented in Fig. (4b). The overall form of the curves coincides with the dimensionless form
obtained via the elastic theory of membranes.

AFM studies® of graphene nanobubbles do not give information about structure of a trapped mate-
rial. Combined scanning tunneling microscopy (STM), low energy electron microscopy (LEEM) and
synchrotron-based photoemission electron microscopy (XPEEM) make possible to investigate both the shape
of the nanobubbles and the structure of trapped material. Experimental research of graphene nanobubbles filled
with argon on Ir'* provides direct evidence of argon cluster formation at and above room temperature which
supports the existence of solid argon inside graphene nanobubble. The direct comparison between results of this
work and experimental study' can not be done due to fundamental difference in types of substrate. In our cause
the substrate is graphene and interaction between 2D crystal and substrate governed by Van der Waals forces.
When substrate is metallic as in study' the interaction between the 2D crystal and the substrate has a complex
nature related to the redistribution of the charge density between atoms'.

Argon is solid at room temperature at a pressure which is significantly lower than that shown by the P-T dia-
gram (see Fig. 3) and than expected for the condensation of compressed argon. This fact could be interpret from
the point of view of well-known physical phenomenon of multilayer adsorption. If argon exist in gaseous or liquid

SCIENTIFICREPORTS| (2017) 7:17906 | DOI:10.1038/s41598-017-18226-9 5



www.nature.com/scientificreports/

o coccecesty

m “Re gu]ar”
eV

0.014
atom{ W o XL T L L T XA LU L P T LT TL T o,

“Pancake”

Figure 5. 2D slice of “regular” and “pancake” graphene nanobubbles on the energy scale.

state and is in contact with graphene sheet, structured layers of argon arise at the interface. Monte Carlo simu-
lation of argon adsorption on graphite®® shows that at pressure 100 MPa and temperature 260 K approximately
three argon layers are constructed on the substrate. These pressure and temperature are close to the parameters
in largest nanobubbles that is simulated (see Table 2). In case of the graphene nanobubbles there are two surfaces
that can adsorb argon atoms and hence at least 6 layer have to arise at this conditions. Therefore it is not so unex-
pected that argon solidify inside the graphene nanobubbles at lower pressures in comparison with bulk argon.

Nanobubble 1 in Table 2 significantly differs from the others in terms of its small ratio of H/R=0.083. Such
a small ratio indicates that this type of nanobubble is flatter than others. We will refer to this exotically shaped
graphene nanobubble as a “pancake” graphene nanobubble. A pancake nanobubble was obtained during the
initial configuration setup (see Methods for more details) when a conjugate gradient minimization of energy was
used instead of MD minimization. For a higher number of atoms inside the nanobubbles, both minimization
algorithms lead to the same final “regular” form. The number of argon atoms in graphene nanobubbles 1 and 2
(see Table 2) is the same, but they exhibit different geometries, e.g., different numbers of layers of solid argon.
Additionally, the pancake nanobubble has a lower energy than the regular nanobubble with the same number of
argon atoms inside (see Fig. 5). To the best of our knowledge, this is the first report of the possible existence of
a pancake nanobubble in heterostructures. Pancake nanobubbles have been observed in a completely different
system at the interface between highly oriented pyrolytic graphite and water*#*. We assume that this suggests that
these two systems are highly analogous. The emergence of the pancake shape is a manifestation of the complicated
interplay between surface interactions and the inner state of trapped substances.

Conclusions

Argon trapped in small graphene nanobubbles with a radius of less than 33 nm does exist in a solid close-packed
phase with a mixture of FCC and HCP lattices. The pressure of argon in these nanobubbles is considerably lower
than the pressure required for the ordinary crystallization to occur in a bulk system. Therefore, these objects
present good examples of physical systems in which the phase state is highly affected by interface interactions.
Compared with nanotubes, which can only accommodate a few dozen atoms inside, the heterostructured nano-
bubbles can accumulate millions of atoms and molecules, and therefore can be treated as true thermodynamic
systems. In this work, we observed a layered structure of argon atoms inside graphene nanobubbles. The shape
of the observed nanobubbles, except for the smallest one, obeyed a universal shape law, i.e., a constant ratio of
height to radius, independent on the nanobubble radius. This is consistent with the elastic theory of membranes?®,
which was previously used to describe the morphology of graphene nanobubbles. The dimensionless shape and
the stress distribution calculated from MD are in good agreement with the elastic theory of membranes. We
also found very small nanobubbles with an exotic pancake shape that has not been reported so far in the case of
heterostructured nanobubbles. However, this shape has been observed for nanobubbles at the interface between
water and highly oriented pyrolytic graphite.

We expect that a subsequent increase in the nanobubble radius will lead to a pressure drop inside nanobubble
and will eventually lead to the solid-liquid phase transition in the confined argon system. This research clearly
demonstrates the possibility that nanobubbles in heterostructures can be used to investigate the fundamentally
interesting phenomenon of phase transition in confined systems.
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Table 1. Side view of considered graphene nanobubbles filled with argon at T=300 K (in scale).



Chapter 3. Thesis Objectives 3.2. The shape of the bubble and the state of the trapped matter

3.2 The shape of the bubble and the state of the
trapped matter

The first findings from the MD study made us think that there is a strong correlation
between the shape of the bubble and the state of trapped matter. Also, it follows
from theoretical calculations, which show that the height of the bubble to the radius
ratio is proportional to the adhesion energy to the power of 1/4. Next, the adhesion
energy between argon and the graphite substrate is calculated. It is shown that
the higher density, the more adhesion energy as more attracted argon atoms to the
substrate. That means that bubbles with a higher H/R ratio correspond to the
more sparse state of the trapped matter. Moreover, bubbles with a low H/R ratio

most probably contain condense liquid or solid-state.

3.2.1 Contribution

My contribution to this work: carried out all MD calculations and data analysis,

took part in results discussion, and writing the manuscript.
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Abstract. Graphene nanobubble (GN) is a system consisting of the substrate, the graphene
sheet and the substance trapped between them. Radius of GN regulates the pressure inside
the bubble and for small GN with radius of several nanometers extreme pressures up to 1 GPa
due to the van der Waals interaction can be observed. Therefore trapped substances inside GN
can exist in a number of different states of matter. In this study we theoretically establish the
connection between the shape of GN and the state of the trapped material inside. Both atomistic
and continuum models are used to describe mechanical and thermodynamic properties of GN.
Atomistic approach is applied to calculate the elastic constants and the adhesion energies. These
parameters are used as inputs for the following analyses in terms of continuum media.

1. Introduction

Two-dimensional (2D) heterostructures allow to develop materials with adjustable properties [1].
Such structures are assembled by layer-by-layer stacking of 2D crystals, for example, graphene,
hexagonal boron nitride, molybdenum disulphide (MoSz), other dichalcogenides and layered
oxides.

While creating such structures some substance can be trapped between layers [2] that leads
to formation of the surface bubbles [3]. It was shown that such bubbles possess number of
interesting properties such as universal shape scaling [3], i.e. the ration of the height of the
nanobubble (H) to the radius of the footprint (R) remains constant for various radii, giant
pseudo magnetic field [4], extreme pressure insight [5]. In particular case when outer layer is
graphene such nanobubbles are called graphene nanobubbles (GN). In this study we consider
the graphene nanobubbles for which the substrate is the graphite and the trapped material is
argon (figure 1).

Due to large graphene stiffness and strong van der Waals (vdW) interaction between the
outer graphene sheet and the graphite substrate sufficiently large pressure is built inside GN.
The smaller the radius of GN the larger the pressure is created by vdW interaction. Extreme
pressures up to 1 GPa are experimentally observed for GN with radius of several nanometers [5].
Inside GN on the graphite substrate with radii of the order of 400 nm the experimental estimation
of pressure is 2 MPa [3]. Therefore the state of matter inside the GN may exist in various phases:
gas, liquid or solid depending on the type of molecules and size of the GN.

From the experimental perspective direct investigating of the state of matter inside GN is
rather complex problem. One have to use cutting edge and expensive experimental techniques

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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Figure 1. Schematic two-dimensional slice of the graphene nanobubble and its corresponding
geometrical parameters.

such as transmitting electron microscopy (TEM) or synchronizing-based photoemission electron
microscopy (XPEEM) [6]. On the other hand obtaining information about the shape of GNs
is routine task done by atomic force microscopy (AFM). Thus it is of particular interest to
establish the relation between the shape of the GN and the state of matter inside, so one can
obtain information about the matter directly from AFM experiments.

In this study we theoretically establish the relation between the shape of the GN and the phase
of the trapped material inside. Atomistic modelling is used to calculate the elastic constants
and the adhesion energies. These parameters are used as inputs for the following analyses in
terms of continuum media.

2. Methods
In our molecular dynamics part of this research software package LAMMPS [7] (the Large-scale
Atomic/Molecular Massively Parallel Simulator) is used.

To calculate the elastic properties of graphene the adaptive intermolecular reactive bond
order potential (AIREBO) [8] is used to describe the carbon—carbon interaction. It was shown
that this potential describe well the mechanical properties of graphene [9].

Graphene layer is generated using software package VMD [10]. The boundary condition are
set to periodic in order to model continuous graphene crystal. Then it is statically elongated in
two different directions (zigzag and armchair) [9] and stresses are measured.

Lennard-Jones potential is used to evaluate the adhesion energy between argon and the
graphite substrate. For argon-argon interaction the parameters are oa,_ar = 3.405 A,
€Ar—Ar = 10.34 meV [11]. Lorentz-Berthelot combining rules [12] are used to define carbon-
argon interaction: og_a, = 3.4025 A, ec—Ar = 5.42 meV. To apply these rules the carbon—
carbon parameters are taken from Lennard-Jones part of AIREBO potential [8]: oc_c = 3.4 A,
ec—c = 2.84 meV.

To calculate the adhesion energy we modeled three cases: argon—graphite system, only argon
system, only graphite system. To evaluate the adhesion energy we measure the potential energy
per unit area difference between combined graphite—argon system and separated systems. Thus
the adhesion energy can be calculated as ysp = (Ugraphite+argon — (Ugraphite + Uargon))/S-

In graphite—argon system three graphene layers represent substrate. They are generated
using VMD. The size of graphene layer is L, = 100.698 A, L, = 102.098 A, where L,, L, are
lengths in z and y directions. The z-length of the simulation box is L, = 107 A, the substrate
fills 6.7 A, the remaining space is filled by argon. Initially the argon atoms are inserted into
the simulation box in simple cubic lattice. Different initial densities are set to study pressure
dependence of the adhesion energy. Then the argon atoms are allowed to move in the NVT
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ensemble. The temperature is set to 300 K for all cases. The carbon atoms in graphite are fixed.
After the energy of the system stabilizes, we assume that equilibrium is achieved, and statistical
information can be gathered.

To simulate the argon system the separate calculations are performed. The number of argon
atoms is the same as in corresponding case of the graphite-argon system. The size of the
simulation box is L, = 100.698 A, L, = 102.098 A, L, =100 A. Then argon atoms are allowed
to move in the NVT ensemble. The temperature is set also to 300 K.

3. Results and discussion

All continuum studies use macroscopic parameters as input in their models. In the case of
graphene nanobubbles they are Young’s modulus of graphene and the adhesion energy between
the bulk substance and the graphite. The precise values of these parameters allow to achieve
better predictions of the shape of the nanobubble, the stresses of upper graphene sheet, the
pressure inside the bubble. Also it gives more accurate value of the height to the footprint
radius ratio, given by [3].

In theoretical part of the study [3] the free energy of the bubble is consist of tree parts: the
elastic energy of the upper graphene sheet, vdW energy between the graphene, the substrate
and trapped substance, and the free energy of trapped material. Minimizing the free energy
with respect to the height and the radius, the H to R relation can be obtained:

R 5c¢Y

where vas, YaB, 7YsB are graphene—substrate, graphene-bulk and substrate—bulk adhesion
energies respectively, Y is Young’s modulus of graphene sheet, ¢ is dimensionless coeflicient
depending only on the shape of the nanobubble, in the case of the round-shape bubbles ¢ = 0.7.
In our model yggp = 7sp as substrate (graphite) consists of graphene layers. Usually it is
unknown [3] what kind of substance is trapped inside the bubble. Therefore it is especially
important to have the additional information from the atomistic study.

H _ m(yas — 6B — ’YSB)F; )

3.1. Young’s modulus

The Young’s modulus of graphene is calculated from strain-stress curves (figure 2). The zigzag
and armchair directions are slightly differs for the large strains. However for the small strains
graphene is isotropic and linear elasticity is observed. For the case of graphene nanobubbles the
average strain is of order 1-2% [3]. Therefore in the continuum model we can assume graphene
as linearly elastic material. Calculating the slope of stress-strain curve at point (0,0) we can
get the value for two-dimensional graphene Young’s modulus Y = 21.19 eV/AQ. Also we can
divide this value by the average distance between layers in graphite 3.35 A and derive the three
dimensional modulus 1.01 TPa that is in agreement with previous molecular dynamics study [9],
experiments [13] and ab initio calculations [14].

3.2. Adhesion energy

Calculated adhesion energies at different pressures are presented in figure 3. The strong
dependence is observed at low pressures where argon is in a gas phase. Thus one should carefully
use the continuum approach while modeling large nanobubbles with the low pressure of the
trapped substance. For high pressures the adhesion energy can be treated as constant.

In theoretical part of [3] when applying equation (1) it is assumed that the adhesion energy
is constant. This assumption leads to the conclusion that the ratio H/R is independent of the
radius. But our results show that this conclusion is hold only if the trapped matter inside is
in the condensed form such as incompressible liquid or solid. For gas phase inside the GN the
adhesion energy strongly depend on the pressure (see figure 3) and as a consequence it is also
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the curve equals 21.19 eV /A2.
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Figure 3. Dependence of argon pressure on the adhesion energy to graphite. The approximate
boundary between gas phase and liquid phase of argon in terms of pressure is 100 MPa.

depend on the radius of the GN. Therefore the findings from [3] is not true and there is no
universal shape for GN with gas phase if one exist.
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Adhesion energy for solid and liquid states typically has different values and, according to
equation (1), the GNs with liquid or solid state inside should have also different H/R ratio.
Unfortunately, if adhesion energies for liquid and solid states differ not significantly then root
of the fourth degree in equation (1) will make this difference even more inconspicuous.

The figure 4 shows H/R ratio obtained with the help of equation (1) for two adhesion energies
of gas and liquid phases of argon correspondingly. Dots in figure 4 present direct molecular
dynamics modelling [15] of the GNs. In the study [15] argon inside the GN is in a solid state.
Nevertheless the results of H/R value for both liquid and solid states of argon have very close
values. We attribute this to the small differences in adhesion energies of liquid and solid argon.

4. Conclusion

This research provides insight into the importance of the accurate determination of the constants
used in the continuum approach while modeling the graphene nanobubbles. The precise two-
dimensional Young’s modulus of graphene is calculated. Also the strong dependence of the
adhesion energy is detected at low pressures. Atomistic simulations can provide the crucial
parameters for continuum approach particularly when it is impossible or problematic to measure
them experimentally, for example, the adhesion energy.

Moreover this study shows that universal shape phenomenon [3] is only applicable in limited
region of pressures and the dependence of adhesion energy on pressure should be taken into
account when gas phase (if one exist) or liquid—solid phase transition is considered. The universal
shape phenomenon is only valid in the thermodynamics regions where trapped material is either
in liquid or solid state, and no phase transition occurs.

The result of this work can also be used as theoretical background for investigation of the
phase state of the trapped material inside the graphene nanobubbles only using experimental
information about their shape (H/R ratio).
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3.3 Prepare to continuum approach: adhesion en-

ergy

The continuum approach requires different input parameters, such as Young’s mod-
ulus of graphene, equations of state for trapped matter, and adhesion energies of
interaction between the substrate, the graphene sheet, and the substance. This
chapter compiles our research in calculating adhesion energy between graphite and
the matter (ethane in this article). Two approaches are proposed to calculate the
adhesion energy. The first one is to use the MD method to calculate the difference
of the energies between the combined system (solid surface and gas or liquid) and
two isolated systems. The second approach is to interpolate heat adsorption from
atomistic simulation data, and then, Langmuir isotherm gets the adhesion energy.

We use in further calculations the first method as it is more accurate.

3.3.1 Contribution

My contribution to this work: carried out all MD calculations and data analysis,

took part in results discussion, and writing the manuscript.
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Adhesion energy of ethane—graphite interface:
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Abstract. Adhesion energy is an important characteristic of interfacial interactions. Usually
one apply notion of adhesion energy to solid—solid interfaces, but it also could be extended to
gas—solid and liquid—solid interfaces. In later case phenomenon of adsorption is closely related to
the adhesion energy. In this work we apply molecular dynamics method to calculate the specific
adhesion energy for gas and liquid ethane on a graphite substrate. Influence of temperature and
density on the value of the specific adhesion energy is investigated. Langmuir adsorption model
is applied to interpret results and establish connection between notions of adsorption heat and
specific adhesion energy. Appearance of multilayer adsorption is detected for higher densities.
Developed model and numerical approach to calculate adhesion energy and surface coverage can
be applied for different types of the adsorbate and the substrate.

1. Introduction

Adhesion energy is the main characteristic of the interaction between the interfaces. This is the
energy that is released when one surface comes into contact with another surface. Computational
studies using atomistic calculations [1,2] provide valuable insights into structure and energetic
changes that occurs between surfaces. The procedure to calculate the energy of adhesion
between two solid surfaces is straightforward. The basic idea is to measure potential energy
between two surfaces at different distances with relaxation [3]. The algorithm of evaluation the
adhesion energy of gas—solid and liquid—solid interface is more complicated. There are a number
of different ways to obtain value of adhesion energy from atomistic calculations: (method 1)
difference of energies between combined system (solid surface + gas or liquid) and two isolated
systems, (method 2) calculate heat adsorption from interpretation of atomistic data [4,5] using
one of the adsorption isotherms such as Langmuir isotherm.

In the present work, we use both methods to calculate the adhesion energy between ethane
and graphite and show that they give comparable results. Molecular dynamics (MD) method is
used to obtain atomistic data. Langmuir adsorption isotherm is applied to establish connection
between adsorption and adhesion. Proposed approach is applicable both to liquid-solid and
gas—solid interfaces. In this study we consider only plain surface. It should be noted, that the
roughness of the surface [6,7] and confinement [8] can also contribute to adhesion energy.

2. Methods
Software package LAMMPS [9] (large-scale atomic-molecular massively parallel simulator) is
used to perform MD simulations. Graphene layers are generated with the use of the VMD

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1
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Table 1. Lennard-Jones potential parameters used in this work. Cut-off radius 7., for all cases
in this study is 14 A.

LJ parameter CH3-CHs C-CHj (I) C-C (I) C-CH3 (II) C-C (II)

o, A 3.750 3.575 3.400 3.575 3.400
g, meV 8.450 4.900 2.840 4.510 2.410
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Figure 1. Side view of MD simulation. The density is set equal to 0.166 g/cm®. Temperature
is 300 K. Formation of second layer can be seen.

software package [10]. The boundary condition is set to periodic in order to model continuous
graphene crystal.

Lennard-Jones potential is used to estimate the energy of adhesion of ethane to a graphite
substrate. The TraPPE (transferable potentials for phase equilibria) united atom [11] is used to
describe ethane—ethane interaction. This coarse grain potential is more computationally efficient
than full atomic potentials and it is known to describe thermodynamical properties with high
level of accuracy [12]. This force field implies that CHg is pseudo-atom that makes calculations
computationally efficient. The bond length between CHj sited is fixed and equal to 1.540 A. For
comparison we use two Lennard-Jones parameters for C-CHgs. Both are derived from Lorentz—
Berthelot combining rules [13]. In first case we take C—C from Lennard-Jones part of AIREBO
potential [14] (I), which is known to describe carbon materials properties well [15], in second
case parameters are taken from study [16] (II). The calculations with second parameterization
are performed only for 310 K to check sensitivity of adhesion energy to potential parameters.
All parameters are shown in table 1.

For method 1 to calculate the adhesion energy, we simulate 3 cases: ethane—-graphite system,
only ethane system, only graphite system. To evaluate the adhesion energy we measure
the potential energy per unit area difference between combined graphite—ethane system and
separated systems. Thus the adhesion energy can be calculated as vgp = (Ugraphite+ethane —
(Ugraphite + Uethane))/S. Carbon atoms do not interact during simulations in this study, therefore
we used Ugraphite = 0 in this equation.

In graphite—ethane system 3 graphene layers represent substrate (figure 1), which is generated
using VMD. The sizes of graphene layer are L, = 100.698 A and L, =102.098 A, where L, L,
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Figure 2. Molecular density distribution along z direction near substrate. Temperature is set
to 310 K. Formation of 1, 2 and 3 layers adsorption can be seen.

are the lengths in z and y directions. The z-length of the simulation box is L, = 107 A, the
substrate fills 6.7 A, the remaining space is filled by ethane. Initially the ethane molecules
are inserted into the simulation box in simple cubic lattice. Different initial densities are set
to study pressure dependence of the adhesion energy, also we consider different temperatures.
Then the ethane molecules are allowed to move in the NVT ensemble. The temperature is set
to 280, 290, 300, 310 K to study ethane below and above critical temperature. The carbon atoms
in graphite are fixed. After the energy of the system stabilizes, we assume that equilibrium is
achieved, and statistical information can be gathered.

To simulate the ethane system, the separate calculations are performed. The number of
ethane molecules is the same as in corresponding case of the graphite-ethane system. The size
of the simulation box is L, = 100.698 A, L, =102.098 A, L, =100 A. Then ethane molecules
are allowed to move in the NVT ensemble. The temperature is set to corresponding calculations
of graphite—ethane system.

To apply method 2, one needs to obtain surface coverage of the graphite. To evaluate surface
coverage we calculate averaged number density of ethane molecules near substrate in z direction.
Example of this density distribution is shown in figure 2. Then we obtain the number of molecules
in the first layer by integrating this function from 0 to the first minimum of density distribution.

To calculate pressure of ethane in case of graphite—ethane system, we select molecules located
in the gap between z coordinates: 25 A and 75 A. Then the per-atom stress tensor is evaluated
according to [17]. After averaging the per-atom stress tensor and obtaining the total stress
tensor of the ethane atoms, the pressure is calculated as a minus trace of the obtained stress
tensor.

3. Results and discussion

Langmuir adsorption model is used to evaluate specific adhesion energy according to method 2.
We compare results of such prediction with direct MD calculation of adhesion energy. To apply
Langmuir adsorption model we have to deal only with low densities because one of the basic
assumptions is mono-layer coverage. Thus we select cases with only one layer adsorption, it
is indicated by one maximum in figure 2. The pressure of ethane in this case is calculated
using method described in previous section. Then we fit MD points to the Langmuir isotherm
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Table 2. Table of equilibrium constants K for different temperatures.

Temperature, K 280 290 300 310
K, 1/MPa 9.2 59 43 3.5

g
o

o
>

Surface coverage

o
)

0.0

0.0 0.5 1.0 1.5 2.0

Pressure, MPa

Figure 3. Surface coverage as a function of gas pressure at different temperatures: markers
represent MD results; lines are Langmuir isotherm approximation.

0 = p/pm = Kp/[1 + Kp|, where 0 is the fractional occupancy of the adsorption sites; p is the
specific density per unit area; p,,—the specific density per unit area for the fully filled adsorption
layer; p is pressure of ethane gas under the adsorbed layer; K is equilibrium constant of the
reaction between the adsorbate molecule A and an empty site S,

A+S« Aad> (1)

where A,q is an adsorbed complex.

We use the method of least squares to adjust parameters: equilibrium constant K is adjusted
for every temperature, density of the fully filled adsorption layer p,, is the same for all cases
because physical number of available sites are constant and depend only on the geometry and
material of the substrate. We obtain p,, = 4.3 molecules/nm?. Fitting equilibrium constants
can be found in table 2. Plotted points of MD calculation of surface coverage and corresponding
Langmuir isotherm are shown in figure 3.

The results given in table 2 allow to calculate the heat of adsorption AH:

AH
K = Koe T . (2)

We take the log of both sides of 2 and fit the data using the method of least squares, which
gives us AH = —0.242 eV. Then we multiply the heat of adsorption by number of molecules
in the adsorbed layer and divide it by area of surface to obtain the specific adhesion energy:
v = —AHN/S. We take negative as we treat v as the gain in energy due to adsorption. On
the other hand the specific adhesion energy is calculated directly from MD as energy difference
between graphite—ethane and ethane systems. Both estimations are shown in figure 4. For low
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Figure 4. Specific adhesion energy at different temperatures: solid lines are calculated directly
from MD; dotted lines are evaluated from the Langmuir isotherm.

densities Langmuir model gives good match with direct MD calculations, while for high densities
the assumption of mono-layer adsorption is not satisfied that is why the divergence is observed.

4. Conclusion

We perform MD simulations to calculate the surface coverage and the specific adhesion energy for
different densities and temperatures of the graphite—ethane system. We use Langmuir adsorption
model to interpret the results for low densities and predict from them the specific adhesion
energy. One should use advanced adsorption models, such as Brunauer-Emmett—Teller theory,
to get more precise estimation. Nevertheless, the benchmark shown in this work shows the
possibility of prediction of specific adhesion energy from adsorption models.
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3.4 Continuum approach: argon case

The continuum approach allows the calculation of the properties of the graphene
nanobubbles with any radius and any amount of the trapped matter. In this chapter,
we develop the model that uses the principle of minimization of the energy to de-
scribe the equilibrium system. The total energy of the graphene nanobubble consists
of the elastic energy of graphene, the adhesion energy between the substrate, the
trapped matter, the graphene sheet, and the bulk energy of the substance. We use
numerical optimization in order to find the minimum of the energy functional. Then,
we describe the final state of the matter, the shape of the graphene nanobubble, and
compare the results qualitatively with previous MD calculations and experimental
studies. Also, a new phenomenon is discovered. We called it the "forbidden region"
- the range of radii where no stable bubbles can be found and separate the bubbles
with the trapped liquid and gas phases. Still, there is a gap between atomistic sim-
ulations which study tiny bubbles with solid-state inside, and continuum approach,

which allows studying bigger bubbles with trapped not solid substance.

3.4.1 Contribution

My contribution to this work: took part in model development, carried out all
MD calculations and implemented continuum model in Python, took part in results

discussion, and writing the manuscript.
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Abstract

®
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Graphene nanobubbles (GNBs) are formed when a substance is trapped between a graphene

sheet (a 2D crystal) and an atomically flat substrate. The physical state of the substance inside
GNBs can vary from the gas phase to crystal clusters. In this paper, we present a theoretical
description of the gas-liquid phase transition of argon inside GNBs. The energy minimization
concept is used to calculate the equilibrium properties of the bubble at constant temperature for a
given mass of captured substance. We consider the total energy as a sum of the elastic energy of
the graphene sheet, the bulk energy of the inner substance and the energy of adhesion between
this substance, the substrate and graphene. The developed model allows us to reveal a correlation
between the size of the bubble and the physical state of the substance inside it. A special case of
a GNB that consists of argon trapped between a graphene sheet and a graphite substrate is
considered. We predict the ‘forbidden range’ of radii, within which no stable GNBs exist, that
separates bubble sizes with liquid argon inside from bubble sizes with gaseous argon. The
height-to-radius ratio of the bubble is found to be constant for radii greater than 200 nm, which is
consistent with experimental observations. The proposed model can be extended to various types

of trapped substances and 2D crystals.

Supplementary material for this article is available online

Keywords: graphene, graphene nanobubbles, molecular dynamics, phase transition, multiscale

modeling, theory of elasticity

(Some figures may appear in colour only in the online journal)

1. Introduction

A graphene nanobubble (GNB) is a system that consists of an
atomically flat substrate, a sheet of graphene (a 2D crystal)
and a trapped substance between them (figure 1(a)). GNBs
produce a giant pseudomagnetic field [1, 2] and can be used
as field-effect devices [3], and their presence can alter pho-
non-electron interactions [4]. In some cases, the trapped
substance experiences extreme pressure inside the GNB and
consequently acquires special properties. For example, the
dielectric constant of water between a graphene sheet and a

' Author to whom any correspondence should be addressed.

0957-4484/19/215701+-07$33.00

diamond substrate increases to such an extent that etching of
the diamond substrate occurs [5]. In addition, GNBs are
considered a prospective container that can aid in observing
chemical reactions in real time [6].

Little information about the physical state of the sub-
stance inside GNBs is available. Experiments using combined
low energy electron microscopy and synchrotron-based pho-
toemission electron microscopy (XPEEM) show that for
small GNBs (radii on the order of 1 nm) on metal substrates,
the substance inside is presented in the form of structured
clusters [7]. Experiments using real time x-ray photoelectron
spectroscopy show that argon atoms aggregate into multilayer
clusters inside GNBs on a Ni substrate [8]. From indirect

© 2019 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) Schematic representation of a graphene nanobubble (GNB). (b) Meridional slice of a GNB. The height (H) of a GNB is the
distance between the top point of the bubble and the surface of the undisturbed graphene sheet. (c) Height profile of a GNB in dimensionless
coordinates (r/R, h/H). The calculated profiles for all trapped masses and both temperatures coincide. (d) Distribution of stress o, (red line)

and oyy (blue line) along the radial direction.

atomic force microscopy (AFM) measurements and theor-
etical speculations, the substance inside larger GNBs (radii on
the order of 100 nm) on a graphite substrate is predicted to be
in the liquid phase [9]. Molecular dynamics (MD) calcula-
tions of GNBs on a graphite substrate with argon inside
indicate that the trapped substance is in a solid state [10]. A
similar phenomenon of crystallization is experimentally
observed in carbon nanotubes [11] and graphene nanocapil-
laries [12], where crystal water is detected at room
temperature.

Although experimental evidence that condensation of
trapped substances occurs inside GNBs exists, theoretical
models describing the physical state of the substance and its
correlation with the GNB shape are still lacking. Furthermore,
solid, liquid and gas phases are detected in separate experi-
ments; hence, a phase transition between them is expected
to exist. However, no theoretical or experimental studies
describing or observing such a phenomenon exist.

In this paper, we present a multiscale approach to model
the liquid—gas phase transition inside a GNB. In our study, we
consider a GNB that consists of argon trapped between a
graphene sheet and a graphite substrate. Although we study
particular materials, the proposed model can be easily
extended to other types of trapped substances, 2D crystals and

substrates. The developed theory enables the establishment of
a relationship between the GNB shape and the physical state
of the trapped substance.

2. Methods

In our approach, all calculated mechanical and thermo-
dynamic properties of the GNB are derived from the mini-
mization of the total energy of the system:

Eiotal = Eelastic + Epuik + Eadnesions (1)

where E..qic 1S the elastic energy of the graphene sheet, Epy
is the energy of the trapped substance, and E,gpesion 1S the
energy that includes the surface interaction among the sub-
strate, the graphene sheet and the trapped substance.

The elastic energy of the graphene sheet is evaluated in
the framework of elasticity theory [13]. The total elastic
energy is given as the sum of the stretching and bending parts:

%mzﬁ [Wi(ues, h) + Wy(h)] 2rrdr, ®)

where U and U, are the stretching and bending energies per
unit area, u, 3 is the strain tensor, & is the height profile, and r
is the radius.
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The functional relation of the strain tensor components
with the radial displacement (#,) and height profile (k) is

ou, 1(onY u,
= —— —1—1, = —. 3
. or + 2(6r) oo r )

For the following discussion, we assume that Poisson’s ratio
is equal to zero. In this case, the stress tensor components are

Opr = Yurr, 0py = Yu(‘)@a (4)

where Y is the Young’s modulus of the graphene sheet with
dimensions of energy per unit area.

Then, the specific stretching and bending elastic energies
can be expressed as

) p%ap 2|\ or or \ Or
1(on\* u,
+—{= +{—=]| | 5
4(8r) (r)] o
k|(0*hY 1 (0h)
U, = —|| — — =1 6
b 2[(31’2) + rz((?r)] ©)

The part of the energy associated with the trapped sub-
stance (Epyx) at given temperature, volume and density is the
work required to assemble the trapped substance from parti-
cles located at infinity. Let us assume that assembling is
performed particle-by-particle at a fixed volume. This means
that the density changes gradually from zero to the desired
value. At any given moment, the pressure and temperature
during assembly are constant. The addition of a unit mass of
particles changes Ey, by the value of the chemical potential
(p). Thus, integrating the chemical potential from zero density
to the given density yields the bulk energy:

E :pr "dp' 7
bulk OM(P)P- (7

The part of the energy related to adhesion (E,ghesion) 1S the
change in the energy of the system due to detachment of the
graphene sheet from the substrate and adhesion of the trapped
substance to both the graphene sheet and substrate. It can be
expressed via the area of the GNB footprint and the specific
adhesion energies:

Eadnesion = '77TR27 (8)
Y = 6s — Yor — Vst )

where s, Ygr and vsr are the specific adhesion energies
between the graphene sheet and the substrate, the graphene
sheet and the trapped substance, and the substrate and the
trapped substance, respectively.

To find the equilibrium GNB at a given mass (M), the
following procedure is utilized (figure 2). We vary the radius
of the GNB, and for each particular radius, the total energy is
evaluated (outer cycle). The GNB with the lowest energy is
assumed to be the equilibrium one. For each GNB radius, we
vary the pressure created by the graphene sheet (inner cycle
on figure 2). If the pressure and radius are known, one can
calculate Eqj.qic, the height profile and the radial displacement

distribution. This part of the procedure is iterated until
M = pV, where p is determined by the equation of state
(EOS) of the trapped substance and the volume V is obtained
from the height profile. The EOS of argon is taken from
tabulated NIST data [14, 15].

Boundary conditions are imposed based on the following
assumptions. The bubble is assumed to be symmetric, which
leads to boundary conditions for radial displacement
u,(0) = 0 and derivative of the height profile 2/(0) = 0 at the
zero radial coordinate. Since the elastic energy is bounded,
the natural boundary condition for the displacement at infinity
is u,(o00) = 0. The additional constraint 4(r > R) = 0 arises
due to bubble localization in space.

To resolve the boundary conditions and other constraints
numerically, the computational domain is subdivided into
two regions. The first region, where the trapped substance
is located, is the interval from O to R, and the second region is
the interval from R to infinity, where no trapped substance is
present. In the first region, the height profile and displacement
are represented as a series expansion of Chebyshev poly-
nomials. The height profile is zero in the second region;
therefore, the problem is significantly simplified, and one can
derive an analytic solution for the elastic energy (Yu,z(R)).
The Chebyshev polynomial coefficients are calculated by
minimizing the following function:

min [ (00 (), A + T () 2mrds
+ Yu2(R) — PV. (10)
Ones R and P are known the adhesion energy is eval-
uated via equation (8). In this study, specific adhesion ener-
gies Ygs, Yo Vst are obtained from MD calculations using
the LAMMPS software package [16]. The specific adhesion
energy between the graphene and the substrate is calculated as
the work per unit area required to separate the graphene sheet
from graphite. For the AIREBO potential [17], we obtain a
value of 755 = 0.017 eV A2, which is the typical adhesion
energy of graphene membranes [18]. The adhesion energies
Ygr and g7 are assumed to be equal. The specific adhesion
energy vsr is calculated as the combination of the potential
energies of three systems: graphite, argon, and combined
argon and graphite (figures 3(c)—(d)):
(1D

VST = Ugraphite + Uargon - Uargon+graphite,
where Ugpaphites Uargon 804 Uprgonteraphite are the specific
potential energies calculated from MD simulations. The
explicit dependence on the density and temperature of
argon is also taken into consideration (figure 3(a)). Details
of MD simulation can be found in the supplementary
material available online at stacks.iop.org/NANO/30/
215701 /mmedia.

To evaluate Ey,p using equation (8), data on the che-
mical potential of argon are taken from NIST [15]. In cases
where the final density is in the liquid or mixed gas—liquid
regions, the linear interpolation of the chemical potential
between gas and liquid is used (figure 3(b)).
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Figure 2. Algorithm used to find the equilibrium GNB shape and calculate its physical properties. The mass of the trapped substance and the
temperature of the system are given and fixed. There are two nested cycles: the inner cycle, in which the pressure is changing, and the outer
cycle, in which the radius is changing. The ‘pressure changing cycle’ ends when the calculated pressure is such that the corresponding

density multiplied by the volume of the bubble equals the given mass of the trapped substance. The ‘radius changing cycle’ ends when the

energy of the system reaches its global minimum.
3. Results and discussion

In this work, we consider a GNB at two temperatures —
T, = 140 K and 7, = 300 K. Argon at 140 K has a distinct
gas-to-liquid phase transition, while at 300 K, no gas-to-
liquid phase transition exists, and at higher densities, argon
becomes supercritical. The application of the multiscale
model described above gives self-similar profiles (figure 1(c))
for all phase states of the trapped material (gas, liquid, and
supercritical fluid) inside the GNB. By self-similar profiles,

we mean that the height profile for all GNBs along the
dimensionless (r/R, h/H) axes are the same.

Characteristic radial and angular components of the stress
are presented in figure 1(d). The angular component of the
stress has a distinct minimum at the GNB radius. For GNBs
with the same H/R ratio, self-similar profiles of stress com-
ponents are obtained along the (r/R, o) axes.

The height-to-radius ratio is found to be almost constant
for GNBs at 140 K and equal to 0.11 (figure 4(a)). GNBs at
300 K have constant H/R = 0.17 only for radii greater than
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Figure 3. (a) Dependence of v = vgs — Yor — Vs On the density of the substance at 140 and 300 K. Strong condensation results in a
constant adhesion energy at 140 K. At 300 K, a larger density gives a stronger interaction of the substance and the substrate that yields a
lower energy of the system. (b) Chemical potential at 140 and 300 K used in the proposed model [15]. (c)—(d) Atomistic calculation of the
specific adhesion energy (snapshots of MD simulations at 300 K and different densities). Drawn with visual molecular dynamics [20].

200 nm. A similar phenomenon of a constant H/R ratio is
experimentally observed in work [9], although the trapped
material in that study is unknown, and only a qualitative
comparison can be performed.

In contrast, ‘small’ GNBs at 300 K with radii less than
200 nm have H/R ratios that depend on the radius. The H/R
ratio changes because the specific adhesion energy depends
on the density of the trapped substance at 300 K. Figure 3(a)
shows the dependence of the adhesion energy (equation (9))
obtained from atomistic simulations at both temperatures on
argon density. At 140 K ‘strong’ argon condensation is
observed, leading to a constant adhesion energy. Therefore,
based on the numerical results, we can assume that a constant
adhesion energy leads to a constant H/R ratio. This result is
consistent with the analytic approach proposed in [9].

The developed model predicts the existence of a ‘for-
bidden region’ for argon at 140 K—a range of radii within
which no stable GNBs can be found. The lower bound of the
‘forbidden region’ is 160 nm, and the obtained upper bound
is 330 nm. The explanation for this effect is given by the
dependence of the total energy on the bubble radius calculated
during the ‘radius changing cycle’ (figure 4(b)). The E(R)
function at some masses clearly has two local minima. The
equilibrium GNB corresponds to the deeper minimum. There
is a GNB mass that gives equally deep minima, and a small

increase or decrease in this mass changes the equilibrium
radius discontinuously (abruptly). Hence, the existence of two
local minima and the switch between them is the reason for
the ‘forbidden region’.

The proposed model can be developed further if one
replaces the bulk EOS of the trapped substance by the EOS of
confined matter. This is important specifically for small GNBs
where surface interactions begin to dominate volume inter-
actions and the use of the bulk EOS is inappropriate. One
example of such a surface effect is the premature crystal-
lization of argon in GNBs that was observed in MD simula-
tions [10]. However, the development of the EOS of confined
matter and incorporation into the theory of GNBs is beyond
the scope of this paper.

Experimental verification of proposed theoretical model
could be done using different complementary techniques.
With AFM measurements one could obtain statistics on GNs
sizes. In case of controllable temperature and known type of
trapped substance one should observe ‘forbidden region’ of
sizes and its shrinkage with increase of temperature. There is
a number of experimental studies where AFM is successfully
used to investigate shape of GN at different thermodynamic
conditions [9, 19]. Another opportunity is to use XPEEM to
get atoms arrangement of trapped substance from it’s elec-
tronic structure. For example, in [7] this experimental
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Figure 4. (a) H/R ratio dependence on the radius for two temperatures. A ‘forbidden region’ is found for the 140 K temperature, in which no
stable GNBs are presented. This region separates the liquid and gas phases. (b) The total energy profile for a GNB with a fixed mass at
140 K. The global minimum in the ‘left’ well corresponds to the equilibrium GNB with radius 160 nm. The energy profile of a GNB with a
slightly larger mass has a global minimum in the ‘right’ well. This phenomenon is the reason for the ‘forbidden region’. (c) Pressure inside a
GNB at 140 and 300 K. The ‘forbidden region’ is shown in all figures.

technique allows to make a conclusion about crystal structure
of argon atoms inside GNs. If trapped matter is a molecular
system, Fourier-transform infrared spectroscopy could be
applied to investigate condensation of trapped matter due to
bond formation [5]. Therefore there is a number of exper-
imental opportunities to verify proposed model of phase
transition in GNs.

To conclude, we have presented a multiscale model to
describe GNBs and, in particular, the liquid phase transition
of the substance trapped inside them. The developed model
combines both continuum and atomistic approaches. In the
framework of the continuum approach, the elastic energy of
the membrane and bulk energy of the trapped substance are
calculated. MD simulations are used for evaluation of adhe-
sion energies. The proposed model provides information on
the shape of the bubble, stress distributions, pressure inside
the bubble and, most importantly, physical state of the sub-
stance trapped inside. It also gives a connection between all
the listed characteristics and the size of the bubble. In the case
of argon as the trapped substance at 140 K, the model reveals
the presence of a ‘forbidden region’, a range of radii within
which stable GNBs cannot be found. This region appears to
be a general feature of all GNBs regardless of the type of

trapped substance due to the presence of two local minima in
the E(R) function of the bubble with a fixed mass.
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Supplementary materials

1. MD calculation of the specific adhesion energy between argon and graphite
In our molecular dynamics part of this research software package LAMMPS [1] (Large-scale
Atomic/Molecular Massively Parallel Simulator) is used.

Lennard-Jones potential is used to evaluate the adhesion energy between argon and the
graphite substrate. For argon—argon interaction the parameters are oa,_a, = 3.405 A,
€ar—Ar = 10.34 meV [2]. Lorentz—Berthelot combining rules [3] are used to define carbon-
argon interaction: oc_a, = 3.4025 A, €c—ar = 5.42 meV. To apply these rules the carbon—
carbon parameters are taken from Lennard-Jones part of AIREBO potential [4]: oc_c = 3.4 A,
€g—c = 2.84 meV.

To calculate the adhesion energy we modeled three cases: argon—graphite system, only argon
system, only graphite system. To evaluate the adhesion energy we measure the potential energy
per unit area difference between combined graphite—argon system and separated systems. Thus
the adhesion energy can be calculated as ysp = (Ugraphitetargon — (Ugraphite + Uargon))/S-

In graphite-argon system three graphene layers represent substrate. They are generated
using VMD. The size of graphene layer is L, = 100.698 A, L, = 102.098 A, where L., L, are
lengths in = and y directions. The z-length of the simulation box is L, = 107 A, the substrate
fills 6.7 A, the remaining space is filled by argon. Initially the argon atoms are inserted into
the simulation box in simple cubic lattice. Different initial densities are set to study pressure
dependence of the adhesion energy. Then the argon atoms are allowed to move in the NVT
ensemble. The temperature is set to 140 K and 300 K. The carbon atoms in graphite are fixed.
After the energy of the system stabilizes, we assume that equilibrium is achieved, and statistical
information can be gathered.

To simulate the argon system the separate calculations are performed. The number of argon
atoms is the same as in corresponding case of the graphite—argon system. The size of the
simulation box is L, = 100.698 A, L, =102.098 A, L, =100 A. Then argon atoms are allowed
to move in the NVT ensemble. The temperature is set also to 140 K and 300 K.
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Chapter 3. Thesis Objectives 3.5. Continuum approach: ethane case

3.5 Continuum approach: ethane case

In this chapter, we use the model developed in the previous section and applies it
to the nanobubbles with trapped ethane at near room temperature. We decided to
perform this calculation since hydrocarbons are used in the process of the experi-
ments of creating 2D heterostructures. So it is likely that some hydrocarbon mixture
appears to be trapped in the bubble. Thus the more realistic system is studied. The
"forbidden region" below critical temperature is observed, which separates two dif-

ferent phases: liquid and gas.

3.5.1 Contribution

My contribution to this work: took part in model development, carried out all
MD calculations and implemented continuum model in Python, took part in results

discussion, and writing the manuscript.
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Modeling of the phase transition inside graphene
nanobubbles filled with ethane
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Graphene nanobubbles consist of a substance that is trapped between graphene sheets and atomically
flat substrates. This substance is an example of confinement in which both the bulk and surface
interactions and the tension of the graphene determine the mechanical and thermodynamic properties
of the system. The van der Waals pressure build up due to the graphene-substrate attraction and
surface influence facilitates the advanced condensation of trapped substances. Different phases of the
trapped substance are assumed to be found inside the graphene nanobubbles depending on their radii.
Smaller radii are attributed to the crystal and liquid phases, and larger radii correspond to the gas phase.
In this study, graphene nanobubbles filled with ethane on a graphite substrate are investigated. The
choice of trapped substance is inspired by typical experiments in which graphene nanobubbles are
obtained with a mixture of hydrocarbons inside. We apply a multiscale model based on both molecular
dynamics simulations and a continuum 1D model to obtain the shape of the bubble, stress distribution
and phase state of the trapped substance. Calculations are performed for a set of temperatures below
and above the critical temperature of ethane. A liquid—gas phase transition below the critical temperature

rsc.li/pccp

1 Introduction

Graphene nanobubbles (GNBs) are a system consisting of a
substrate, a graphene layer placed on top of the substrate and a
substance trapped between them (see Fig. 1). Initially, these
nanobubbles were treated as undesirable defects during the
process of van der Waals (vdW) heterostructure manufacturing
(stacking together 2D crystals). However, after a more detailed
investigation, many GNBs with interesting and unique features
have been discovered. The strained sheet of the outer graphene
layer in GNBs is shown to generate a large pseudo-magnetic
field."> GNBs can be used to visualize reactions of CO on Pt
catalysts.® Confining water in GNBs on a diamond substrate
drastically changes its dielectric constant, which results in the
etching of a hard surface.” In addition, GNBs are places of
intense photoluminescence emission due to strained-induced
changes in the band structure.’

Although GNBs are not currently used in industrial applications,
there are many potential opportunities. For example, the ability to
capture a large amount of hydrocarbons inside GNBs makes it
possible to use them for novel gas storage technologies. Also curved
graphene changes how light is refracted through nanobubbles and
creates different colors.® These ‘mechanical pixels’ can be used in

Center for Design, Manufacturing and Materials, Skolkovo Institute of Science and
Technology, Skolkovo Innovation Center, Building 3, Moscow, 143026, Russia.
E-mail: Evgeny.lakovlev@skolkovotech.ru

This journal is © the Owner Societies 2019

leads to a ‘forbidden range’ of radii, in which no stable bubbles exist.

(@)

Graphene

Graphite /
(b)

R

Fig.1 (a) Schematic representation of a graphene nanobubble (GNB).
(b) Meridional slice of a GNB. The height (H) of a GNB is the distance
between the top point of the bubble and the surface of the undisturbed
graphene sheet.

flexible, durable and energy efficient displays. Moreover, deforma-
tions caused by GNBs alter the local electronic structure. This
property could have many applications in strain- and valleytronics
devices.”

Little is known about the type of trapped substances inside
GNBs. There have been only a few studies®® in which the type of
trapped substance is controlled by direct ion implantation.
However, in these studies, only small bubbles are obtained with
radii on the order of nanometers. When GNBs are spontaneously

Phys. Chem. Chem. Phys., 2019, 21, 18099-18104 | 18099
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formed during vdW heterostructure production, the type of
trapped substance is still uncertain. Another study'® advocates
a mixture of hydrocarbons to be inside the GNBs. Other
researchers'" believe that water is the trapped substance with a
small amount of hydrocarbon contaminants. These investigators
confirm their assumptions that bubble formation is strongly
dependent on temperature (particularly beyond 100 °C) and
humidity."?

The next important question arises when considering the
phase state of matter in GNBs. Previously, it was universally
assumed that GNBs are filled with gas."*™'® However, mechanical
models based on this assumption result in small adhesion values
for the graphene interfaces compared with the experimental
data.” On the other hand, atomic force microscopy (AFM) mea-
surements and further theoretical considerations predict that the
substance inside GNBs (radii in the range from 100-1000 nm) on a
graphite substrate is in the liquid phase.'®'" Trapped substances
in GNBs with small radii (on the order of 1 nm) on metal
substrates are known to exist in the form of structural clusters.*®
The type of trapped substance in these studies is controlled by the
irradiation of a graphene membrane with argon ions, and an
explicit investigation of the inner phase is performed.

Theoretical studies have also shown that both solid and
liquid phases could be found inside GNBs. Molecular dynamics
(MD) simulations also predict the condensation of trapped
matter. For example, in an MD study,'” solid-state argon was
observed in GNBs (radii less than 30 nm) on a graphite
substrate. In other MD research,'® helium, water and ethanol
were considered trapped substances, and all of them were
found to be in a liquid state at room temperature.

Although there are experimental observations indicating
that different condensation phases exist inside GNBs depending
on their radii, there is a demand for theoretical models that
consider the phase state of the trapped substance. Furthermore,
different types of phases (gas, liquid and solid) can be found in
various experiments. Obviously, one can assume that the transi-
tion between phases can occur, either with a temperature change
(e.g., in particular, in bubbles filled with liquid, as the temperature
increases, the trapped substance can become a gas) or with a
radius change (e.g., in the assembly of bubbles, one can find small
bubbles filled with liquid and larger bubbles filled with gas).
However, no experiments have consistently studied the phase
transition of trapped substances inside GNBs. Additionally, there
is no theoretical description of this phenomenon to promote
and guide further experiments. Only recently, the authors have
proposed a model that considers the presence of phase
transitions."®

In this paper, we apply a previously developed approach"’
to study the mechanical properties, shape and phase state of
GNBs filled with ethane on a graphite substrate. The basic
approach involves the minimization of the energy of the whole
system, namely, the elastic energy of graphene stretching, the
adhesion energy between the substrate, graphene and ethane
and the bulk energy of ethane. Specific adhesion energies are
calculated using MD simulations. A set of temperatures in the
range 260-320 K is considered, which includes the critical point

18100 | Phys. Chem. Chem. Phys., 2019, 21, 18099-18104
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of ethane T, = 305 K. The radii of the obtained GNBs are found
in the range 50-600 nm. Liquid and gas phases of ethane
are observed for selected ranges of temperatures and radii.
Temperatures less than T result in a ‘forbidden region’, where
no energetically stable GNBs exist.

2 Methods

In the applied model, all computed mechanical and thermo-
dynamic properties of the GNBs are obtained as a result of the
total energy minimization of the system:

Etotal = Eelastic T Epulk t Eadhesions (1)

where E.aqtic 1S the elastic energy of the graphene sheet, Ep,,x is
the energy of the trapped substance, and Epgnesion i the energy
that includes the surface interaction among the substrate, the
graphene sheet and the trapped substance.

The elastic energy Ee.stic Of the graphene sheet is calculated
by means of elasticity theory.>® The bulk energy of ethane Ep
is obtained by integrating the chemical potential as a function
of the density while keeping the volume of the system fixed. The
adhesion energy E.qnesion can be represented as the specific
adhesion energies multiplied by the corresponding surface
areas. For more details of the applied model, please see ref. 19.

In this work, the MD method®>'"** is used to verify the
mechanical properties of graphene sheets and calculate the
adhesion energy between the ethane and graphite substrates.
All presented MD simulations are performed using the large-
scale atomic/molecular massively parallel simulator (LAMMPS)
software package.?

To calculate the elastic energy of the graphene sheet, two
parameters are needed: the Young’s modulus and Poisson’s
ratio. The Poisson’s ratio of the graphene sheet is assumed to
be zero. To verify the Young’s modulus, the adaptive inter-
molecular reactive empirical bond order (AIREBO) potential is
used,*® which is known to describe the properties of carbon
structures.* In this work, the calculated Young’s modulus is
equal to 21.12 eV A~ (1.01 TPa), which is in agreement with
other simulation®® and experimental data.

The MD approach provides a general framework to evaluate
specific adhesion energies, reveals the elemental stages of the
adsorption mechanisms, takes into account surface structure
reconstruction and allows the introduction of surface defects.””>°
The specific adhesion energy between graphene and graphite is
calculated using the AIREBO potential. The adhesion energy is
found to be equal to 0.017 eV A~2, which is the typical adhesion
energy of graphene membranes.**

The specific adhesion energy between ethane and graphene
at given temperatures and densities is obtained using the
ethane transferable potentials for phase equilibria (TraPPE)
potential.>*> This potential is more computationally efficient
than the AIREBO potential, and it is known to describe the
thermodynamic properties with a high level of accuracy.’?
TraPPE exploits a united atom approach, i.e., CH; is considered
as one particle. Carbon-carbon interactions are described by

This journal is © the Owner Societies 2019
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Table 1 Lennard-Jones potential parameters used in this work. The
cut-off radius rey for all cases in this study is 14 A

L] parameter CH;-CHj3 C-CH;3; C-C
g, A 3.750 3.575 3.400
&, meV 8.450 4.900 2.840

the Lennard-Jones (L]) potential, a parameter taken from the L]
part of the AIREBO potential. The Lorentz-Berthelot combining
rules® are applied to obtain the carbon-CH; parameters.
A summary of all potential parameters used for calculating
the specific adhesion energy between ethane and graphene
is presented in Table 1. In the MD simulations graphite is
represented by 3 graphene layers. All MD calculations are
performed in the NVT ensemble.

To evaluate the ethane bulk energy, NIST data®***° with
respect to the chemical potential and equation of state (EOS)
are used.

The total energy is a function of the radial displacement u(r)
in the outer graphene sheet and the height profile A(r) of the
GNB. The minimization of the total energy is performed for
a GNB with a particular mass. We vary the radius of the GNB,
and for each particular radius, the total energy is evaluated.
Comparing GNBs with equal mass and different radii, we find
the GNB with the lowest energy and assume that this is the
equilibrium case. When minimizing the GNB at a particular
radius, self-consistency with the ethane EOS is achieved,
i.e., the pressure produced by the graphene sheets should be
equal to the bulk pressure from the EOS if the density and
temperature are known.

The radial displacement and height profiles are determined
at specific radii and pressures by minimizing the elastic energy.
The computational domain is divided into two parts: (i) from
zero to the radius and (ii) from the radius to infinity (see Fig. 2).
In the first part of the computational domain, numerical
minimization is performed, and functions u(r) and A(r) are
represented on the basis of Chebyshev’s polynomials of the first
kind. In the second part, ie., i(r) = 0, it is possible to obtain
an analytical solution of u(r), which is u(r) = (R/r)u(R). The
algorithm presented above is implemented in Python code and
is available online.*”

3 Results and discussion

All material parameters used in the model of the GNBs are
obtained from elsewhere, except for the specific surface energy
between ethane and graphene. This value and its dependence
on the density and temperature are calculated by the MD
method at 260, 280, 310 and 330 K (see Fig. 3a). At low densities
(p < 0.05 g ecm?) in the gas phase for all temperatures, the
specific adhesion energy linearly increases. In the region of
intermediate densities (0.05 < p < 0.5 g cm ™) that corre-
sponds to the mixed gas-liquid phase (260, 280 K) or super-
critical fluid (310, 330 K), a fluctuation of the specific adhesion
energy is observed. These fluctuations result from multilayer
absorption. Each completed layer of adsorbed molecules

This journal is © the Owner Societies 2019
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Fig. 2 (a) Calculated height profile for a GNB with R = 31.8 nm; (b) left
side — representation of the first 4 members of Chebyshev’s polynomial
decomposition for h(r) (in this work, the total number of members is 20),
right side — trivial analytical solution h(r) = O; (c) radial displacement in the
graphene sheet for the same bubble; (d) left side — representation of the
first 4 members of Chebyshev's polynomial decomposition for u(r), right
side — analytical solution u(r) = (R/r) u(R).

provides an increase in the specific surface energy. A successive
increase in density for an incomplete layer does not necessarily
lead to better adhesion to the substrate due to bulk attraction.
At high densities (p 2 0.5 g em™*), when several adsorption
layers are formed, the influence of the bulk is negligible, and
the specific surface energy becomes constant.

In the applied model, we use a simplified approximation for
the dependence of the specific surface energy on density, which
does not take into account the fluctuation described above.
This model is fitted by a hyperbolic tangent using MD simulation
results (see Fig. 3b).

The typical height profile 4(r) of the GNB obtained by the
model is presented in Fig. 2a. All the obtained height profiles
match each other in dimensionless coordinates (7/R, h/H),
where R is the radius of the GNB and H is its height. These
data are in agreement with analytical results from membrane
elastic theory.'® The typical radial displacement profile u(r) is
also shown in Fig. 2c.

If A(r) and u(r) are known, then the algorithm allows the
calculation of the radial ¢,, and angular stress gy distributions
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in the membrane of the GNB (see Fig. 4b). An additional check
of the numerical model is to reproduce the pressure from o,
and ggg at each point of the membrane. Due to the equilibrium
condition:

p=Tm 20 @)
Iy rg
where r, and ry represent the principal radii of curvature at a
particular point. The results of the proposed check are pre-
sented in Fig. 4c. There is good agreement between the initial
fixed pressure inside the GNB and the pressure obtained from
eqn (2).

The HJ/R ratio is a geometrical characteristic of a GNB that
can be measured experimentally and shows how ‘“flat” the
bubble is. The H/R ratio dependence on temperature for the
equilibrium GNB is presented in Fig. 5a. We observe a general
trend in which the H/R ratio increases with temperature
growth. For temperatures 260, 280, and 310 K, the H/R ratio
curves exhibit a discontinuity due to the ‘forbidden region’ of
the radii with no equilibrium GNBs inside.

The ‘forbidden region’ formation is explained by the exis-
tence of two local minima in the isomass energy curve Ey(R) for
certain masses and temperatures (Fig. 5b). Away from the

(a) (b)

‘forbidden region’ border, one local minimum in Ey(R) is
usually observed. In the case of two local minima, one of them
is also the global minimum. At a particular mass a switch of the
global minimum to another local minimum occurs and hence
the equilibrium radius of the GNB changes discontinuously.
The width of the ‘forbidden region’ decreases with increasing
temperature and completely disappears at temperatures
slightly higher than the critical temperature of ethane (305 K).

The H/R ratio curves for temperatures of 330 and 310 K are
located above the critical point (see Fig. 5a). Hence, the trapped
substance inside the corresponding GNBs is in the supercritical
or gas phase. For temperatures of 260 and 280 K, the ‘forbidden
region’ separates the H/R ratio curves into left and right
branches. The equilibrium GNBs located on the left branch
are filled with the liquid phase of ethane. In this part of the
curve, the H/R ratio is constant due to the small compressibility
of the liquid phase. These results are in agreement with the
analytical model, which also predicts an incompressible fluid
inside the bubble provided that the H/R ratio is constant.'®*°
Equilibrium GNBs located on the right branch are filled with
a mixture of gas and liquid phases, i.e. the bubbles are not
large enough to transfer all of the trapped substance to the
gas phase.
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Fig. 4

(a) Height profile of a GNB in dimensionless coordinates. The profiles coincide for all bubbles. (b) Radial and angular stress profiles with a

dimensionless x axis. (c) Pressure profile along the GNB's radius generated by the graphene membrane as a solution of the elastic problem. Calculated

from eqgn (2).
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(a) Calculated H/R ratio at 260, 280, 310 and 330 K. The ‘forbidden region’ width decreases with temperature growth. The red line with dots

represents the hypothetical evolution of the bubble with a fixed mass of trapped ethane. The equilibrium GNB radius changes abruptly, then the bubble
reaches the ‘forbidden region’. (b) Energy profiles for GNBs with 3 different masses. When the mass increases, the equilibrium radius (marked with a
circle) shifts to the right. Thus, bubbles with masses My and M, have a minimum in the left well, and bubbles with mass Mz have a minimum in the right
well. This shift from the left well to the right well causes the ‘forbidden region'.

The calculated H/R ratio curve can be used to observe the
path of the hypothetical heating of one bubble with a fixed
mass. One can monitor the evolution of its form and migration
from the left to the right branch during the temperature
increase (red line in Fig. 5a). If the bubble is initially situated
at the edge of the left branch, a small increase in temperature
results in a discontinuous jump in the radius. This result of the
proposed model could be used in an experimental setup in
which an ensemble of GNBs is heated and their radii are
monitored. Some of the GNBs that are located near the ‘forbidden
region’ will have jumps in their radius-temperature dependence.

Additionally, one can investigate ensembles of GNBs stati-
cally without heating of the sample. If enough bubbles for good
statistics are observed and the temperature is below T, then
the proposed model predicts two effects: (1) an interval of radii
where no bubbles are detected (the ‘forbidden region’), where
(2) bubbles with radii less than the left boundary of the
‘forbidden region’ have a constant H/R ratio, and bubbles with
radii above the right boundary have an increasing H/R ratio.

4 Conclusion

In this work, a multiscale model is used to investigate GNBs
with ethane inside. Ethane is chosen because hydrocarbons are
substances that are typically trapped in most experiments. The
main focus is to observe and study the liquid-gas phase
transition of the trapped substances. The morphology and
mechanical and thermodynamic properties of GNBs with ethane
are obtained from the proposed model. GNBs at temperatures of
260, 280, 310, and 330 K and for radii up to 250 nm were studied.

For temperatures below the approximate critical point of
ethane (305 K), a ‘forbidden region’ of radii with no stable GNBs
emerges, and its width grows as the temperature decreases.
We assume that this decrease is a general phenomenon for all

This journal is © the Owner Societies 2019

GNBs regardless of the type of trapped substance because of the
existence of two local minima in the Ey(R) function of a bubble
with a fixed mass.

We expect that for hydrocarbons of a higher molecular
weight and a higher critical point, the ‘forbidden region’ must
be wider at room temperature. Therefore, the effect of the
‘forbidden region’ should be more pronounced in typical
experiments in which hydrocarbons of higher molecular weight
are assumed to be trapped.

The considered problem is closely connected to phase
transitions in confined systems, such as thin films, pores, and
nanochannels.”’ In these systems, the effects of disjoining
pressure,*’ orientational ordering,”* electronic screening,"?
and surface roughness®*™® can lead to a distortion of the phase
diagram. The effect of condensation and “exotic” structuring
is also observed in nanoscale systems, such as nanotubes,
graphene cells and slit nanopores. For example, water, benzene
and cyclohexane molecules inside graphene nanotubes and
carbon slit nanopores exhibit various structured forms.*”™*°
Additionally, water trapped between two graphene sheets exists
in the previously unknown ‘square ice’ solid phase.’® The
considered example of a phase transition in confinement
differs from that described above because the walls are not
rigid and can deform and change their shape due to the inner
pressure of the trapped substance. Taking into account the
changing shape of the walls, it is possible to look from
a different perspective on the problem of phase transitions
in confinement systems and even predict new previously
unknown physical phenomena such as the ‘forbidden region’.
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Chapter 3. Thesis Objectives 3.6. Continuum approach: DFT implementation

3.6 Continuum approach: DFT implementation

Finally, the previous model is improved by including into consideration the inho-
mogeneity of the trapped fluid. This is a step to the model, which is capable of
describing any type of the captured substance. This approach is implemented using
classical density functional theory (¢c-DFT). Using the new model, we can derive
profiles of the bubble, mechanical and thermodynamical properties and the density
distribution of the matter inside. In this chapter, we analyze the results of the cal-
culations with the new model. As a result, the same universal shape scaling rule is
approved. Also, we find that the excess density becomes negative for nanobubbles
with a radius less than 50 nm that can be attributed to the onset of the liquid-solid

phase transition.

3.6.1 Contribution

My contribution to this work: carried out calculations of the bubbles profiles with
respect to pressure and data analysis, took part in results discussion, and writing

the manuscript.
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ABSTRACT

A graphene nanobubble consists of a graphene sheet, an atomically flat substrate, and a substance enclosed between them. Unlike conventional
confinement with rigid walls and a fixed volume, the graphene nanobubble has one stretchable wall, which is the graphene sheet, and its
volume can be adjusted by changing the shape. In this study, we developed a model of a graphene nanobubble based on classical density
functional theory and the elastic theory of membranes. The proposed model takes into account the inhomogeneity of the enclosed substance,
the nonrigidity of the wall, and the alternating volume. As an example application, we utilize the developed model to investigate fluid argon
inside graphene nanobubbles at room temperature. We observed a constant height-to-radius ratio over the whole range of radii considered,
which is in agreement with the results from experiments and molecular dynamics simulations. The developed model provides a theoretical
tool to study both the inner structure of the confined substance and the shape of the graphene nanobubble. The model can be easily extended

to other types of nonrigid confinement.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5138687

I. INTRODUCTION

There is much evidence of the occurrence of exotic metamor-
phoses of trapped substances under nanoscopic confinement: square
ice emerging inside graphene nanocapillaries,” the structuring of
molecules inside carbon nanotubes and nanopores,z ° the consid-
erable decrease in the dielectric constant of water trapped between
a diamond surface and graphene,” gases ordering into a crystalline
array inside nanopores,” the transition of simple liquids to the solid
state caused by volume limitation,” and many others. In contrast,
in some cases, the confinement itself can be highly influenced by
the enclosed substance.” For example, it is known that adsorbed
molecules in nanopores induce considerable stresses of approxi-
mately several GPa.'” These stresses result in deformation'' that
can lead to dramatic changes in the confinement structure.'” There-
fore, in a general case, one has to consider a mutual influence
of the confinement and the trapped substance in a self-consistent
manner.

One appealing example in which an enclosed substance signif-
icantly affects confinement and vice versa is a graphene nanobubble
(GNB). It consists of a graphene sheet attached to an atomically

flat substrate with a trapped substance between them. Originally,
GNBs were treated as manufacturing defects during the assembly
of van der Waals (vdW) heterostructures (different types of 2D crys-
tals stacked together). However, subsequently, many intriguing and
special features of GNBs have been discovered. For instance, the
outer graphene sheet of GNBs under strain creates gigantic pseudo-
magnetic fields.”'* GNBs can be utilized as a container to visualize
chemical reactions.”” In addition, GNBs are spots of intense photo-
luminescence emission caused by strained-induced variations in the
band structure.'®

Of particular interest is the structure of the substance inside
a GNB and its connection with the shape of the bubble. By prob-
ing the shape of the GNB, one can implicitly determine the phase
state of trapped matter and adhesion energies." " The structure of
matter inside GNBs ranges from crystal clusters for GNBs with radii
on the order of nanometers””' to incompressible fluids for GNBs
with radii larger than 100 nm."””” The shape of GNBs is closely
related to the structure and properties of the substance trapped
inside them. For spherical GNBs, the phenomenon of the “universal
shape” (constant height-to-radius ratio) was experimentally found.'”
Subsequent theoretical studies'®'””* led to the conclusion that the

J. Chem. Phys. 152, 054705 (2020); doi: 10.1063/1.5138687
Published under license by AIP Publishing
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“universal shape” is a consequence of the constant adhesion ener-
gies in the considered range of GNB radii. Another intriguing phe-
nomenon is the existence of exotic “pancake” GNBs,'“** which have
flat forms with low height-to-radius ratios. Presumably, molecules
or atoms of the substance trapped in such bubbles are highly ordered
and arranged in a layered structure.”*

Although a number of experimental studies have shown that
various condensation phases can exist inside GNBs and that their
structure and phase state are mainly determined by the radius of
the bubble, there are still many unresolved questions and a great
demand for advanced theoretical models that could provide more
insights into the structure of the substance enclosed inside GNBs
and its connections with the bubble’s shape. To address this issue,
we develop a GNB model based on classical density functional theory
(c-DFT) and the elastic theory of membranes. The c-DFT approach
provides an inside structure of GNBs accounting for molecular
interaction with both the graphite substrate and the graphene mem-
brane. In our model, calculated substance density distribution allows
us to define the pressure, which acts on the graphene membrane.
The equilibrium GNBs correspond to the minimum energy, where
the substance contribution to the total energy expression is also
calculated using c-DFT. Therefore, c-DFT describes the spatial,
mechanical, and energy properties of the trapped substances, which
makes c-DFT one of the most appropriate approaches among vari-
ous fluid theory methods. As an example, we investigate argon fluid
inside GNBs with various radii at room temperature. All modeled
equilibrium GNBs exhibit a constant height-to-radius ratio, which
is consistent with published results of experiments and molecular
dynamics simulations.

Il. METHODS

The c-DFT method is applied to obtain the density distribution
of the confined substance and evaluate its Helmholtz free energy
(Ecr). The confined substance is assumed to have a noncrystalline
structure, and in the following discussion, we will refer to it as
the “confined fluid.” The mechanical properties of the membrane
(graphene sheet) are described by the conventional theory of elastic-
ity.” This theory is used to calculate the elastic energy (E,;) of the
graphene sheet and determine the height profile of the bubble and
the distribution of in-plane deformations. In this model, the foot-
print radius of the bubble R [see Fig. 1(a)] may vary, and the change
in the corresponding adhesion energy (E,;) is calculated as

Ep = Ygss = ygsﬂRzr (1)

where y,; is the specific adhesion energy between the graphene sheet
and the substrate, S is the footprint area, and R is the GNB footprint
radius.

The total energy E, of the system consists of three parts: the
energy of the confined fluid, the elastic energy of the graphene sheet
and the adhesion energy,

Efotal = ch + Eer + Egq- (2)
To obtain an equilibrium nanobubble with a certain mass of

the confined fluid, the total energy is minimized according to “the
shape” of the GNB and the density profile of the confined fluid p(z).

ARTICLE scitation.orgl/journalljcp
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FIG. 1. (a) Schematic representation of a GNB. The height H of a GNB is the
distance between the top point of the bubble and the surface of the undisturbed
graphene sheet. The rectangle with a height Hgj; represents the transformed
geometry that is used in c-DFT calculations. (b) Visual diagram of the model,
which describes the algorithm of the total energy calculation and (c) constant mass
curves and a line of equilibrium GNBs filled with argon in (P, R) coordinates. Con-
stant mass curves are calculated for a fixed mass and specified range of radii, and
then, an equilibrium GNB with minimum energy is located. The numbers denote
the isomass curves containing 1, 2, 4, 8, 16, 24 x 10 of argon molecules inside
GNBs.

“The shape” concept of the GNB includes the footprint radius, the
height profile h(r), and the displacement profile u(r). In addition
to the mass constraint imposed on the total energy minimization,
there is an extra condition of mechanical equilibrium between the
graphene sheet and the confined fluid, which implies that the pres-
sure applied to the confined fluid is equal to the pressure developed
by the graphene membrane [Fig. 1(b)].
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The elastic energy of the graphene sheet is defined in terms of
elasticity theory (see paragraph 14 in the book ™). The energy expres-
sion from the theory of equilibrium of plates applied in cylindrical
coordinates yields the following expression:

Ey= f [We (st 1) + ¥, ()] 2707, (3)
0

where ¥ and W), are the stretching and bending energies per unit
area, respectively; u,g is the strain tensor; / is the height profile; and
r is the radius. The detailed expressions for specific stretching and
bending elastic energies are provided in the supplementary material
(see Sec. S1). Additionally, from the theory of elasticity, the pres-
sure developed by the graphene sheet deformation is calculated as
follows:
Prech = o + %a 4)
Tr To
where r, and ry represent the principal radii of the curvature of the
graphene membrane at a particular point and o, and ogg are the
radial and angular stress distributions in the graphene membrane,
respectively.
To evaluate the internal energy of the confined fluid by using
c-DFT, the bubble profile is reduced to the slit geometry represen-
tation [Fig. 1(a)]. The height of the slit geometry is evaluated as

Hgy = V/7R, (5)

where V is the volume of the GNB.

Fundamental measure theoryl(’ (FMT), which is a version of
c-DFT, is employed to calculate the specific Helmholtz free energy
f and the density profile p(z) in the direction normal to the sur-
face. The density fluid distribution p(z) can be found from the
minimization of the grand potential Q[p(z)] as follows:

oQfp] _
3p(2)

The Q[p(z)] takes into account the ideal gas term, the fluid-fluid
interactions, and surface-fluid interactions with both the substrate
and graphene membrane,

(6)

Hgie
QJA = kT fo " dzp(2)[Inp(2) — 1] + fuse (Hyior o T)

Hqie
+ ./0 de(Z)(Uext(z) - n"l)’ (7)

where A = 7R? is the footprint area; u is the bulk chemical potential;
T is the temperature; fexc = Fexc/A is the inhomogeneous excess spe-
cific free energies containing the terms of fluid attraction and repul-
sion; the term Uext(2) = Usupstr(2) + Umembr (H — 2) is the external
potential describing fluid interaction with the substrate Ugybstr(2),
and the membrane Uyempy:(H — 2) at the distance Hg;; from each
other. The detailed expressions for the density functional and the
external potentials are provided in the supplementary material (see
Sec. 52). Then, the energy of the confined fluid is given by

ARTICLE scitation.orgl/journalljcp

Hgie
Eg= ﬂRz{kBT/O dzp(z)[Inp(z) = 1] + fexc(Hsio 4, T)

Hgit
N fo dzp(z)Uext(z)}. ®)

The pressure P inside the confined fluid is calculated according to
the procedure described in this work as follows:”’

_.oa 1 00
9779V T aR? OHy,’

&)

where Q[p] is the grand canonical potential that corresponds to the
equilibrium confined fluid state p(z) and V = nR*Hy;, is the volume
of the GNBs.

The algorithm of the total energy evaluation of a GNB consists
of two steps [see Fig. 1(b)]. In the first step, extensive tabulated data
are generated for the elastic, confined fluid and adhesion parts of
the total energy. Input parameters for every contribution are taken
in a specified range, and corresponding meshes are built. The mesh
of the elastic energy contribution is built in (P, R) coordinates,
the mesh of the confined fluid contribution is generated in (P,
Hg;:) coordinates, and the 1D mesh of the adhesion contribution
is constructed in an (R) mesh. After the meshes are generated for
every point, the output parameters of each energy contribution are
calculated.

In the second step of the algorithm, the points of the obtained
meshes are joined together. The procedure is as follows: A particular
point in (P, R) is chosen because the calculation of E, is already
performed. The volume V of the system is also known. Then, the
point in (P, Hgj) that meets the following two conditions is found:
Ppech = Pipand Hyy = V/ 7R?. At this stage, the density profile p(z) is
obtained from c-DFT and the average density of the confined fluid
is evaluated in the z direction as follows:

1
pr= fp(z) dz. (10)

The mass M of the bubble is simply evaluated as p,V. The join-
ing with the remaining 1D R-mesh of adhesion is performed by
choosing the point with the corresponding radius.

The procedure described above leads to numerous GNBs with
the same mass but different radii, internal pressures, and total ener-
gies. They can be depicted as isomass curves in (P, R) coordinates
[see Figs. 1(c) and 2(b)]. The equilibrium GNB on the isomass curve
is determined as the bubble with the lowest total energy. As one can
see from Fig. 1(c), the footprint radius decreases and the equilibrium
pressure increases as the number of the trapped molecules becomes
larger.

The developed model is applied to GNBs on a graphite sub-
strate with trapped argon atoms. The temperature is fixed in all
calculations and equals 300 K. The resulting equilibrium GNBs in
(P, R) coordinates are shown in Fig. 1(c) and with additional details
in Fig. 2(a). In accordance with our algorithm, the equilibrium GNB
corresponds to the minimum of the isomass total energy, as shown
in the inset in Fig. 2(a). GNBs in the range of 50-350 nm correspond
to pressures in the range from 60 MPa to 8 MPa. This pressure range
is way below crystallization pressure (1300 MPa) of argon at room
temperature. It allows us to assume that argon inside the bubbles
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(a) Thus, the universal shape of a GNB can be assumed if adhesion prop-
' ' ' i ; erties and Y modulus do not significantly depend on the bubble’s
60 radius.

%
=<
50 =
?g" I1l. RESULTS AND DISCUSSION
40! % The developed model describes both the external equilibrium
= = GNB properties (P, R) and the corresponding inner structure. The
E 30 confined fluid structure is characterized by the density distribution
an obtained from the c-DFT part of the model. The ¢-DFT approach
calculations allow us to evaluate p;s for a given height of the slit
20 geometry and pressure. The typical density distributions are shown
in Fig. 3 for various GNBs. Confined liquid structures can also be
10 characterized in terms of excess density,
0 Pexc = Pcf — P05 (12)

50 100 150 200 250 300 350
where py is the bulk fluid density for the corresponding pressure. In

(b) Ronm Fig. 3, the inset shows the nonmonotonic behavior of for dif-
2.9 Pexc TOr dl

0.15— ‘ : v , " : ferent equilibrium GNB pressures. All considered GNBs exhibit a

& 013 positive excess density that corresponds to the presence of a dense

= 000 000 g0 g¢000 00 00 o layer near the surface. Nevertheless, if one extrapolates the excess

0.11 density graph in the region of high pressures, which corresponds to

50 100 150 200 250 300 350 GNBs with radii less than SQ nm, the excess density becomes neg-

R,nm ative. We assume that negative excess density could be the precur-

sor to the liquid-solid phase transition. This prediction agrees well

FIG. 2. (a) Line of equilibrium GNBSs filled with argon in (P, R) coordinates. Calcu- with recent molecular dynamics simulations” in which solid argon

lations are performed for masses that correspond to a number of Ar atoms ranging

from 0.2 x 10° to 24 x 10°. Inset: characteristic example of the total energy profile gg room temperature was observed in GNBs with radii less than
for the isomass curve of a GNB storing 0.5 x 10° atoms. (b) Calculated height-to- . . Lo

radius ratio H/R. It is almost constant in the considered range of radii and equal to We also considered trapped He at 300 K inside a GNB (see
0.125. Sec. S3). The difference between the properties of He and Ar

trapped inside a GNB at room temperature is insignificant. Com-
puted density distributions exhibit only one prominent peak that

either in gas or liquid phases and the proposed model is applicable to
GNBs considered. A significant increase in the pressure is observed 4.4
for small GNBs (R < 100 nm), which is in accordance with previous

multiscale modeling”® and MD simulations.”’ E 30
The standard approach to characterize GNB profiles in AFM 4.0 E;

experiments is to measure the height-to-radius (H/R) ratio. The £ 5
study" shows that the H/R ratio is universal, i.e., independent of [ g
, . . . 3.2 2

the bubbles’ radius or volume. Our algorithm provides a geomet- s |

ric profile of the equilibrium GNBs that also allows the calculation Z 10
of the height and radius. The constant ratio H/R = 0.125 is observed &

for all considered equilibrium GNBs [see Fig. 2(b)] from our calcula-
tions. This result is in agreement with experimental data'” and previ-
ous theoretical studies.”*”* A semi-analytical expression for the H/R
ratio could be derived from the theory of elastic membranes coupled

Density, x10° kg/m?
= N
O"’ )

with the assumption that the trapped substance is an incompressible 0.8}
liquid as follows:"
— o — 1/4 0.0 !
H_ (Vgs Vet st) / (1) 0 02 04 06 08 10 12 14
R cY ’ Z, nm
where Vet and yy are the parameters of the graphene-fluid and FIG. 3. Density distribution along the z axis obtained from c-DFT. Curves from
substrate—fluid adhesion interactions, respectively, ¥ is Young’s 1 to 4 correspond to the following slit geometry parameters (Hg, P): (4.38 nm,

43.79 MPa), (6.7 nm, 31.74 MPa), (14.4 nm, 14.57 MPa), and (20.5 nm,

modulus of the 2D crystal, ¢ is the geometrical parameter, obtained 10.17 MPa), respectively. Inset: excess density at different pressures.

numerically, for a spherical bubble, which equals approximately 0.7.
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corresponds to the one well structured molecular layer near the sur-
face and homogeneous fluid inside the GNB. These profiles qual-
itatively agree with the ones observed in the MD simulation.”
Direct comparison with MD results” could not be done because
of the extremely small bubble’s height 0.83 nm considered in MD
simulation.

One of the limitations of the developed model is that it can-
not consider crystal structures that presumably arise for GNBs with
radii less than 50 nm. There are two reasons for this limitation.
First, an assumption about the isotropic pressure that is produced
by the confined fluid is built into the model. Once the trapped sub-
stance is solid, this is not the case and one has to consider the
anisotropic pressure tensor. As a result, the elastic problem for the
graphene membrane became significantly harder to solve. Second,
c-DFT itself is still a limited method for considering both con-
fined liquid and solid phases simultaneously. The currently available
liquid/solid-state c-DFT frameworks are still in the beginning stage
of development.”

Nevertheless, the case of the solidification of the substance
trapped inside GNBs is quite interesting. It is known both experi-
mentally’””' and from MD simulations™ that solid structures could
emerge inside small GNBs with radii of less than approximately
50 nm. Additionally, small GNBs could exist in different morpholog-
ical forms, for example, experimentally and MD observed “pancake”
or “flat island” forms.'*** Thus, the development of a comprehensive
GNB model that should be able to describe gas-, liquid- and solid-
phase states of a trapped substance simultaneously is in demand and
would be the objective of future research.

IV. CONCLUSION

We developed a model of GNBs that takes into account the
inhomogeneous structure of the confined fluid and the mechanical
stretching of the graphene membrane. The c-DFT approach is used
to describe confined fluid properties. It provides information on
the inner structure in terms of density profiles. The graphene sheet
mechanics with a constant pressure profile are described by the the-
ory of elasticity of membranes. Unlike the confined fluid theory in a
solid porous medium, a GNB is an example of nonrigid confinement
that requires an additional condition of mechanical equilibrium. We
develop an algorithm that calculates GNB characteristics by tak-
ing into account the equilibrium of the graphene membrane and
trapped fluid in a self-consistent manner. As an example application,
we consider GNBs filled with argon at room temperature in the radii
range of 50-350 nm. Our calculations present the universal shape of
equilibrium GNBs for the whole range of radi, i.e., the constant H/R
ratio, which is consistent with previous experimental measurements
and MD simulations. Additionally, the density profiles and excess
density of the GNBs in the considered range of radii are evaluated. It
is shown that the extrapolation of the obtained results to the region
of radii smaller than 50 nm leads to negative excess densities, which
can presumably be attributed to the onset of the liquid-solid phase
transition.

SUPPLEMENTARY MATERIAL

See the supplementary material for details about calculations
of elastic energy, formulation of the DFT approach, and results of
helium filled GNBs.
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Supplementary materials

1. S1
The functional relation of the strain tensor components with the radial displacement (u,) and
height profile (h) is

ou, 1 (0h 2 .
Upp = —— + - | = Uugg = —. 1
T or + 2 <6r> s 06 r ( )

We assume that Poisson’s ratio is equal to zero. In this case, the stress tensor components are
orr = Yy, oo = Y ugy, (2)

where Y is the Young’s modulus of the graphene sheet with dimensions of energy per unit area.
Then, the specific stretching and bending elastic energies can be expressed as

Our\* | Dur (O’
e () (2
+4Q%)+(J)]v ®)
)]

1 Y
\I/s = §ua30a5 = 5

2. S2

In order to consider fluid properties inside GNBs we use slit pores as the geometrical model of
the confinement. The grand potential accounting for inhomogeneous fluid distribution inside
slit confinement can be written as follows:

H
Qmunszun+AA dzp(2) (Ve (2) — 1) (5)

where z-axis is directed perpendicularly to the surface into the fluid phase, F'[p] is the Helmholtz
free energy, Uext is the external potential, p is the chemical potential, A and H are the surface
area and the width of the slit pore. The equilibrium density distribution p is satisfied to the
following condition:

6Q[p]

op
The Helmholtz free energy can be split into two parts: the ideal term Fj; and the excess term
Fepe describing contributions of intermolecular repulsion and attraction. Henceforth Boltzmann

and Plank constants are assumed to be equal to one: kg = h = 1. Thus, Helmholtz free energy
can be expressed as

Flp] = Fialp] + Fexelp] (7)

-0 (6)



For an ideal system without any interactions, the Helmholtz free energy is known exactly :
H
Filp] = kBTA/ dzp(2)[In(A%p(2)) — 1] (8)
0

where T is the temperature, A = (27rmT)1/ 2 is de Broglie wavelength, m is the mass of molecule.
Expression (8) contains three-dimensional integration which can be reduced to one-dimensional
integral using spatial symmetry.

Molecules are considered as not ideal system which is represented by spherical molecules with
diameter d interacting via Lennard-Jones (LJ) potential Uy, s

ULxr>=zkff[(f>12<f)6] ©

where €y is the characteristic intermolecular energy. The excess term contains the repulsion
contribution, which can be described by reference system — the system of hard sphere, and
attraction contribution. Thus, the excess Helmholtz free energy can be written as

Fe:rc[p] = Fpus [P] + Fut [p] (10)
Here for perturbed attraction part we use Weeks-Chandler-Andersen (WCA) scheme with
the following representation of attraction potential: Uy = —eyy if the distance » < A and

Uatt = Ury(r) if r > X, where A = 21/64 corresponds to the minimum of LJ potential. The
mean-field approximation for attraction part is

1 S L s I
Foe = 2//d7’/dTP(T)P(T/)Uatt (‘T_T/D (11)

General expression for Helmholtz free energy of hard spheres has the following form

ﬂﬁzT/¢mmaww* (12)

In current research we apply Rosenfeld-Schmidt-Lowen-Tarazona (RLST) version of FMT

ning — Ny1 - M2

S psng = —noln(l —n3) + +
1—ng3
P 1og(T2) g (Te2)’ (13)
247 (1 — ng)? n2 n2
where no, a = 0,1,2,3 and 7,, a = V1,V2 are scalar and vector averaged functions

respectively. These new variables have the following definition:

Ng = /dﬁp(z')wa(F— 77),

wa(r) =0(R —_'r), w3 (1) :_,G(R —r),
w1 (7) = ‘Z% Wy = ;5(3 —7)

where R is radius of molecule. As one can see in (14) the region of integration for n,
corresponds to the size of molecule. Situation when a fluid molecule and solid surface has non
empty crossover is impossible due to repulsion part of external potential.
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Figure 1. The comparison of bulk ¢-DFT EOS (blue curve) and NIST data of Argon and
Helium at 300K (red dots) using corresponding parameters from Table 1.

The last term in (5) is external potential describing interaction between a fluid molecule and
solid media F,.;;. This potential has to take into account geometrical properties of solid surface:

Fo = A / d2p(2) U (2) (15)

In the expression of external potential we take into account the impact of two walls corresponding
to graphene membrane and substrate:

Ue:vt = Usubstr + Umembr(H - Z) (16)

In our study we considered symmetrical case using the same potential for both the membrane
and the substrate, which is determined by 10-4 expression:

2 (dsy " _(Ysr ) (17)
9\ 2 z

where ps = 0.114A73 is the number density of carbon atoms in graphite, A = 3.354 is the
interlayer spacing in graphite, €,y and d,y are the characteristic energetic and scale parameters of

the solid-fluid LJ potential. These solid-fluid interaction parameters are defined by the Lorentz-
Berthelot rules

Uegt(2) = 27T,08€5fd§fA

1
€sf = (eff635)1/2, dsf = Q(dff + dss),

The comparison of the used DFT bulk equation of state with the NIST data is shown in Fig. 1.

The slit height Hg; = W—‘}/p is defined from the volume corresponding to the realistic profile
cyR?H, where cy is approximately equal to 1.7 [1]. Therefore the approximated height is
linearly proportional to the real one Hgiy = cy/mH that correctly reflects the dependence on
H. This approximation is not applicable in the case of extremely small GNBs when the height
is comparable with the molecular diameter. Indeed slit geometry at Hg ~ 2 nm accounts for
various confined fluids effects such as disjoining pressure, which are almost neglected for real
GNB profile with H = 7 /cy Hgi¢ ~ 4 nm.



Table 1. Parameters of fluid-fluid interaction for argon, and parameters of solid-solid interaction
for carbon.

Trapped substance efr/kp, K dyy, A e /kp, K dg, A
Argon 110.6 3.17 28.0 3.4
Helium 15.5 2.26 28.0 3.4

Another type of the errors due to the slit pore approximation is related to the lack of the
curvature in the expression of effective fluid-solid potential corresponding to graphene membrane.
However the radius of curvature for the considered in our work GNBs can be estimated using
the following expression:

(1+K(r)2)*?
B (r)

_ (1+(2Hr/R**3? R?
B 2H/R? T 2H

Rcurv =

As we demonstrated for all considered GNB the ratio H/R is almost constant around 0.125,
then Reyry = 4R > 200 nm. Therefore the ratio Reyyy/d >> 1 allows to neglect the curvature
influence in the effective potential. Thus, the potential of the flat graphene sheet is reasonable
approximation at considered GNB radii.

3. Helium GNB

To qualitatively compare the results of our approach with published MD simulations [2] we
considered helium filled GNB at the temperature 300 K. The density fluid distributions of two
equilibrium GNBs are shown in Fig. 2. The GNB containing 0.1 x 105 of helium molecules
can be considered as the smallest volume and the largest pressures, which can be described
by our approach. Similar to argon filled GNB and MD results [2] even at largest pressure we
observed only one adsorbed layer. Therefore, these calculations confirm our assumption that the
difference between helium and argon is insignificant. The ratio H/R calculated for equilibrium
helium GNBs is shown in Fig. 3
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Figure 2. The inner density distributions of the helium GNBs stored 0.5 x 10% and 1 x 10 of
the molecules at T' = 300K. The equilibrium parameters are the following: (left) H = 38 A,
R =298 A, P =85 MPa and (right) H =75 A, R =585 A, P = 46 MPa
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Figure 3. The ration H/R calculated for helium GNB at 300K filed with 0.1, 0.3, 0.5, 1, 1.5
and 2 millions of the molecules (from left to right).
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"Prediction is very difficult, espe-

cially if it’s about the future."

Niels Bohr

Chapter 4

Conclusion

4.1 Summary

The work presented in this thesis is aimed to explore the properties of the graphene
nanobubbles, which are good examples of the van der Waals nanobubbles family.
Graphene is a well-studied two-dimensional crystal. That is why its properties are
well described by different models.

Graphene nanobubbles were first discovered while creating two-dimensional het-
erostructures as undesired defects. However, further graphene nanobubbles are
found to possess a large number of interesting properties, making a lot of researches
work in this area. For example, there is a giant pressure inside graphene nanobub-
bles up to 1 GPa. Such great pressure makes it possible to use this type of matter
confinement as hydrothermal reactors and surface modifiers. Although a large num-
ber of experimental studies are done, the behavior of the trapped matter was still
not studied enough. Thus, for example, there are still disputes about the state of
the trapped matter. The opinions vary from gas to solid states. Also, a lot of studies
where it is even not defined what type of substance is captured by the bubble.

That is why comprehensive theoretical research is needed to understand the
physics of the formation of the nanobubbles and the behavior of the trapped matter
under such an unusual type of confinement. Firstly, the molecular dynamics simu-
lations for small nanobubbles up to 33 nm are performed. The upper layer of the

nanobubble is graphene, the trapped matter is argon, simulations are performed at
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room temperature. These calculations reveal that argon exists in the solid phase at
such conditions, despite the fact that pressure is not high enough and temperature
is not low enough to crystallize argon in bulk. This phenomenon is a manifestation
of the strong confinement effect created by the substrate and attracted 2D crystal.

Further investigation is aimed at the development of a model which is capable of
studying the bigger nanobubbles. That is why the continuum approach is chosen.
It combines the theory of elasticity of membranes, the equations of state of matter.
This energy approach allows the calculation of the profiles of the nanobubbles, the
strains and stresses of the upper graphene sheet, and the state of trapped matter. We
performed simulations for graphene nanobubbles with trapped argon and ethane for
various temperatures. We found that substances inside graphene nanobubble can
undergo a phase transition and that different states of trapped matter affect the
shape of the nanobubble. Thus the H/R ratio for nanobubbles with trapped liquid
must be less than the trapped gas phase. Also, we predict the 'forbidden region’,
i.e., the range of radii where no stable bubble can be found at some temperature.
This region separates the bubble with the matter of different phase states.

Finally, we implement the classical density functional theory into the last model.
This improvement allows us to take into account the inhomogeneity of the trapped
fluid and make a correction to the thermodynamics property of the matter. Also,
it allows studying the structure of the fluid. This approach considers the graphene
nanobubble as an interesting type of matter confinement. It is unique because the
confinement size adjusts due to the competition between the van der Waals and the
elastic forces. Thus the matter inside is affected significantly by graphene walls. It
is shown that for nanobubbles with a radius less than 50 nm, the negative excess
density is presented. That can be attributed to the onset of the liquid-solid phase

transition.

4.2 QOutlook

Graphene nanobubbles are very promising in industrial and laboratory applications

due to a number of their unique properties. Still, many aspects of the formation
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of graphene nanobubbles are disclosed. Our theoretical studies helps to predict
properties and to understand the physics of graphene nanobubbles.

For the successful application of graphene nanobubbles, the controlled synthesis
of graphene nanobubbles should be developed. The ability to capture the desired
matter inside graphene nanobubbles opens the door to controlled chemical reac-
tions in strong confinement. Also, a lot of possible applications require a particular
substance to be trapped. As well different methods of matter detection and obser-
vation should be applied and improved in order to study the state of matter inside
such a small space, like low-energy electron microscopy and synchrotron-based pho-
toemission electron microscopy or x-ray photoelectron spectroscopy. In molecular
dynamics, the bigger systems with sophisticated potentials should be used in or-
der to describe the interaction of water or hydrocarbons with different types of 2D
crystal such as graphene or MoS,. Finally, the theoretical investigation should be
focused on the development of a precise model to describe matter in such extreme

confinement and to take into account liquid-solid phase transition.
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(Glossary

2D two dimensional. 10

AFM atomic force microscopy. 17
CNTs carbon nanotubes. 23

DFT density functional theory. 13
FTIR Fourier transform infrared. 20
GN graphene nanobubble. 10

LAMMPS large-scale atomic/molecular massively parallel simulator. 14

LEEM low energy electron microscopy. 21
MD molecular dynamics. 10

STM scanning tunneling microscopy. 19
vdW van der Waals. 10

XPEEM synchrotron-based photoemission electron microscopy. 21
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