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Chapter1
1.General introduction

1-1. Nano-carbon

Nano-carbon materials are low-dimensional carbon clusters such as fullerenes,
carbon nanotubes, and graphene. Since fullerene Cgo was discovered by Kroto in 1985,
many people have been attracted to understanding low-dimensional carbon structures
and their physical properties®™.

Nano-carbon materials exhibit the various structures shown in Figure 1-1, each of
which possesses quite different properties. Fullerene Cgo has a soccer ball structure!™), as
shown in Figurel-1 (a). Ceo is the smallest size carbon cage because it has to satisfy the
isolated pentagon rule® ). The most interesting point for the application of fullerenes is
that the carbon cage of fullerenes can encapsulate some atoms inside its internal space.
For the interior atom, it is placed in isolated zero-dimensional space. Of course, most
internal atoms bond with the carbon cage; however, the less interactive atoms or

molecules behave as if they are free-standing in vacuumt®%,
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Figure 1-1: Structural images of nano-carbon materials. Fullerene C60, a carbon nanotube, and

graphene are shown in (@), (b), and (c), respectively™.

On the other hand, carbon nanotubes (CNTs) have a test-tube-like structure, as
shown in Figure 1-1 (b)* ' Interestingly, CNTs show various electronic properties
that depend on their structuret®>*": therefore, they are expected to be used in thin-film
transistorst*®?°!. The way in which the hexagonal carbon network film of graphene is
rolled into a CNT is shown Figure 1-1 (c). In recent research, CNTs have not only been
applied in electronic devices, but also their inner space has been employed as a

nano-sized reactor?271,



1-2.  Graphene

Graphene is a monolayer of graphite consisting of a hexagonal network of carbon
lying in one plane, as shown in Figure 1-20*%2° Since graphite is assembled from
graphene not by chemical bonding but by van der Waals interactions, graphene can be
easily exfoliated from bulk graphite®®). Graphite and graphene show differences in their
electronic, ®%optical, and mechanical properties because they have different electronic

dispersion relations®* 3.

Figure 1-2: Structural images of graphite (left) and graphene (right).

Various unique physical properties of graphene have been suggested by calculations
performed by many researcherst®?, but it was not expected that two-dimensional
materials could be stable in air before they were actually found in 2004 when the first
experimental report about the electronic properties of graphene was published by Geim
and Novoselov®!. In this paper, graphene was prepared on a SiO, substrate by
mechanical exfoliation using scotch tape. This was the first experimental demonstration
of the 2D crystal. As a consequence, this report spread quickly and had a great impact

all over the world. In 2010, Geim and Novoselov were awarded the Nobel Prize for



their work on the confirmation of the properties of graphene. In recent times, many
papers relating to graphene are being published every day.

The 2D carbon hexagonal network configuration makes graphene strong and stable.
Comparing monolayer graphene with steel of the same thickness, graphene has a
breaking strength 200 times that of steel™. It has even been reported that a 1 x 1 m?
graphene monolayer can support a cat. Infinitely repeating sp®bonds without dangling
bonds make graphene chemically stable, and the remaining p orbital electrons behave as
free electrons® 233 These free electrons can be regarded as zero-mass Dirac

electrons.

1-2-1. Electronic properties of graphene
Graphene has two carbon atoms, A and B, in the unit cell, as shown in Figure 1-3.

The coordinates of other atoms are described by the addition of a translation vector®®!,

Figure 1-3: Graphene unit cell (left) and its reciprocal lattice images (right).



The =m-electrons on the carbon atoms are assumed to be bound strongly by each
carbon atom (tight binding method), and the repetition of A and B can be approximated

by Bloch functions; the specific functions can be described as follows:

Wk, 1) = Cy(k)P,(k, ) + Cp(k)Pg (k,T) 1)
®4067) = = Ses e p(r — R), (k1) = = Tep e*Rp(r — R) @

In these equations, ¢(r — R) represents the wave function of the n-electrons localized
on the carbon atom placed in position R and N is the number of the crystal lattices. By
solving the determinant |H - ES| = 0 using the Eigen function, it is possible to determine

the energy E. Details will be omitted, but E can be expressed by the following equation:

E= iyo\/l +4 CosaTk" cos \E;lky + 4(cos aTk")Z 3
Here, ais the lattice constant of graphene (0.234 nm), and the binding constant vy, is
approximately 3 eV. According to equation (3), the relation between E and k is as shown

in Figurel-4.



Figure 1-4: Energy band structure of graphene (left) and enlarged view focusing on the K-point

(right). The horizontal axis shows E and the vertical axis shows k.

The contact of the upper and lower bands at points K and K’ is confirmed in Figure
1-4, which is in agreement with the half-metallic behavior of single-layer graphene. The
gradient of the band, E/k, in the vicinity of the K-point is linear according to the
enlarged view of Figure 1-4. It suggests that electrons near the Fermi energy continue to
move at a constant speed as zero-mass electrons. The constant speed of the electrons is

approximately 10° m/st53¢1.

1-2-2. Optical properties of graphene
Surprisingly, graphene can be observed by eye despite its atomic thicknesst: 37,
Light absorption is generally caused by optical excitation from the valence band to the

conduction band, and the vertical light absorption rate is proportional to the real part of

dynamic conductivity, which is usually given by a function that depends on frequency.



However, the electronic conductivity of graphene does not depend on scattering
frequency, z, in the vicinity of the graphene’s Dirac point. Considering that dynamic
conductance and electronic conductivity are described in the same dimension, electronic
conductivity should depend on ¢ if dynamic conductance is dependent on frequency.
This is inconsistent; therefore, dynamic conductance should be a constant that does not
depend on frequency. Thus, the visible light absorption rate of single-layer graphene is
approximately 2.3%. This result can be predicted from the fact that the Dirac cone is
linear. Moving away from the Dirac point (i.e., the energy of the excitation light is high),
the visible light absorption rate of single-layer graphene starts to become dependent on
the frequency and the band structure of graphene ceases to be linear. In contrast, the
absorption rate for two-layer graphene dramatically increases after exceeding a
threshold value of the frequency, y. Absorption in the visible light region of multi-layer
graphene has a value that increases in discrete steps according to the number of layers;
it has been demonstrated to increase by 2.3% each time the number of layers increases.
This is a surprising result as the absorption rate of 2.3% seems too large to have arisen

from a substance with a thickness of only one layer of atoms.

1-3.  Graphene synthesis

Having a simple structure, graphene has been successfully synthesized by many
methods?® %421 |t is usually synthesized by three main methods: chemical vapor
deposition (CVD) growth on a metal substrate®®*°] mechanical exfoliation from

graphite®®® and segregation from a SiC substrate. Mechanically exfoliated

graphenel®“*Y has high crystallinity but small-sized domains, whereas CVD graphene



has large-sized domains but is not generally of high quality®® “**4

. Graphene
segregated from a SiC surface was formed by epitaxial growth through reduction of the
SiC substrate. Epitaxial growth of graphene can be used to control its structure and
orientation; for example, graphene nanoribbons can be grown on SiC steps. Actually,
well-controlled growth of graphene on SiC substrates has been shown previously to
yield excellent physical properties, approaching those predicted theoretically!®*.

In this work, preparation of highly crystalline and large-scale graphene suspended
on a transmission electron microscopy (TEM) grid was required. Therefore, CVD

growth was chosen and a new method was developed that could produce highly

crystalline, large domains of graphene.

1-3-1. Mechanical exfoliation

In the previously described work by Novoselov et al., repeated exfoliation of
graphite with scotch tape yielded several-layer or single-layer graphene®®!. Previously,
graphene was deposited on a silicon substrate by dissolving the scotch tape attached to
the graphene pieces, but a more recent method is known in which directly attaching the
tape to a silicon substrate and pulling is enough to obtain graphene on a silicon substrate.
It is possible to obtain relatively large crystals by the development of this simple
method, which does not involve solution. Now, pieces of graphene with sizes on the
order of 100 um can be produced, and larger sizes are becoming possible as the
development of polymer stamping methods with PDMS progressest*®!. Compared with
the CVD method, domain sizes produced by the above methods are still small; however,

they are inexpensive and high-crystallinity graphene can be obtained easily.



1-3-2.CVD

CVD is a method that results in epitaxial growth on the surface of a metal
substratet®® 44 46501 \;arjous metal substrates work as a catalyst for decomposing
many types of carbon sources. The usual choices for metal substrates are nickel and
copper. The two metal catalysts have a large difference in growth mechanisms. Nickel
can dissolve carbon atoms in its structure at high temperature, but they easily segregate
into graphene layers on the substrate at low temperature!”. On the other hand, copper
cannot dissolve so many carbon atoms, even at high temperature!”. Therefore,
graphene on the copper substrate is grown through surface reaction. The number of
layers of graphene is roughly controlled by utilizing this difference in CVD growth

mechanism.

1-4. Water

Water, with the chemical formula H,O, is a colorless, transparent, tasteless, and
odorless fluid, which forms the world’s oceans and rain; water is the major constituent
of fluids on Earth. It is known that water molecules form strong hydrogen bonds with
each other, which cause many differences in the physical properties of water compared
to other liquids with weak or absent hydrogen bonds®®". For example, the phase diagram
of water is shown in Figure 1-6°. The phase transition temperature for the conversion
of liquids to solids usually increases with pressure. For water, however, the phase
transition temperature for the conversion of liquid water to ice decreases as the pressure

increases. This phenomenon is explained by the effects of hydrogen bonding.
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Figure 1-6: Phase diagram of water!®.

Water as a solvent can dissolve many types of ionic solids and polar liquids.
However, it is not clear how these crystals or fluids dissolve or distribute. These
phenomena have been studied by various techniques®™®", but it is difficult to determine
whether their results are consistent with actual phenomena. In order to solve this issue,

the solution should be observed with more direct techniques, such as TEM observation.

1-5. TEM

TEM is a type of microscope that uses electron beam irradiation and is one of the

most powerful observation techniques for nanosized materials®® %%, In TEM
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observation, an image is obtained by transmitting an electron beam, which provides a
direct observation of the sample with atomic resolution. TEM observation allows us not
only to get images with atomic resolution but also to perform electron energy loss
spectroscopy (EELS) and energy dispersive X-ray spectroscopy (EDX)®? 647 which
enable elemental analysis, at the same time. In addition, it is possible to carry out
structural analysis in detail by recording electron diffraction patternsl’™. In this study;
JEM-2100F and JEM-2010, which belong to the Alex group (University of California,
Berkeley), were used for observations. JEM-2100F adopts an electron gun assisted by
electric field emission and JEM-2010 adopts a filament as the electron gun.

With both TEM instruments, the observation is basically possible in the same way.
The filament type emits electrons near the Fermi energy as an electron beam by
supplying a voltage to the filament. In the field emission type, the potential is increased
by applying an electric field to the electron beam source, which works to reduce, to
some extent, the voltage necessary for electron emission.

The accelerating voltage was 80 kV for both instruments used in this study!?. At
higher acceleration voltages, the transparency of the sample, which also depends on its
thickness, and the image resolution should be improved. However, destruction of the
carbon-carbon bonds is often observed with increasing voltage. Accelerated electrons at
80 kV, which are known not to knock on the carbon, are generally used in TEM

observation of carbon-based materials’?.

1-5-1. Graphene in TEM observation

Graphene, as an atomically thick sheet, provides an ultimate low-contrast image in

11



TEM observation®""], Graphene has excellent electron transfer characteristics,
mechanical strength, and chemical stability; therefore, it is very suitable as a support for
the sample. According to the above characteristics, it is possible to carry out TEM
observation by placing the sample on a sheet of graphene. In addition, clear contrast in
observation of samples, similar to that for free-standing samples in vacuum, is possible
due to the low contrast of graphenel® ™. We expect that the lattice of graphene will
work as a ruler in TEM. Measuring the exact length in TEM observation is very
important in order to ensure the certainty of observation. In usual observation, we need
to correct the length in advance by observing a material having known lattice constants,
such as gold particles. However, it is also possible to accurately measure lengths by
utilizing graphene film as a reference. Therefore, we expect graphene to be very

appropriate as a support for TEM observation.

1-5-2. Environmental cell

In TEM observation, samples have to be placed under high vacuum. Therefore, it is
impossible to observe samples containing a liquid or gas because such samples vaporize
immediately in vacuum systemst’®#. By using a structure such as that shown in Figure
1-7® direct observation of liquid- and gas-based samples in the environment of a
natural system is possible. This ideal structure is named an environmental cell and is
primarily intended for use in the observation of a metal in a liquid or gaseous
atmosphere. However, since the membranes used as walls and windows of the
environmental cell require sufficient strength, the membranes are hardly transparent to

the electron beam. In case of the observation of targeted light elements, environmental

12



cells do not provide enough contrast to obtain the target materials for determining the
structure and dynamics in detail. Therefore, TEM observation assisted by environmental

cells is limited to observing heavy elements in recent research.

Figure 1-7: Image of environmental cells®®!. (a) Observation with gases, (b) with liquids and (c)

with heating.

1-5-3. TEM observation of liquids

TEM observation applied to liquids or solution-based materials, if realized, would
be quite an effective technique for elucidating the detailed structure and various reaction
mechanisms. If we succeed in confirming the chemical reaction processes and
molecular design, it is expected that operations such as conditioning chemical reactions,
which take a long time, will be drastically shortened. TEM observation of liquids is also
expected to be applied to the development of effective drugs. However, liquids and

solution-based materials have not been directly observed in previous studies, with the

13



exception of solidified solutions. Studies examining the mechanisms of various
structures and reactions in the liquid phase have been performed only by calculation and
spectral analysis by soft X-ray spectroscopy®® #¢¥71. The reason for not being observed
directly by electron microscopes for liquids is described in the Environmental cell
section (1-5-2). Thus, we previously did not have the means to observe liquids directly.
However, in 2013, the TEM observation of liquids by sandwiching an aqueous solution
between two layers of graphene was experimentally shown by Jong Min Yuk belonging
to Alex Zettl’s group at the University of California Berkeley®®. Zettl’s research group
demonstrated that much higher-contrast TEM images revealing the growth process of a
metal salt were provided by sandwiching an aqueous solution of a metal salt between
graphene layers, which are named graphene liquid cells. However, since their
observations have not been focused on liquids, or the contrast of the liquids was too
strong because a large amount of aqueous solutions was sandwiched between the

graphene layers, they have payed attention to the dynamics of the metal salt or metal®®®

80, 88-90]

1-6.  Summary

Various electric devices developed utilizing the electronic properties of graphene
have been pursued actively since the discovery of graphene. However, the graphene
utilized in device applications is basically produced by mechanical exfoliation. There
are not many examples demonstrating high performance by utilizing a CVD-grown
graphene. Therefore, it is important to establish the synthesis conditions of CVD-grown

graphene that yield a large size and high-quality grain, in order to expand the range of

14



graphene applications. We should develop graphene transfer techniques that do not lead
to damages or involve too many steps.

Furthermore, the TEM observation is an important technique for measurement and
characterization of liquids, which provide innovative information corresponding to
chemical reactions and coordination of liquids to biomaterials. If it was realized,
characterization by TEM observation of liquids could become a necessary observation
technique for a wide range of fields of science in the near future. By using graphene in
place of conventional silicon membranes, we expect to obtain clear TEM images of
liquids while suppressing undesirable effects such as vibration caused by charging.
Assuming that graphene liquid cells will be broadly applied for general liquid
observation, research into confinement effects resulting from the use of graphene liquid
cells and how observations are actually made, is required.

In this study, we present three chapters on the development of TEM observation
techniques for liquids. We report on the development of high-quality graphene synthesis
methods in Chapter 2 and on the development of a new transfer method for subsequent
use in Chapter 3. Fabrication and actual observation of various substances sandwiched

between two graphene layers are presented in Chapter 4.
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Chapter 2
2.Graphene growth

2-1.  Introduction

In order to sandwich the liquids between two graphene layers and observe by TEM,
high-quality graphene with sufficient strength and size is required™?. Therefore, it is
necessary to produce monocrystalline graphene by a CVD method. Although graphene
produced by mechanical exfoliation is of perfect quality, thus-produced graphene has a
small grain size. In addition, it is technically difficult to reproducibly suspend the
graphene onto a TEM grid by a mechanical exfoliation process.

However, there is a problem to be solved with the CVD method. CVD synthesis of
grapheme, which is monocrystalline or single domain, has not been achieved™ 3.
Graphene with grain boundaries needs a polymer support to transfer it to the substrate
or TEM grid, because less-bonded graphene does not have enough strength™*3.
However, when preparing grapheme-sandwiched structures with polymer support, a

poor yield of graphene liquid cells is obtained. Furthermore, polymers cannot be

removed completely.
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The main cause of the occurrence of grain boundaries in graphene is that there is a
boundary on the surface of the copper foil, which is the substrate of the epitaxial
growth 81418 Graphene grows with very different orientations from complex crystal
surfaces having boundaries, and weakly bonded seven-membered or five-membered
rings are formed when collision between growing graphene sheets occurst®*™. In other
words, boundary-less graphene is obtainable if a single-crystal copper surface is
possible. Images representing the relation between the direction of two sheets of

graphene and the boundary are shown in Figure 2-1.

0.0°

Figure 2-1: Structure images of graphene boundary.

The arrows in Figure 2-1 represent the deviation of the angle of graphene. Figure 2-1 a)
is an image in which graphene sheets rotated by 15.4° with respect to each other have
collided. Figure 2-1 b) shows no angular deviation but instead a translation. In Figure

2-1 a), five-membered and seven-membered rings can be seen, in addition to
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six-membered rings. In Figure 2-1 b), most terminal carbon atoms are coupled to a
substrate such as copper foil, and thus, strong bonds between each carbon atom cannot
exist. As seen from Figure 2-1, even in the collision of graphene sheets facing the same
direction, a boundary occurs. Furthermore, coupling graphene of different orientations
is more difficult. An ideal combination of all grains of graphene is difficult, even if there
was some correction to the translational displacement by the liquid-like phase of the
copper substrate surface. To briefly conclude, the state in which graphene single grains
are grown on a large area has the most ideal structure.

However, it is difficult to accurately control the number of grains at long growth

si8191  Moreover, control of the

times, which is necessary for growing single grain
graphene layer number at long reaction times is difficult. Therefore, as a compromise,
we tried to align the surface of the copper foil to form a pseudo-single surface, and
graphene was grown on the single-crystalline copper surface in a relatively short time in
the same orientation. Apparently, graphene has many boundaries, but in fact, it is

possible to obtain graphene with strong boundaries, or boundary-less graphene, by

adding hydrogen to the copper foil.

2-2.  Preparation and apparatus
The apparatus shown in Figure 2-2 were prepared for graphene CVD growth. A

quartz (¢26-30 x 1000 mm) or alumina (SSA-S, ¢26-30 x 1000 mm) tube is heated by
an electric furnace, and a gauge adapter connects the tube to the gas line. The gas line
has five mass flow controllers and five gases. Pure H,, pure methane, pure Ar, Ar/3% Ho,

and Ar/3% H,/0.01% CH, are introduced to the quartz tube through this gas line and gas
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passed through the tube is guided to the exhaust line. An O, detector is placed at the end
of the tube. The quartz boat shown in Figure 2-3 makes the substrate available for
introduction into the heated quartz or alumina tube, and is available for ejection of the

substrate to facilitate rapid cooling after the reaction.

Quartz or alumina tube

Ar/H,/CH,

Ar or Ar/H 4 H, l Return air

Mass flow
controller

Electric furnace

Figure 2-2: Schematic image of the CVD apparatus.

Thickness 1 mm

14 mm]\

3mm 7 ]:H:I

120 mm 176 mm
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Figure 2-3: Schematic image of a quartz boat.

In this work, copper foil (Nilaco, 99.9%) is more suitable than other metal substrates
because it is easy to control for producing the mono- or few-layer graphene. The
solubility of carbon atoms in the copper substrate is lower than that in other metals,
about -% at 1273K. In the usual CVD method, deposition is performed in a vacuum
system for monolayer graphene growth because of reduced carbon solubility. However,
it is not the only method for realizing monolayer graphene in a vacuum CVD chamber.
In our work, monolayer graphene can be produced at atmospheric pressure with a

minute amount of carbon source and a large amount of argon as buffer gas.

2-3. Growth mechanism

hte: 8 201 graphene on copper substrates is grown by

According to much researc
dispersing carbon atoms on the copper surface. The density of graphene domains
depends on the density of nucleation sites on the copper surface. This is true if the
copper surface has many defects and boundary layers, or if carbon atoms are present in
small enough amounts not to encounter other carbon atoms. An image depicting
graphene nucleation sites on a copper surface is shown in Figure 2-4. This figure

suggests that we should atomically clean the copper surface in order to control the

graphene domain density and orientation.
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Defects or X
add atoms _~

I

Domain boundaries

Figure2-4: Image depicting graphene nucleation sites.

At the moment of nucleation, the carbon source and copper substrate are
decomposed to carbon atoms and copper hydrate, and then carbon atoms move around
the copper surface. When carbon atoms encounter other reactive atoms, carbon atoms
will bond with the other atoms. Repeating this process, carbon atoms will chain together,
becoming longer and longer. At the same time, chained carbon atoms are etched by
hydrogen gas or by dissolved hydrogen in the copper substrate. Weakly bonded carbon
atoms, which are often located on the edge of the graphene or are misplaced from the
hexagonal structure, are easier to remove than carbon atoms in the hexagonal structure.
Therefore, a graphitic structure can be produced on the copper surface so that the copper
surface is finally covered by graphene. When graphene covers the surface, individual
domains bond together. If domains grow in the same orientation, their bonding will
result in a hexagonal structure. In contrast, if domains grow in different orientations,
bonding will result in a more defective structure. During the growth, the driving force

for reconstruction is etching by dissolved hydrogen atoms in the copper; it is not only
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provided by hydrogen from the gas phase.

2-4.  Pretreatment
CVD growth of graphene is strongly influenced by the substrate, and the (111)

surface of copper is known to be a suitable surface to grow well-orientated graphene. To
prepare the (111) surface, high-temperature preheating of the copper foil under pure H,
flow at atmospheric pressure was utilized. After the pretreatment, almost the entire
surface of the copper foil turned into the (111) surface, and grain boundaries in the
copper foil almost disappeared, which is one difference compared with typical
pretreatments using 3% Hy/Ar gas. The largest difference between the two pretreatments
is found in the mechanical strength of the graphene sheets, due to differences in
reconstruction of the graphene domain boundaries.

Graphene can also be grown on a copper oxide surface in the same way. Graphene
can be obtained by pretreatment in minute amounts of oxygen gas instead of hydrogen
gas. About 1.2% O, was introduced to an Ar atmosphere, and a 4 min annealing process
provided a well-inactivated copper surface. Unfortunately, graphene domains grown in
this oxidation method do not seem to connect with each other. However, the fairly low
density of graphene domains inhibited nucleation by oxidation, and can promote the
formation of large-sized single-domain graphene, which reached 1 x 1 cm? in recent

research.

2-5.  Reactions

In this work, reactions are performed at ordinary pressure and with a low
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concentration of methane gas as the carbon source, which is added to a H./Ar
atmosphere. Heating at 1323 K induces decomposition of methane. The growth rate is
dependent on the total amount of carbon atoms, but is independent of the
carbon/hydrogen ratio. The only influence of the carbon/hydrogen ratio is to create the
carbon hexagonal network while breaking weak structures. As long as the amount of
carbon does not decrease significantly, the amount of nucleation sites exhibits the same

tendency as the growth rate.

2-6.  Experimental
First, the quartz tube (¢26-30 x 1000 mm) CVD chamber was heated by an electric

furnace to 1323 K. The air inside of the quartz tube was then completely exchanged
with Argon gas (99.99%) after placing a piece of copper foil (niraco, 99.9%, 10 x 100
x 0.02 mm®) into the quartz boat. The atmosphere was then exchanged with hydrogen
gas (99.999%) and the copper foil in the quartz boat was moved into the furnace and
annealed for 50 min. In this pretreatment, the copper surface forms a single-crystalline
(111) plane and a critical amount of hydrogen atoms dissolves inside the copper foil.
These hydrogen atoms support reconstruction of graphene domain boundaries, which is
one of the key steps required for the preparation of high-quality graphene films.
Excessive hydrogen gas pressure will prevent decomposition of methane as the carbon
source due to a loss in catalysis. After the pretreatment, the pure hydrogen gas was
quickly exchanged with an Ar/H,/CH,; mixture (Ar; 97%, Hy; 3%, CHy; 0.002%). The
graphene growth time was 8-16 h and was dependent on the state of the copper surface

before pretreatment. Finally, the quartz boat was dragged out from the furnace to
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quench. At the same time, the flow gas was exchanged for pure Ar to stop the reaction
completely. As a result, large-scale oriented monolayer graphene covered both sides of
the copper foil.

In other experiments, pretreatment in an oxygen atmosphere (Ar; 98.9%, Oy; 1.1%)
was performed for 4 min, followed by reduction by an Ar/H, mixed gas for 60 min. The
growth conditions were the same as those for the hydrogen annealing method. To
investigate the effect of the different pretreatment methods on film growth, copper foils
annealed in each of the following conditions were prepared: pure H,, Ar/H,, and Ar/O,
atmospheres. Graphene was then grown on each copper foil following the procedure
given above. The effect of the pretreatment was evaluated by studying the density of
nuclei and the shape of the graphene edge using scanning electron microscopy (SEM)
and optical images.

Next, the effect of the reaction gas ratio on graphene growth on copper foil
substrates that had been annealed in pure H, gas was investigated. The growth

conditions are shown in Table 1.

Name Ar (sccm) H, (sccm) CH, (sccm)
Sample A 145.5 4.5 0.005
Sample B 145.0 5.0 0.005
Sample C 141.0 9.0 0.005
Sample D 291.0 9.0 0.010
Sample E 295.5 4.5 0.0005

Table 1: Reaction gas composition during graphene growth.
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Finally, graphene for TEM observation was synthesized under conditions that were
optimized such that the reaction stopped when the graphene exactly covered the copper

foil.
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2-7.  Results and discussion
Figures 2-5A, 2-5B, and 2-5C show typical SEM images of each sample, which

were annealed in pure Hy, Ar/H,, and Ar/O;, atmospheres, respectively.

(A) (B)

Figure 2-5: Typical SEM images of copper foils prepared by annealing in pure H, (A), Ar/H;

(B), and Ar/O, (C) atmospheres.

Graphene annealed in pure hydrogen gas is shown in Figure 2-5A, which shows that
there is preferential orientation and alignment of the hexagonally shaped graphene
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sheets. Such alignment is not seen, however, in the other images shown in Figures 2-5B
and 2-5C. The other difference between these three samples according to SEM
observation is the density of the graphene domains. The density of the domains
indicates the number of nucleation sites that existed on the copper surface. To further
investigate the difference between Ar/H, and H, annealing, the domain size of the
copper surface was studied. Figures 2-6A and 2-6B demonstrate how the domain size of
the copper surface depends on the preparation method. Optical microscope observation
can be used to visualize the domains of the copper surface, colored by the oxidization of

copper. Oxidization was performed at approximately 500 K in air using a heating plate.

Figure 2-6: Optical microscope images of copper oxide surfaces.

The Ar/H,-annealed copper surface shown in Figure 2-6A has several domains. On the
other hand, the H,-annealed copper surface shown in Figure 2-6B has few domains.
This trend will dramatically influence graphene nucleation. The usual crystal surface of
copper at high temperature is (111), but domain boundaries cause many types of crystal
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surfaces to form. Figure 2-7 suggests that one boundary of the copper surface has the
possibility to induce the formation of misoriented graphene domains. The growth speed
of graphene is dependent on each plane and each orientation; thus, for planes near
boundaries, graphene domains will grow rapidly, while others will grow in different
orientations to those grown on the (111) surface. Therefore, H,-annealed samples result

in well-aligned graphene and less domains than Ar/H,-annealed samples.

Figure 2-7: SEM image of copper domain boundaries, as confirmed by many crystal surfaces!*®.

On the other hand, our pretreatment with H, gas provides a flat and
single-crystalline copper surface, in agreement with Figure 2-8(b). This image was
obtained by the electron back scattering diffraction (EBSD) mapping technique. Figure
2-8(a) shows an SEM image observed on the same region of copper surface as in Figure
2-8(b). This mapping image suggests that the majority of the region has a (111) surface.

The minor regions showing a (100) surface are caused by vaporization. There are no
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domain boundaries.

Figure 2-8: SEM (a) and EBSD (b) mapping images of a copper surface prepared with the

hydrogen annealing method.
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Copper oxide growth induces a low concentration of domains, as shown by the SEM
image in Figure 2-5C. This phenomenon can be explained by the deactivation of
nucleation sites by oxidation. In Figure 2-9, sphere-like contrasts were observed in SEM
images of the oxidized copper foil. The spheres are created from copper, which suggests

that oxygen inclusion in copper was excluded due to the bubbling of water vapor.

Figure 2-8: Magnified SEM image of a copper surface prepared by the oxidation pretreatment

method.

Figures 2-10A, 2-10B, 2-10C, 2-10D, and 2-10E show typical SEM images of each
sample; the conditions used for sample preparation are given in Table 1. Comparing
Figures 2-10A and 2-10B, it is found that the ratio of hydrogen to carbon has no effect
on the nucleation of graphene. The correct ratio of H,/CHj, is required for achieving the
desired reconstruction of the graphene edge. When the carbon supply is much slower

than the hydrogen etching speed, as in Figure 2-10C, large-scale graphene is not
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produced, rather the number of domains is reduced. Comparing Figures 2-10A and
2-10D yields information about the relation between the carbon source flow rate and the
domain nucleation properties. The amount of carbon source directly influenced the
number of graphene domains and their growth rate. In sample E, argon gas was
introduced for determining the flow rate of the buffer gas in our CVD setup. As shown
Figure 2-10E, there is no change compared to Sample A, which means that a buffer gas

flow rate of 150 sccm is sufficient for 0.0005 sccm methane.

(A)
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Figure 2-10: Typical SEM images of graphene grown on copper hydride.

Figure 2-10E indicates that there are many white spots that are localized on the upper
and right sides of the SEM image. A magnification of these white spots is shown in
Figure 2-11. It was determined by EELS and EDX analysis that these flower-like
contaminations are made from silicon oxide. They come from the quartz tube, which is

damaged by hydrogen embrittlement during the pretreatment.

Figure 2-11: SEM images of contamination on copper and graphene surfaces.
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Such silicon dioxide contamination, which inhibits graphene growth and
reconstruction of domain boundaries, was frequently encountered when using a quartz
tube. Silicon oxide contamination on the deposited graphene often integrated with the
carbon atoms of the graphene, and silicon oxide on the copper interfered with the
diffusion of carbon atoms. As a result, the graphene domains could not connect to each
other and the graphene sheets that were finally obtained had many defects.

In an attempt to overcome this problem, an alumina tube was used as the CVD
chamber to remove the possibility of silicon oxide contamination. However, in this case,
alumina particle contamination was found to originate from the tube. In this work, we
succeeded in reducing the number of particles by heating under vacuum overnight after
CVD growth.

Finally, boundary-less graphene sheets with low levels of contamination were
obtained, as shown in Figure 2-12. The SEM images include regions of uncovered
copper surface for visualization of the shape of the graphene sheets. It is difficult to
observe the covered surface because graphene has a flat contrast. Optical images
suggest that the coper surface is completely covered by the boundary-less graphene

sheet.
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Figure 2-12: SEM images (A and B) of the graphene sheet and an optical image (C) of copper

foil after heating in air.

2-8.  Conclusion

In conclusion, we succeeded in obtaining highly crystalline large-area graphene
sheets. By utilizing the graphene grown in this chapter, graphene liquid cells could be
constructed, which is the focus of the following chapters. Producing single-crystal
graphene on a commercially available copper foil substrate is an important achievement.
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However, we found that the key to the process was using single-crystal copper foils,
which were obtained by hydrogen annealing. Gases involved in the reaction needed for
graphene growth, such as methane, and the copper foil as a catalyst, significantly
degraded the quartz tube serving as a CVD chamber. Finally, by using an alumina tube
as the CVD chamber, it became possible to obtain high-quality graphene with good
reproducibility, provided that vacuum heating was performed overnight after each

reaction.
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Chapter 3
3.Graphene transfer and preparation of
graphene-sandwiched structure

3-1. Introduction

Usually, graphene is grown on metal substrates™) and it is difficult to directly
synthesize graphene suspended over holes (i.e., without a substrate)™*. Because of this
issue, graphene grown on the metal substrate is transferred to another substrate or a
TEM grid. To do this, graphene must be separated from the copper foil as an atomic
layer. It is particularly difficult to determine by eye whether the graphene sheet contains
domain boundaries. Graphene sheets containing domain boundaries will immediately
disperse into pieces.

However, we can find graphene sheets containing domain boundaries by covering
the graphene surface with a polymer® ™. The polymer also works as a support for
preventing the graphene domains from dispersing into pieces, even if removed from the
metal substrate. The difference between removing the metal substrate from a graphene
sheet containing domain boundaries, with and without a polymer covering is illustrated
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in Figure 3-1. Figure 3-2 shows photographs corresponding to each step in removing the
metal substrate from graphene sheets containing domain boundaries, with and without a
polymer covering. It is clear that the polymer works very well for transferring graphene

to other substrates or a TEM grid.

Graphene domains

Copper foil

Removing

Graphene domains

Copper foil
supported by polymer

with polymer

@ »

Figure 3-1: Images showing removal of the copper substrate. (A) shows graphene with domain

boundaries and (B) shows graphene with domain boundaries supported by a polymer.
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Figure 3-2: Photographs of the steps illustrated in Figure 3-1.

To date, synthesis of graphene directly onto a silicon substrate has been achieved.
However, examples of the synthesis of graphene sheets directly suspended over slits in
the substrate are negligible. It is extremely rare that the metal substrate disappears
during graphene growth, forming the shape of a slit. Using these methods, it is difficult
to apply the synthesized graphene as a liquid cell with a sandwich structure. Therefore,
a transfer process is needed for the development of a graphene liquid cell for TEM

observation of liquids.

3-2.  Transfer with polymer support
We usually use poly(methyl methacrylate) and polycarbonate as the supporting

polymer for transfer of graphene!® !, The two polymers can be removed easily because

they have good solubility in many organic solvents. We use polymers in order to
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evaluate the quality of the CVD-grown graphene, with the anticipation that the
polymers will work as a graphene transfer support without cracking or creasing, even if
the graphene does not cover the entire copper surface. In particular, we use the polymer
transfer technique for analysis by Raman spectroscopy and electrical device
measurements.

However, the polymer transfer technique has some critical issues that must be
overcome before it is utilized industrially: the polymer cannot be completely removed,
and the use of an organic solvent defiles the graphene surface. These problems may
degrade the excellent properties of graphene. Currently, many researchers use
mechanical exfoliation of graphite as a dry transfer technique for electric device
fabrication since it is found that polymers damage CVD-grown graphene. Thus far, we
have not succeeded in applying the dry transfer technique to CVD-grown graphene.
Therefore, we have encountered difficulties in utilizing CVD-grown graphene due to

issues with removing the polymer covering and the cost of wet transfer methods.

3-3.  Transfer without support

To resolve the issues of the polymer transfer technique, we developed a new
CVD-grown graphene transfer method that does not employ a polymer support.
CVD-grown graphene is immediately dispersed into pieces upon removing the metal
substrate if the graphene grains are not connected with each other. Previously, we
believed that graphene could not be located by eye in order to be trapped on a substrate
without a polymer, because our initially synthesized grains of graphene were too small

to be observed.
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However, we have now confirmed that free-standing graphene in the etching
solution, without a polymer support, can be located due to the development of our pure
hydrogen preannealing CVD method, which produces large, high-quality graphene
sheets"®*]. By illuminating with a fluorescent lamp, we were able to distinguish the
graphene surface from the etching solution surface due to their different reflectance. In
the new transfer method, the transfer operation is completed by directly placing the
substrate or TEM grid onto the graphene. Graphene prepared in this way has a clean
surface with only a few contaminants that adhered to the graphene during CVD growth;

no contamination arises from the transfer process.

3-4.  Experiment

In the first stage of the transfer process, graphene on the backside of the copper foil
(referred to as “backside graphene”) prepared by the above CVD growth method is
removed by etching in Fe(NO3), aqueous solution. High-quality CVVD-grown graphene
usually covers the entire copper surface unless oxidization of a single side of the copper
foil is performed or a silicon covering is added. As a result, backside graphene rolls up
and adheres to the frontside graphene if the backside graphene remains on the copper
surface. As high-quality graphene was usually produced, this trend was frequently
observed. In addition, backside graphene often contains some of the etching solution.
This is an undesirable consequence for TEM observation of liquids using graphene
liquid cells, as the etching solution is observed in addition to the desired sample. The

removal process is shown in following flowchart.
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Upside down
copper foil

Drop etching solution Aspirate solution

Etching solution
Wash with Copper foil is oxidized
deionized water because graphene is removed

Figure 3-3: Flowchart illustrating the process of removing backside graphene.

First, the copper foil covered by graphene is put onto a piece of cotton upside down.
Then 1.5 mol/L Fe(NOs), aqueous solution is carefully placed onto the back side of the
copper foil by a Pasteur pipette to etch the copper surface. The etching solution invades
the copper surface through graphene boundaries and damaged graphene at the same
time. Graphene that has been separated from the substrate rises to the surface of the
solution immediately. As graphene separates from the copper surface, the copper surface
is oxidized by the etching solution. Almost all of the solution is aspirated by the Pasteur
pipette in order to remove the metal residue that originated from the substrate and the
solution. To completely remove the metal residue, deionized water is placed onto the

copper surface in the same way as the etching solution. After repeated dropping and
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aspiration with deionized water using the Pasteur pipette, the water changes color and
becomes transparent. Finally, cotton is carefully placed onto the copper foil to dry the

copper surface.
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3-5. Results of the direct transfer method

To remove the copper substrate, a copper foil with a continuous film of graphene on
the surface was placed in an aqueous solution of ammonium peroxodisulfate (1 mol/L)
for 12 h. This process can remove the copper foil almost completely, leading to the
graphene film floating on the surface of the etching solution. The graphene sheet
floating on the etching solution is shown in Figure 3-4. The backside graphene was
already removed by the technique described above. The graphene film was picked up by
a SiN TEM grid, and then carefully placed into an aqueous solution of hydrochloric acid

to remove copper residues.

(b)

Figure 3-4: Photographs of the direct transfer process (a) and an enlarged view of the graphene

monolayer floating on the etching solution (b) after removing the backside graphene.

The round yellow object is the TEM grid, which is placed onto the graphene sheet.
It can be seen that the graphene sheet is approximately 10 x 10 mm?. For this figure, the
graphene sheet was prepared using an aqueous solution of Fe(NOgz), for demonstration,
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instead of an ammonium peroxodisulfate solution. It is difficult to find, but there is a
square graphene sheet on the solution.

Here, typical TEM images and electron diffraction patterns of the graphene obtained
earlier by the direct transfer method are shown. In the low magnification image shown
in Figure 3-5, regularly arranged holes in the SIN membrane can be seen. The diameter
of the holes is 2 um. Figure 3-5 is obtained by connecting the low magnification images.
The SiN membrane suspended on the window of the grid can be seen. The graphene
introduces no contrast compared with vacuum, but the cracked edges of the graphene

can be observed. The linear cracks show the remaining backside graphene.

Figure 3-5: TEM images of graphene on a SiN grid and the corresponding electron diffraction

patterns.

The electron diffraction patterns shown in Figure 3-5 exhibit six-fold symmetry, which
confirms that large-sized single-layer graphene sheets were transferred to the TEM grid.
The high-magnification images show that the graphene is clean and has almost no
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contrast, except for some network-like amorphous carbon, as shown in Figure 3-6.

Figure 3-6: High-magnification images of graphene.

Figures 3-7A and 3-7B show EDX and EELS data for the graphene shown in Figure 3-6.
We confirmed the carbon atom k-edge peak from each analysis and a few metal peaks
were found in the EDX data. The silicon peak in the EDX data originates from the SiN
TEM grid. Compared with EELS analysis, EDX vyields information from a larger
sampling area; hence, the EDX analysis covers not only the graphene but also the SiN

membrane.
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Figure 3-7: EDX and EELS data for the same region of Figure 3-6.

3-6. Preparation of the grapheme-sandwiched structure

Our strategy for preparing a graphene liquid cell is a simple and direct sandwiching

of CVD-grown graphene using the direct transfer technique. Figure 3-8 shows the

preparation scheme for the graphene liquid cell.
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Graphene
on copper TEM grid

Etching
solution

Etching TEM grid

with graphene

Figure 3-8: Preparation scheme for the grapheme-sandwiched structure.

First, CVD-grown graphene is transferred onto a SiN membrane grid with 2 um holes
penetrating through the membrane. Second, using a mist generator, various solutions are
sprayed onto another graphene specimen floating on the etching solution. Third, to form
a grapheme-sandwiched liquid cell, the deposited micro-size droplets of the solution are
covered by the graphene-coated TEM grid. In the preparation of the graphene liquid cell,
incorporation of large-area and seamless graphene layers is essential to realizing the

successful encapsulation of solutions.

3-7.  Results of the grapheme-sandwiched structure

The present preparation of the graphene liquid cell enables us to perform TEM

54



observations of the encapsulated liquids. Figure 3-9A shows a typical TEM image of a
graphene liquid cell using the CVD-grown large-area graphene, where pure water
droplets are used as the liquid encapsulated between the two single layers of graphene.
The dark contrast region corresponds to the graphene—water-sandwiched area, with a
lateral size of 160-300 nm. An estimated average thickness of the sandwiched region is
10-20 water molecule layers. Black spots seen in the TEM image are due to the copper

nanoparticle residues, which were formed and deposited during the transfer process.

Figure 3-9: A typical room-temperature TEM image (A) of water sandwiched between two
sheets of single-layer graphene (dark contrast region) and the corresponding electron diffraction

pattern (B).

The corresponding electron diffraction pattern shown in Figure 3-9B exhibits two sets
of diffraction spots with six-fold symmetry, which confirms the successful preparation
of the graphene-sandwiched structure. The electron diffraction shows diffraction spots
originating only from the graphene layers and not from the water droplet, suggesting a
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liquid state of the droplet. The relative angle of the two hexagonal patterns is about 5°,
indicating that two graphene sheets with a relative angle of 5° stack to form the
graphene liquid cell. The relative angles in graphene liquid cells are found to vary from
one sample to another due to random stacking caused by the manual stacking procedure
used in the present preparation of graphene liquid cells.

To confirm the presence of the water droplet in the sandwiched structure, we
performed EELS measurements on the sandwiched region. Figure 3-10 shows an EELS
spectrum corresponding to the water-containing region shown in Figure 3-9A. The
observed EELS peaks at 284!%! and 540 eV**?% originate from the core loss of carbon
and oxygen, respectively. The existence of the EELS peak at 540 eV clearly illustrates

the successful encapsulation of water molecules between the graphene layers.

Counts

480 520 560 600
Energy loss / eV

Counts

| | | | | |
250 300 350 400 450 S00 S50 600
Energy loss / eV

Figure 3-10: EELS spectrum with a selector aperture acquired for the graphene—

water-sandwiched area in Figure 3-9.
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3-8. Conclusion

In conclusion, we successfully fabricated a graphene-sandwiched structure by
developing a direct transfer technique for use with high-quality graphene grown using
the pure hydrogen treatment described previously. Compared with previously reported
methods, we succeeded in simplifying the preparation process and improved the yield of
graphene liquid cells. By utilizing our preparation technique for water, we were able to
encapsulate water between the graphene layers. Similar sandwiching technique was
reported by Yuk and Algara-Siller but our sandwiching process provides higher yield
and smaller pockets of graphene liquid cell than their technique®2®. Typically, small
sandwiched droplets as small as 100 — 300 nm in size are observed by TEM. In our
preparation, we found the average counts of small droplets is 10.2 per um? and we

confirmed that one TEM grid have approximately 224000 pockets in our preparation.
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Chapter 4
4. TEM observation for liquids

4-1. Introduction

Electron microscope observation of liquids and solution-based materials is an
important goal in nanometer-scale sciences™?%. Direct structural information can give
insights into fields such as biochemistry; for example, it can reveal the structures and
motions of proteins in water. There have been observations of biomolecules that were

quickly frozen in cryo-TEMZ:%!

. TEM combined with sophisticated 3D imaging
techniques has revealed various functions of molecules, demonstrating that TEM
observation is an effective new tool in biomolecular research. TEM has also enabled
important studies in which real-time processes such as dissolution, precipitation, and
reconstruction were observed. Using TEM to support these observations allows the
capture of real-time, atomic-scale images, which makes it a powerful analysis tool for
nanosized materials. Recent developments in aberration correction techniques have

allowed atomic-scale observations with an acceleration voltage as low as 15 kV/[®)

which is low enough not to destroy the sample. Electron microscopes require samples to
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be placed in an ultrahigh vacuum, making it difficult to observe solutions that generally
have a non-zero vapor pressure. In recent years, developments in cryo-holders and
environmental cells have gradually made it possible to observe materials in solutions”
27281 \We have been developing a method for easily obtaining images of liquids with
clearer contrast by using graphene liquid cells. In a previous report, we demonstrated
the possibility of real-time TEM observation of nanosized ultrapure water droplets in
vacuum by sandwiching them between graphene layers. In the studies with the graphene
liquid cell, we occasionally observed hexagonal ice lattices. When bubbles are
generated as the water vaporizes, the trace amount of water in the corners of a cell
pocket turned into ice. The structure of the ice is different from that of the cubic ice
reported by Algara-Siller et al.’), and there are few materials with similar crystal
structurest®** indicating with high probability that ice is produced. Interestingly, the
observation was conducted at room temperature and it is surprising that the water turns
into hexagonal ice even under heating caused by the electron beam. The ice was not
observed when ultrapure water was encapsulated, but only when water of a relatively
low purity was used, such as deionized water, in which the existence of impurities at a
relatively high concentration was confirmed. We thus hypothesized that this ice is
stabilized by metals, and examined the phenomenon both experimentally and with
calculations. We investigated the mystery of water solidification by comparing two
types of water encapsulated between the graphene layers: ultrapure water and water

mixed with gold, which is hardly oxidized and expected to cause charge transport.
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4-2.  Water at room temperature

First, we show TEM images of pure water encapsulated inside a graphene pocket,
which confirms our success in producing the grapheme-sandwiched structure. Figure
4-1 shows a time series of magnified TEM images of a sandwiched water droplet at

room temperature.

Figure 4-1: Time series of room-temperature TEM images of water sandwiched between

graphene sheets (triangular dark contrast area) with a scale bar of 50 nm.

The triangular dark contrasts shown in the figure correspond to the water droplet

sandwiched between two sheets of graphene. The electron diffraction image in Figure
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4-2 shows spots originating only from the graphene layers, which is consistent with the
liquid state of the encapsulated water. Importantly, the contrast in the water-sandwiched
region decreases with time due to the increasing extent of vaporization of the water
droplet (due to electron-beam-induced radiolysis) in the graphene pocket™. As seen in
these TEM images, a bubble corresponding to the circular low-contrast area, which is
presumably generated by electron beam irradiation, is observed in the sandwiched
region. At 252 s, a second (smaller) bubble appears in the sandwiched region. These
bubbles are frequently observed in the water-sandwiched regions during the course of
TEM observations. The TEM observation shown here demonstrates that the
time-dependent dynamics of liquid water droplets can be observed at the nanometer

scale using the graphene-sandwiched structure.

Figure 4-2: Electron diffraction image of the graphene liquid cell shown in Figure 4-1.

We also found some residues from the liquid cell, as shown in Figure 4-3. These
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images were acquired 7 min later when we started to observe Figure 4-1. The contrast
located in the pocket in Figure 4-3B is different from that in the pocket in Figure 4-3A
due to the existence of water inside the pocket. The detailed structure of the residues is
clearly observed in Figure 4-3B because there is less water in the pocket. According to
the EELS spectrum in Figure 4-3B, these residues consist of carbon and some oxygen
atoms. It is reasonable to consider that the amorphous carbon network on the graphene

was introduced as a residue during the grapheme-sandwiching process.

®
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Figure 4-3: Residues of Figure 4-1 after vaporization of water and the EELS spectrum of Figure

4-3B.

Other typical TEM images of water encapsulated in the graphene liquid cells are shown

in Figure 4-4. Various shapes of liquid cells were observed, and they often left some

residue after vaporization induced by electron beam irradiation.
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Figure 4-4: Typical TEM images of water encapsulated in graphene liquid cells.

Figures 4-4G, 4-4H, and 4-41 show the typical vaporization of water inside graphene
liquid cells. The amorphous structure observed in Figure 4-41 is similar to that observed
in Figure 4-3B, but Figure 4-41 shows stronger contrast compared with Figure 4-3B. We
found that the region shown in Figure 4-41 contained copper residue, which originated
from the substrate of the CVD growth, which is observed as the dark contrast in Figure

4-41. In rare cases, we found no vaporization residue, as shown in Figure 4-5.
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Figure 4-5: TEM images of a graphene liquid cell.
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These images are all acquired at the same position. Figures 4-5A, 4-5C, and 4-5E
show low-magnification images and Figures 4-5B, 4-5D, and 4-5F show
higher-magnification images. Figures 4-5A and 4-5B, 4-5C and 4-5D, and 4-5E and
4-5F are, respectively, acquired at the same moment. In Figures 4-5C and 4-5D, the top
and bottom graphene layers located at the center of the images were stacked on top of
each other because the filling water has gone away through the small gap between the
two graphene layers. In Figures 4-5E and 4-5F, almost all of the water has disappeared.
The dark contrast, which appears as a sphere, was determined by EELS to be silicon
oxide and was left between the graphene layers. Finally, the graphene formed a tent-like
shape so as to surround the sphere of silicon oxide. According to Figure 4-5F, no
residues with amorphous structure formed in the graphene pocket in this liquid cell.

Relating to the environmental condition, we consider about pressure inside graphene
liquid cell. The pressure between graphene layers should be caused from van der Waals
interaction of two graphene layers. We guessed pressure of liquid cells with considering
van der Waals interaction as shown in figure 4-6. The energy by attractive force is
shown in purple line and the energy by repulsive force is shown in green line. The red
line means summation of attractive and repulsive energies. The blue line is obtained by
differentiating of the red line. By changing graphene-graphene distance and by scanning
the pocket size, we estimate the pressure in graphene layer without water molecules. In

following graphs, we illustrate the cross section image of bilayer graphene in figure 4-7.
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Figure 4-7 : Cross section of bilayer graphene having various thickness and half width, which

means size of graphene liquid cells.

We calculated the pressure regarding each graph with van der Waals interaction. In the
results, graph Ais calculated 415 MPa, B is 435 MPa, C is 466 MPa, D is 530 MPa, and
E is 613 MPa, respectively. In this result, we got the graph, which shows the
relationship between the graphene-graphene distance and pressure as shown in figure

4-8. Importantly, the pressure is 700 MPa at the highest estimate.
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Figure 4-8 : Relationship of graphene-graphene distance and pressure inside graphene liquid

cell.
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4-3. Waterat 77 K

At 273 K and atmospheric pressure normal water should freeze immediately. We
expect that water encapsulated inside a grapheme-sandwiched liquid cell freezes at low
temperature, and observations were performed assisted by the cooling TEM holder. The
cooling TEM holder conducts heat from the TEM grid to the bottle, which is stored in a
liquid nitrogen refrigerant. Thus, we can observe samples at approximately 77 K, which
is the boiling point of liquid nitrogen. Here, we show typical images of graphene liquid

cells at 77 K in Figure 4-9.
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Figure 4-9: Typical TEM images of liquid cells at 77 K and the electron diffraction pattern of B.

We found that some ice crystals appeared from the TEM lens barrel. This ice is not
inside the graphene liquid cell, but on the graphene layer, because it can be removed
more easily than water encapsulated inside the graphene liquid cell by electron beam
irradiation. The existence of ice suggests that the TEM grid was cooled to at least 250 K,
according to the phase diagram of water at 10™ Pa.

Figure 4-10 shows the time series of magnified images from Figure 4-9A. The
exposure time was 0.5 s, and each image was acquired once per one second. Images
were arranged in order of increasing time starting from the left. Importantly, we found
that water inside the graphene liquid cell does not form ice, which has a lattice structure.
Dark spots of contamination moved slowly due to the high current density of the
electron beam. Bubbles from the water disappeared when we lowered the electron beam
brightness, as shown in Figure 4-10 parts 16, 17, and 18. There is a possibility that

liquid water inside the graphene liquid cell freezes to ice at 77 K, but ice is melted by
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electron beam irradiation during the TEM observation. However, we do not have any
analysis technique that can confirm the existence of microscopic amounts of ice without

using electron beam irradiation.
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Figure 4-10: Time series of liquid cells at 77 K.
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Figure 4-11: EELS spectrum corresponding to Figure 4-9A.

The EELS spectrum corresponding to Figure 4-9A is shown in Figure 4-11. We
found that the oxygen k-edge peaks at higher energy than in the normal liquid cell
shown in Figures 3-10 and 4-3 because this sample has normal ice on the graphene. It is
consistent with the X-ray analysis of ice and water™® 3231,

In Figure 4-12, other TEM images show clusters that have no lattice structure or
constant in the same liquid cell shown in Figure 4-9A. A large cluster with dark contrast
is found at the center of the images, and smaller clusters that repeatedly appear and
disappear are localized at the left side of the larger cluster. These clusters seem like
crystals but they do not have any lattice pattern according to the TEM images and the
electron diffraction patterns. Presumably, these clusters are composed of metal ion
hydrate crystals, quickly exchanging their water molecules with each other. It is quite

difficult to prevent contamination, even if we prepare samples carefully using ultrapure

water. Therefore, a small number of crystal nuclei that cannot be detected by EELS
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analysis can contaminate the graphene liquid cell.

Figure 4-12: Time series of TEM images of clusters.
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4-4.  Aqueous solution of iron nitride

In our previous work, we succeeded in encapsulating water between graphene layers.
Here, we go on to demonstrate various solutions encapsulated inside the graphene liquid
cell in order to show the versatility of the graphene liquid cell applied to TEM
observations. In this section, we show that the iron nitride aqueous solution is certainly
encapsulated by our sandwiching process.

Figure 4-13 shows typical TEM images of encapsulated iron nitride aqueous solution.

Figure 4-13: Typical TEM images of iron nitride aqueous solution.
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Figure 4-14: EELS spectra of iron nitride aqueous solution.

In Figure 4-13, graphene layers are observed in the background and some liquid pockets
are found with amorphous residues, even though the water inside the graphene liquid
cell does not evaporate. Compared with ultrapure water, aqueous solutions of iron
nitride contain some contamination. We found that many dark spots, which were

confirmed to be iron clusters by EELS analysis, exist in the graphene pockets, in
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agreement with the TEM images in Figure 4-13. Figure 4-14 shows the EELS spectra of
the iron nitride aqueous solution, corresponding to Figure 4-13A. It shows the iron
L-edge peaks at approximately 710 eV and 720 eV ** \We confirmed the sharp
oxygen k-edge peaks at 532 eVE®] which suggests that there are oxygen atoms bonded
to iron as hydroxylate. The meaning of hydroxylate in aqueous solution of iron nitride is

that water molecules hydrating iron ions exist in the liquid state in this liquid cell.
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Figure 4-15: Time series of Figure 4-13C.

We observed iron clusters, which were frequently obtained at the edges of bubbles
in graphene liquid cells. The clusters undergo repeated formation and dissolution and

continue to move until colliding with the graphene liquid cell. The cluster size, as
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observed from TEM images, is approximately constant.

We observed that one of the segregated iron nitride clusters that frequently nucleated
from liquid water or from the equilibrium reaction of iron nitride rapidly reconstructed.
We observed a situation in which clusters repeatedly appeared and disappeared in the
graphene liquid cells; however, this interpretation, which is based on TEM observations,
IS open to argument. The segregation should be observed as a unidirectional reaction,
and clusters observed in TEM images should not disappear. Furthermore, we could not
obtain TEM images of the equilibrium reaction because such reactions of liquids repeat
very rapidly.

Thus, the phenomenon observed in figure 4-15 suggests that iron nitride clusters
were formed and reformed because iron nitride aqueous solution was saturated by the
decomposition of water. The decomposition of water inside the graphene liquid cell was
induced by electron-beam irradiation. In the case of figure (41), we focused the electron
beam onto the graphene liquid cell. Decomposition was then induced, resulting in the
appearance of some bubbles. Finally, the liquid cell collapsed, resulting in the clusters
observed in figure (47). In this supposition, we must estimate the number of molecules
of clusters and water. The diameter of five clusters observed in figure (47) was
measured to be approximately 5 nm; we therefore inferred that the clusters comprised
approximately 1368 molecules. Given that iron nitride can be solved to approximately 2
mol/L at room temperature, 38,035 water molecules must be present in the area in
which the cluster moves. The area calculated on the basis of density of water and the
number of water molecules is approximately 1676 nm?, consistent with average of four
layers of water present according to EELS analysis. The area of 1676 nm? is also

consistent with the results in figure 4-13. Therefore, the solution inside the graphene
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liquid cell is saturated and clusters are precipitated from the solution.

1600 nm?

- ~1800 nm?

Figure 4-16: The locus image tracking clusters.

A similar phenomenon is observed in figure 4-10D. The time series shown in figure
4-17 indicates a saturated aqueous solution of iron nitride. In figure 4-17, the particle
diameter of the iron nitride clusters is approximately 5-8 nm, which is similar to the
size observed in figure 4-15. This similarity suggests that 5-8 nm is the critical size for
a particle to be precipitated from the saturated solution at room temperature. We
propose that the saturated solution bound in a nanosized location may undergo repeated

formation and dissolution on this time order.
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Fiaure 4-17: Time series of TEM imaaes correspondina to fiaure 4-13D.
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In the following section, we discuss TEM observations of iron nitride aqueous

solution at 77 K.

Figure 4-18: Particular TEM images of an iron nitride aqueous solution at 77 K.
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Figure 4-18 shows particular TEM images of an iron nitride aqueous solution at 77K.
Crystals, which repeatedly form and disappear in the liquid cells, were clearly observed.
As a feature of these crystals, their size was determined to be much larger than the

cluster size observed at room temperature.

4-5.  Aqueous solution of calcium chloride

To demonstrate the general versatility of our preparation method, we attempted to
sandwich calcium chloride aqueous solution inside a graphene liquid cell. The aqueous
calcium chloride solution is observed in the graphene pocket shown in figure 4-19.
Figure 4-19(A) shows the effects of evaporation or decomposition by an electron beam
at 77 K, and figure 4-19(B) shows numerous crystals. Figures 4-19(C) and (D) show
lattice patterns of the graphene liquid cell. Figure 4-19(C) shows the electron diffraction
pattern of the crystals in figure 4-19(B), and figure 4-19(D) shows a high-magnification
image of the crystals in figure 4-19(B). The electron diffraction pattern shows circular
spots of graphene as bright spots located on the middle circle in figure 4-19(C). The
graphene pocket consists of a bilayer of graphene, but graphene layer contains wrinkles

and bends in the graphene layers, as observed on the right side of figure 4-19(A).
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Figure 4-19: TEM images of an aqueous solution of calcium chloride, along with the electron

diffraction image and EELS spectrum.

The spots were assigned on the basis of the graphene lattice shown in figures
4-19(C) and (D). According to the electron diffraction image, we observed spots
consistent with the (210), (111), and (002) surfaces of a crystal of calcium chloride
hexahydrate; the corresponding d-values are 0.25, 0.28, and 0.19 nm, respectively. The
EELS spectrum exhibits carbon (284 eV) and oxygen (540 eV) K-edge and calcium
L-edge (350 eV) peakst®***"). Two sharp peaks were observed as calcium peaks, and a
broad peak (200 eV) was also observed as chlorine K-edge peak.

Figure 4-20 shows a comparison of the crystal structure and a TEM image of
calcium chloride hexahydrate. Each angle formed by red lines is 120°, and the length of
both red lines represents 0.25 nm. In this observation, we propose that calcium chloride
hexahydrate crystals were formed as liquid was evaporated by the electron beam.

Therefore, we obtained information about the environment inside the graphene liquid
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cell given that the melting point of calcium chloride hexahydrate is known to be 303 K
at atmospheric pressure. In addition, a saturated aqueous solution of calcium chloride
should form calcium chloride hexahydrate crystals at 218-302 K\, At temperatures
above 302 K, calcium chloride dihydrate and tetrahydrate crystals should form.
According to these results, water is clearly decomposed via radiolysis by electron-beam
irradiation without undergoing a temperature increase. This result is consistent with the

fact that water and graphene are known to be good thermal conductors.

Figure 4-20: Structure image (left) and TEM image (right) of calcium chloride hexahydrate.

4-6.  Organic solvents

We demonstrate our graphene liquid cell preparation technique utilizing several
different organic solvents. However, spray mists of organic solvents is sometimes
difficult because many organic solvents are easily vaporized and graphene ruptures
when exposed to hydrophobic organic solvents. Therefore, we prepared organic solvent
sandwich structures via the capillarity effect. An SiIN TEM grid with graphene was

prepared using the same process, where the TEM grid was soaked in the organic solvent
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under investigation. Another approach to encapsulate organic solvents inside graphene
layers is to place a water and organic solvent mixture mist on graphene instead of an
aqueous solution mist. In this section, we present TEM images and elemental analysis
results for sandwiched graphene liquid cells encapsulating trichloromethane (99.0%,
Wako), methanol (99.8%, Wako), and 2-propyl alcohol (99.7%, Wako) as representative
organic solvents. These organic solvents are commonly used in various research

applications.

4-6-1. Trichloromethane

Trichloromethane, also known as chloroform, is an organic compound with the
formula CHCI;. Trichloromethane is known to penetrate deep into the gap between
graphene and a substrate though wrinkles and bends in the graphene when a polymer
such as polycarbonate is removed. Figure 4-21 shows TEM images of trichloromethane
encapsulated inside a graphene liquid cell.
We observed several pockets at wrinkles and bends in the graphene layers. The normal
liquid cells, which exist at the center of bilayer graphene, were not observed, in contrast

to the spray preparation method.
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Figure 4-21: Typical TEM images of trichloromethane encapsulated inside a graphene liquid

cell, and the EELS spectrum of a droplet of trichloromethane.
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Figure 4-22: TEM images of trichloromethane encapsulated inside a graphene liquid cell, and

the corresponding electron diffraction image.

Figure 4-22 shows other TEM images of trichloromethane encapsulated inside a
graphene liquid cell. We confirmed that trichloromethane formed crystals under
electron-beam irradiation. Before focusing the electron beam on the center of the pocket,
we observed some bubbles from the trichloromethane, as shown in figure 4-22(B).
These bubbles disappeared immediately, although bending of the graphene and
crystallization occurred with the disappearance of the bubbles. Figure 4-22(C) and (D)
show high-magnification images of crystals and their electron-diffraction pattern. The
lattice patterns in images (C) and (D) indicate that these crystals are trichloromethane.
This crystallization is consistent with previous research indicating that the phase
transition of trichloromethane at room temperature occurs at approximately 600-790
MPal®*°1 We confirmed experimentally that the pressure in the graphene liquid cell is

approximately 600—700 MPa, thereby demonstrating the correctness of the assumption
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stated in section 4-2. However, the presence of some contaminants were observed in the
electron diffraction pattern. In figure 4-22(D), graphene bends are observed as the
circular pattern and additional unidentified bright spots are also observed. These
contaminants result from the concentration of residues from the sample liquid, such as
trichloromethane; impurities at concentrations of approximately 1% cannot be observed

by TEM.

4-6-2. Methanol

Methanol is an inexpensive and readily available alcohol with formula CH3;OH.
Figure 4-23 shows typical TEM images of methanol encapsulated inside graphene
liquid cells. In this sample preparation, we sprayed a methanol and water solution with a
ratio of 2:1. Numerous liquid cells are observed in figure 4-23(A); however, the EELS
spectrum in figure 4-24(A) indicates that methanol is not present. Figure 4-23(B) also
shows liquid cells and the presence of silicon oxide, but methanol is again not detected.
By contrast, methanol was detected in the EELS spectrum in figure 4-24(B) of the

liquid cell in figure 4-23(C).
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Figure 4-23: Typical TEM images of methanol encapsulated inside graphene liquid cells.
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Figure 4-24: EELS spectra of the graphene liquid cells shown in figures 4-23(A) and (C).

Characteristic carbon K-edge peaks*”, whose peak shape differs substantially from
that of graphene or graphene liquid cells, are observed in figure 4-24(B); these peaks are
attributed to methanol. The sample sandwiched with the methanol and water mixture
solution is also observed to have crystallized, as shown in figure 4-25. However, the

crystals observed in this sample contained concentrated contaminants and residues.
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Figure 4-25: TEM images of crystals observed inside graphene liquid cells sandwiched with a

methanol and water mixture solution.
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Figure 4-26: EELS spectra corresponding to the graphene liquid cells in figure 4-25(A).

According to the structure information in figure 4-25(A) and the elemental analysis
results in figure 4-26, the crystals observed in figure 4-25(A) are composed of Fe(OH),
and silicon oxide. By contrast, the crystals observed inside the graphene liquid cells
sandwiched with the methanol and water mixture solution are difficult to identify
because the composition of crystals with various lattice structures and elemental

compositions cannot be determined.

99



4-6-3. 2-Propyl alcohol
2-Propyl alcohol is also known as isopropanol (IPA) with formula CH;CHOHCHGs.
Figure 4-27 shows typical TEM images of IPA encapsulated inside graphene liquid cells.

In this sample preparation, we sprayed an IPA and water solution with a 2:1 ratio,

similar to the method used for the methanol and water solution.

Figure 4-27: Typical TEM images of IPA encapsulated inside graphene liquid cells.
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Figure 4-28: EELS spectra corresponding to the TEM images in figure 4-27

Many liquid cells are observed in figure 4-27(A); however, the EELS spectrum
shown in figure 4-28 did not indicate the presence of IPA. The same trend was observed
in the case of the methanol and water mixture solvent. The crystals observed in figures

(B) and (C) do not exhibit a specific composition. Metals or solvents may be present as
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contaminants in the IPA because its purity, 99.7%, although their concentrations are not
sufficient for them to be observed by TEM.

Figure 4-29 shows a time series of TEM images of IPA encapsulated inside graphene
liquid cells. Interestingly, we observed that crystals moved or decomposed under

electron-beam irradiation.
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Figure 4-29: Time series of TEM images of IPA encapsulated inside graphene liquid cells.

A clear lattice is evident in figure 4-29; its EELS spectrum, which is shown in figure
4-30, supports the presence of IPA, which shows a particular carbon K-edge.
High-magnification TEM images show that crystals were present in almost all of the
pocket, as indicated by the crystals in the low-contrast areas in figures 4-29(1) and (J).
We presume that this phenomenon indicates the presence of the mixed structure of
water and IPA. However, the complex structure of water and alcohol molecules is
difficult to observe; furthermore, we cannot determine crystal structure of this crystal in

detail.
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Figure 4-30: EELS spectrum corresponding to figure 4-29.

In summary, we confirmed that various solutions were encapsulated inside graphene

liquid cells and we successfully obtained numerous TEM images of liquid and

104



elemental analysis results confirming the presence of the solutions inside the cells.
However, the complex structure of the mixture solutions could not be characterized in
detail. Furthermore, we observed some contaminants inside the liquid samples before

they were encapsulated inside the graphene liquid cell.

4-7.  Phase transitions of liquids

We often observe various crystals in the process of TEM observation of graphene
liquid cells. In particular, observed crystals formed from liquids were identified as
hexagonal ice. Figure 4-31 shows TEM images of a phase transition. Graphene layers
are present in the background and non-structural region of pure water is observed in the
center of Figure 4-31(A). Some gold clusters are observed, which we added to pure
water for observation of Brownian motion. However, after focusing the electron beam,

we obtained a clear lattice image, as shown in Figure 4-31(B).
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Figure 4-31: TEM images of a phase transition.

Gold clusters are observed at the side of the ice lattice, and remaining liquid water is
observed on the upper side of the ice. The electron diffraction image in Figure 4-32
shows the [2-21] incident plane of hexagonal ice, which is denoted with red circles. The
lattice spacings of these spots are 0.268 nm and 0.167 nm, and we identified them as the

(012) and (-114) surfaces, respectively.

Figure 4-32: Electron diffraction image corresponding to Figure 4-31(B).
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Figure 4-33: Typical TEM images of ice.

We often observed hexagonal ice, as shown in Figure 4-33; however, we could not
definitively determine the presence of hexagonal ice. Hexagonal ice is known to form at
273 K under atmospheric pressure, and its melting point is known to decrease with
increasing pressure. Our observations at room temperature under high pressure are

inconsistent with this common knowledge. In our observations, water droplets and some
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contaminants were present when we observed the formation of ice. Therefore, we
considered that impurities served as nucleation sites for ice. Furthermore, hexagonal ice
can apparently only nucleate on a pure metal because ice was not obtained in aqueous
solutions of salt. Accordingly, we attempted to sandwich ultrapure water containing
gold particles in liquid graphene cells and observe the formation of hexagonal ice.

A typical TEM image of the graphene cell sandwiching gold and water is shown in
the Figure 4-34(A). At a low magnification, gold clusters are observed with a strong
contrast, and droplets are surrounded by the clusters. Water quickly generates air
bubbles under electron beams, and is observed with contrast lower than the gold. At the
time when this image was taken, the droplets did not have a clear lattice structure or
amorphous structure but simply appear with a light contrast, as same as in the

observation of the ultrapure water.
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Figure 4-34 : Time series of room temperature TEM image of water droplets with gold particles

encapsulated inside graphene sandwich region.

In Figure 4-34, these are the images that were observed respectively after 10, 321, 412,
and 840 seconds since we start to observe. Typical low magnification image of water
droplets with gold particles is shown in Figure 4-34(A). Black particles show gold and
dark contrast regions show water droplets. Graphene layers are in background and they
have some amorphous carbon network as can be seen on the both side area in this image.
Figure 4-34(B) shows high magnification image with electron beam focusing to the
droplet located on the center of Figure 4-34(A). In Figure 4-34(C), we found that the
bubble, which is low contrast area in the droplet, appears because of vaporization of
water induced by electron beam irradiation. Then the droplet was immediately
crystalized for hexagonal ice as shown in Figure 4-34 (D). In Figure 4-34 (D), we can
see clear lattice of ice and Moiré structure of graphene layers.

In Figure 4-34, we show the temporal change of the droplets after electron beams are
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focused them. The droplets actively generated bubbles just after the electron beams
have been focused, showing vaporization of water due to the electron beam induced
radiolysis. However, the boiling rapidly decreased at Figure 4-34(D), and the droplet
contrast, which had been ambiguous, became clearer. The structure of the droplet shows

lattice pattern that is different from the spacing of lattice plane of gold cluster.

Figure 4-35 : FT images corresponding to Figure 4-34(C) and (D), respectively.

FT image of gold cluster and this droplet are shown in Figure 4-35(A) and 4-35(B).
Both figures slightly reveal the hexagonal structures of graphene. Spacing of lattice
planes calculated based on the graphene lattice was 0.213 nm, are matching that of poly
crystalline gold (111) and hexagonal ice (01-2) and (110) regarding with fig.3(A) and
3(B). We confirm that Figure 4-35(B) is consistent with [-221] incident of hexagonal ice
1h.

We discuss the reason that the water with gold turns into ice. Considerable factors of
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formation ice are effect of graphene’s hydrophobicity and impurity effect by gold atoms.
We hypothesized that the water molecules make strong hydrogen bonds due to
graphene's hydrophobicity and that they are also oriented such that their polar groups
are is not directed to graphene. It has been confirmed that water could transform into ice
even at room temperature under atmospheric pressure if a high voltage is applied. The
driving force of this phenomenon was high voltage induced the orientation of the water,
which suggest that graphene’s hydrophobic interaction with the water could stabilize the
ice. Moreover, our EELS analysis of the water revealed an oxygen peak shifts to a
higher energy site, compared to the normal water, indicating that the bonding distance
between the water molecules is short. However, if only the short distance would
contribute to produce the ice, water should turn into ice just by being sandwiched by
graphene layers (although it could have done so in absence of electron beams), which is
not consistent with what was observed experimentally.

There should be other factors contributing the stability of the ice. We then conjectured
that one of the factors for stabilizing the ice was a single atom, such as gold which can
stably enter into a hole existing in the hexagonal ice crystals. In other words, the
electron beams not only vaporized water but also could have ejected the surface gold
atoms into the water or onto the graphene, which might have triggered the
transformation from the water to the ice. In our previously research, we confirmed that
gold on graphene could have an unstable structure and could be easily vaporized by
electron beams. Thus, the ejection of gold atoms probably occurred also in this case.
We show other TEM image and diffraction pattern that suggests transformation of ice in
Figure 4-36(A) and 4-36(B). We found that this ice observed from [001] incident has

hexagonal pattern of ice lattice agreement with Figure 4-36(A) and its FT image.
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However in Figure 4-36(B), diffraction pattern suggests that there is no lattice regarding
with (100) but circle pattern of (200) was observed. This phenomenon can be explained
that lattice constant a and b of hexagonal ice observed in graphene layer has halved by
the insertion of something of atoms. Figure 4-37(A) shows simulation image of electron

diffraction pattern of gold and ice complex as shown in Figure 4-37(B) and 4-37(C).

Figure 4-36 : High magnification TEM image of ice [001] incident and its electron diffraction
image.

(A) High magnification TEM image of ice shows hexagonal patterns, which are identified with
[001] incident of ice (1h). Insert image shows FT image and their pattern are consistent with
(100), (010), and (1-10) surface of ice, which are determined on the basis of graphene lattice.
(B) The electron diffraction image of Fig. (A) A twin hexagonal patterns shows the graphene
sandwiched structure which is made of two sheets of single-layer graphene. The d value of the

circle pattern, which shows polycrystalline ice, is determined to (200) surface of ice (1h).
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Figure 4-37 : The electron diffraction simulation image and its structural image of ice with gold
encapsulated between graphene layers.

(A) The electron diffraction simulation image of ice with gold atoms. The original structural
images of ice with gold encapsulated in graphene layers are shown in (B) and (C). Fig. (B)
shows side view and Fig. (C) shows top view removed graphene layers in order to clarify the
structure of ice with gold atoms. Red bolls exhibit oxygen atoms of ice and yellow bolls exhibit
gold atoms. In these images, hydrogen atoms are omitted. In Fig. (A), twin hexagonal patterns
show the graphene sandwiched structure which is made of two sheets of single-layer graphene

and the d value of extraneous spots are consisted with the circle spots shown in Fig. 4(B).
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The other TEM images as shown in Figure 4-38(A) and 4-38(B) support the above
hypothesis, too. Figure 4-38(A) shows polycrystalline ice and 4-38(B) shows ice and
gold nanocluster. We got Figure 4-38(B) after focusing electron beam to the center of
image 4-38(A) in the same intensity as in Figure 4-34(B). We found that Figure 4-38(A)
has flat contrast of ice lattice but Figure 4-38(B) has ice with dark contrasts came from
gold clusters. Thus we guess gold clusters came from vaporized ice crystal. Gold atoms

have hidden in the hole of hexagonal ice.

Figure 4-38 : High magnification TEM images of ice.

The fact that the spot which should be found in the electron beam diffraction image was
absent can also be explained by the existence of gold in the hole of the ice crystals. In
general, water molecules make a cluster when gathering around a core. However, in a
system between graphene layers, a tight and hydrophobic space which enhances
orientation of surface molecules, formation of clusters with a 3-dimensional and regular

structure is difficult.
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4-8. DFT calculation of ice with gold

The density functional method was used for the calculations. We studied the stability
of the system by comparing the results of calculations conducted separately for
hexagonal ice and gold with those for hexagonal ice with gold encapsulated in the space
at the hexagonal lattice center. We used the Gaussian software for the DFT calculations,
along with the 6-31G** and SDD basis functions for water and gold, respectively. We
utilized B3LYP and PBEPBE as exchange—correlation functionals. The speculated
structure, in which gold atoms exists in ice, is shown in Figure 4-39; its atomic
coordinates are reported in Table 2. The coordinates of the gold atoms were optimized
used a basis function and exchange—correlation functional, although coordinates of
hydrogen atoms did not converge because hydrogen atoms are delocalized in hexagonal

ice.

Figure 4-39: Structural model of water with a gold atom; the gold, oxygen, and hydrogen atoms
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are shown as yellow, red, and white balls, respectively.

X y z
0.4009 3.214 8.6554
49119 5.8184 6.0403
2.6564 1.9118 4.9824
0.4009 5.8184 4.9824
49119 3.214 2.3673
2.6564 7.1206 2.3673
49119 4.0396 7.4948
2.6564 7.9462 7.4948
2.6564 1.0862 7.2009
0.4009 4.9928 7.2009
1.9414 6.7078 7.4948
3.3713 2.3246 7.2009
1.1158 2.8012 7.4948
5.6268 2.8012 7.4948

-0.3141 6.2312 7.2009
4.1969 6.2312 7.2009
49119 4.9928 3.8218
0.4009 4.0396 3.5279
1.1158 6.2312 3.8218
5.6268 6.2312 3.8218

-0.3141 2.8012 3.5279
4.1969 2.8012 3.5279
1.9414 2.3246 3.8218
3.3713 6.7078 3.5279
0.4009 3.214 7.8052
49119 3.214 7.8052
2.6564 7.1206 7.8052
2.6564 1.9118 6.8905
0.4009 5.8184 6.8905
49119 5.8184 6.8905
2.6564 1.9118 4.1322

coooooooIrTrrrrrrTrTrTTT T T T T T I I I ITIITIITITIT
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@) 0.4009 5.8184 4.1322
@) 4.9119 5.8184 4.1322
@) 0.4009 3.214 3.2175
@) 4.9119 3.214 3.2175
@) 2.6564 7.1206 3.2175
Au 2.6564 4.5162 3.2175

Table 2 : Configuration atomic coordinate corresponding to Figure 4-39.

We obtained the total energies of the gold in ice as —14,674 eV and —14,213 eV. The
sums of the energies of the ice with the same structure and gold were —14,668 eV and
—14,196 eV. The difference energies of the gold in ice and the ice with gold were
calculated as —6.16 eV and —16.9 ¢V, respectively, in each exchange—correlation
functional. These results suggest that the gold in the ice crystal hole is stabilized.

We calculated the stability of gold in an ice structure by utilizing the VASP in the
same Gaussian calculation. In this calculation, we utilized PBE-GGA and PBE-sol as
the exchange—correlation functionals. The speculated structure is shown in Figure 4-40,
and its configuration atomic coordinates are reported in Table 3. The coordinates were

optimized using the exchange—correlation functional and a pseudo potential.

117
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Figure 4-40: Structural model of water with a gold atom; the gold, oxygen, and hydrogen atoms

are shown as yellow, red, and white balls, respectively. The box shows the unit cell.

X y z
9.06369 257481  8.64146
6.70665 1.26043  5.92029
444845 525312  5.99308
2.10941 1.46556  5.15578
8.95787  5.13849 5.37534
455825 259283  2.61267

11.25978  6.43819  2.61525
6.66616 6.4007  8.64308
439433  3.47062  7.41049
11.2651  7.42212  7.36419
2.14356  0.41219  7.23702

I I T T T T T T T T T
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O ooooooooLboLOLOLDOLOLOLDLOLDOODOOITITIT DT T T TIIIIIIIIIIIITIIITIT

8.9176
5.7327
10.50053
3.06107
7.51199
9.90544
5.19186
8.05273
3.61812
6.696
4.38616
8.93871
6.64794
9.78867
5.29046
8.12716
3.50036
1.33699
5.84764
7.46036
12.12768
9.01493
6.65684
4.32017
11.33558
2.13702
8.91104
6.68246
4.48791
2.16399
8.96647
6.70103
4.37709
8.89819
6.58817
4.42833

4.16282
5.96011
6.00456
1.81765
1.71466
2.08969
2.06954
5.56862
5.73571
0.30405
4.26358
3.65792
7.28049
5.60141
5.64859
2.18299
2.16277
1.92873
1.70626
5.90173

5.9616
2.59029
6.45376
2.49901
6.45084
1.37154
5.13044
1.23121
5.22901
1.47012
5.10869
1.26593
5.22763
2.70293
6.31118

2.6023

7.20008
7.39756
7.35822
7.24592
7.24382
7.37062
7.38469
7.18792
7.29536
4.03975
3.99111
3.89274
3.76277
4.03711
3.96976
3.82846
3.76723
3.81419
4.05727

3.8615
3.87542
7.67611
7.67028
7.62431
7.63496
6.93392
6.89363
6.94638
6.99959
4.15738
4.33365
4.35317
4.28791
3.45707
3.61194
3.57887
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@) 11.24573  6.46274 3.5853
Au 7.52458  3.54622  1.81774

Table 3 : Configuration atomic coordinate corresponding to Figure 4-40.

The total energies of gold in ice shown in figure 4-40 are —236.962 eV and
—240.439 eV. By contrast, the total energies of the ice with a gold atom that is far from
ice are —236.825 eV and —240.145 eV. The difference energy of gold in ice and ice with
gold were calculated to be —0.13714 eV/unit cell and —0.292353 eV/unit cell. These
results indicate that the ice was stabilized by the additional gold atom in each DFT

calculation.

4-9. Conclusion

In conclusion, using TEM observations of nanosized droplets under high pressure,
we demonstrated the possibility of graphene liquid cells and the viability of our sample
preparation method. We confirmed that various solutions were encapsulated in graphene
liquid cells. Some clusters were observed in aqueous solutions of iron nitride and
calcium chloride. TEM observations revealed that iron nitride clusters repeatedly appear
and disappear in the graphene liquid cell. By contrast, calcium chloride crystallizes as
calcium chloride hexahydrate, which precipitates from saturated solution at 218-302 K.
We estimated that the pressure of our graphene liquid cell, according to the van der
Waals interaction of the graphene layers, is approximately 600-700 MPa. TEM
observations of a trichloromethane-sandwiched liquid cell at room temperature
suggested that the pressure inside the liquid cell was 600-790 MPa, consistent with our

estimation.
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Using TEM observations, electron diffraction, and elemental analysis by EELS and EDs,
we observed the phase transition of water encapsulated inside graphene layers. Gold
atoms diffused onto graphene via electron-beam irradiation functioned as nucleation
sites for ice, which crystallized as hexagonal ice, 7. Furthermore, we confirmed by

DFT calculations that ice with gold should be stabilized compared to ice and gold.
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