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Abstract

Monolayer graphene is renowned for its exceptional properties in various fields, making
it a highly promising material for applications. Its unique linear electronic dispersion leads
to high carrier mobility and wavelength-independent uniform light absorption. However, in
the multilayer AB-stacking graphene, the strong interlayer interactions, result in a parabolic
electronic dispersion that undermines the performance. It is essential to reduce interlayer
interactions and preserve the intrinsic property of each layer. Moreover, the porous 3D
sponge graphene structure has promising applications in energy storage, environmental
remediation, and sensor technology due to its high surface area, conductivity, and mechanical
resilience. The material’s porosity and interlayer spacing critically influence its perfor-
mance. Understanding and optimizing the microstructure are essential to tailor the material’s
performance.

The strategy of this dissertation is to reduce the interlayer interactions of multilayer
graphene with the insertion of nanomaterials, such as carbon nanotubes (CNTs) and nanodia-
monds (NDs). These nanospacers increase the interlayer distance, weakening the interlayer
coupling and altering the properties of the stacked graphene layers. To obtain a systematical
understanding of the phenomena and mechanism, both experimental study and theoretical
analysis were conducted. The simulations can overcome experimental limitations in illus-
trating microstructures and difficulties in controlling variables. The study also accumulated
experience in increasing the monolayer ratio in the graphene sponge structure.

The first part of this dissertation focuses on the effect of CNT insertion in multilayer
graphene. Graphene-CNT (Gr-CNT) stacking structures were experimentally fabricated via
dry transfer, enabling precise control over the layer number and CNT insertion. Atomic force
microscopy (AFM) and Raman spectroscopy confirmed the increase in interlayer distance
and reduction in interlayer interaction, respectively. Molecular dynamics (MD) simulations
further explored the impact of CNT diameter and inter-tube distance on the microstructure.
Two distinct stable configurations: separation and adhesion were observed, determined by
the CNT geometric parameters and the difference in potential energy.

The second part investigated graphene-ND (Gr-ND) stacking structures. Unlike CNTs,

NDs provide point-like contact, minimizing the impact on graphene’s intrinsic properties
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while the larger size can further increase the interlayer distance. The Raman spectroscopy
and AFM experimentally verified the reduced interlayer interaction and layer separation.
The MD simulation and continuum model analysis were conducted to predict the critical
inter-ND distance for the interlayer separation.

In the third part, the property modulations of Gr-CNT and Gr-ND structures are studied.
Firstly, the mechanical behavior of Gr-CNT structures is studied from a microscopic view.
MD simulations studied the effect of CNT wall numbers and initial configurations on the
stable structures. The loading-unloading curves exhibit hysteresis and energy dissipation due
to the bi-stable nature of the system. The dissipation was experimentally verified in multilayer
Gr-CNT. Secondly, the electrical transport measurement was experimentally implemented
for the Gr-ND stacking system. The non-linear I-V curve was obtained which comes from
the tunneling current through ND spacers. Such nonlinearity has potential applications for
physical neural network devices.

In this dissertation, the multilayer Gr-CNT and Gr-ND stacking structures were sepa-
rately studied by combining experiment and simulation. The spacer effect on the interlayer
interaction and microstructure was illustrated. The differences between the two spacers
were compared. Then, the bi-stable microstructure and hysteresis mechanical behavior of
the Gr-CNT stacking system were unveiled. Finally, the non-linear I-V property of the
Gr-ND stacking system was studied. The contributions of this dissertation include the layer-
controllable fabrication method, atomistic insight, and property adjustment. These studies
advance the understanding of interlayer interactions in multilayer graphene and pave the way

for optimizing graphene-based materials for high-performance applications.
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Chapter 1

Introduction

1.1 Family of low-dimensional carbon materials

The discovery of carbon nanotubes in 1991 [1] and the isolation of monolayer graphene
in 2004 [2, 3] marked the beginning of a revolutionary research era in low-dimensional
materials. These breakthroughs revealed previously unimaginable properties and opened
up promising avenues for applications, sparking intense interest among researchers and
engineers to explore and harness these materials.

Over the past decades, the family of low-dimensional materials has expanded significantly.
Based on their nanoscale dimensionality (Figure 1.1), these materials can be categorized

into:

* Two-dimensional (2D) materials, represented by graphene, hexagonal boron nitride
(hBN), and transition-metal dichalcogenides (TMDCs);

* One-dimensional (1D) materials, including carbon nanotubes (CNTs) and graphene

nanoribbons;
» Zero-dimensional (0D) materials, such as nanodiamonds (NDs) and fullerenes.

Among these novel materials, low-dimensional carbon materials, particularly graphene,
have attracted the most attention. Graphene stands out for its exceptional properties and
wide-ranging applications, making it a key focus of scientific research.

This dissertation investigates the role of nanospacers in modifying the microstructure
and properties of multilayer-stacked graphene. NDs and CNTs are explored as potential
nanospacer candidates. The following section provides a concise overview of the properties,

synthesis methods, and applications of these three materials.
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Fig. 1.1 The family of low-dimensional materials.

1.2 Introduction of graphene

Monolayer graphene consists of a single layer of carbon atoms arranged in a hexagonal
lattice [2, 4]. Structurally, the carbon atoms exhibit sp> hybridization, with C-C bond angles
of 120°, forming a flat honeycomb structure. This monolayer of carbon also serves as the
fundamental building block for other carbon-based materials, including graphite, CNTs,
and fullerenes [3]. Its unique atomic structure leads to exceptional physical and chemical
properties, which have been widely studied since its first mechanical exfoliation in 2004.
This section offers a basic overview of graphene’s significance in advanced materials science,

highlighting its key properties, fabrication methods, and the wide range of applications.

1.2.1 Properties of graphene

Graphene shows extraordinary properties in various fields. The unique lattice structure of
graphene determines its properties. Graphene has a honeycomb lattice structure (see Figure
1.2a). Each carbon atom is bonded to its three nearest neighbors with a carbon-carbon bond
length of approximately ac_c ~ 1.42 A. The honeycomb lattice can be characterized as a
Bravais lattice with a basis of two atoms, indicated as A and B, and these contribute a total
of two 7 electrons per unit cell to the electronic properties of graphene. The primitive unit
cell of the Bravais lattice can be considered a rhombus with side a = v/3ac_c = 2.46 A. The
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primitive unit vectors are

3a a 3a a
a] = (T’ E) , A2 = (T, —§> . (1.1)

The reciprocal lattice of graphene is also a hexagonal lattice but rotated 90° from the real
space (see Figure 1.2b). The reciprocal lattice vectors are

2r 2x; 27 2T
bj=(——,— ), bo=—,—]. (1.2)
1 (\/50 a ) ’ <\/§a a )
The first Brillouin zone is hexagonal with an area of 8% /1/3a?. There are three key locations
of high symmetry in the Brillouin zone, the I'-point, the M-point, and the K-point. The
I"-point is at the center of the Brillouin zone, the K point is the corner of the first Brillouin,

and the M point is the center point of the first Brillouin side. Thus, there are six K-points and
six M-points within the Brillouin zone.

(a)

oo eove

Suces

Scese
e

o L
“@‘00

Fig. 1.2 The lattice structure and band structure of graphene. (a) Lattice structure of mono-
layer graphene. (b) Brillouin zone of graphene. (c) Band structure and Dirac cone of graphene.

(d) Band structure of graphene measured by angle-resolved photoemission spectroscopy
(ARPES) [5].

(b) (d

N

Binding energy (eV)

80 K M r
Momentum ky

The distinctive band structure is the origin of the graphene’s exceptional properties. The
band structures of monolayer graphene are shown in Figure 1.2¢c. The conduction and valence
bands touch at the K-point (frequently called Dirac point), where there is a zero density of
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states but no band gap. Thus, graphene shows a semimetallic (or zero-gap semiconductor)
character. The band structure shows a linear dispersion at the Dirac point [5—7]. The linear
dispersion has been confirmed up to approximately +0.6 eV by experimental spectroscopic
measurements [6]. The effective mass is meg = h?/ (0°E /9k*), where E is the energy and k
is the wave vector. The electrons near the Dirac point behave as massless Dirac fermions
(megr — 0), governed by an equivalent massless Dirac equation which is of significant interest
for condensed matter physics [4, 8, 9].

Graphene exhibits exceptional electrical conductivity, allowing electrons to move through
it with minimal resistance The remarkable carrier mobility at room temperature has been
reported in both suspended and SiO, supported graphene (~ 15000 cm?/V -s) [10]. The
mobilities of electrons and holes are nearly identical [2]. The resistivity of graphene sheets
is much less than the resistivity of silver, the lowest known at room temperature. The high
mobility and lower resistivity make graphene nearly ideal for high-speed electronics.

Graphene is highly thermally conductive, with conductivity values up to 5000 W/m-K
[11, 12], making it excellent for heat dissipation applications in electronics and materials
science. Graphene is also one of the strongest known materials, with a Young’s modulus of 1
TPa and a tensile strength of around 130 GPa [13, 14], which is 200 times stronger than steel
by weight. The graphene layer is extremely flexible and stretchable for bending and tensile
without breaking. The light absorbance of monolayer graphene is about 2.3% [15, 16]. The
absorption spectrum is broadband, covering ultraviolet, visible, infrared, and even terahertz
regions [15, 17]. This is due to its linear energy dispersion, which allows electron transitions
across a wide range of photon energies without the restriction of the band gap.

Graphene has a very high surface area (~ 2630 m? /g for single-layer graphene), making
it useful for adsorption processes. Its surface area also enhances its chemical reactivity
for functionalization. Although the basal plane of pristine graphene is relatively inert, the
edges and defects within graphene sheets are chemically active. Functionalization, such
as oxidation to form graphene oxide (GO), makes graphene more versatile and enhances
its compatibility with other materials [18]. Pristine graphene is generally hydrophobic.
Oxidation or other chemical modifications can alter its interaction with water, making it more

hydrophilic and enabling it to disperse better in aqueous solutions.

1.2.2 Preparation methods of graphene

To explore and harness the unique properties of graphene, the synthesis process plays a
crucial role. The quality and potential applications of graphene are directly influenced by the
synthesis method, as each approach results in distinct structural and electronic characteristics.
This section discusses several key graphene synthesis techniques, including mechanical
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exfoliation, chemical vapor deposition, the oxidation-reduction process, epitaxial growth,
and other emerging methods. Each method offers specific advantages and limitations,
balancing factors such as production cost, quality, and scalability. Refining these techniques
and developing hybrid methods will be essential for unlocking graphene’s full potential in
commercial applications.

Mechanical Exfoliation: Mechanical exfoliation, also known as the "Scotch tape
method," was the first approach used to isolate single-layer graphene. In 2004, Andre
Geim and Konstantin Novoselov first realized the isolation process [2]. This discovery earned
them the Nobel Prize in Physics in 2010. This simple, yet effective method involves peeling
layers of graphene from graphite using adhesive tape until single-layer graphene sheets are
obtained. Mechanical exfoliation produces high-quality, defect-free graphene with pristine
electronic properties, making it ideal for fundamental research [19]. However, this approach
has limitations in scalability and reproducibility, restricting its application for large-scale
production.

Chemical Vapor Deposition: Chemical Vapor Deposition (CVD) is one of the most
widely used techniques for synthesizing large-area graphene on metal substrates, such as
copper, nickel, and their alloy [20-22]. In this process, hydrocarbon gases are decomposed at
high temperatures in a chamber, allowing carbon atoms to deposit and form graphene on the
metal surface. Copper tends to promote monolayer graphene growth due to its low carbon
solubility, while nickel can yield multilayer graphene. The candidates for hydrocarbon gas
include methane, ethylene, and ethanol. CVD is highly scalable and produces continuous
graphene films with few defects, making it suitable for industrial applications like transparent
conductive films and flexible electronics. Transferring graphene from the metal substrate to
an insulating substrate is a complex process that can degrade quality by introducing residue
dopants, defects, and cracks.

Oxidation-Reduction of Graphite: The oxidation-reduction process involves the chemi-
cal oxidation of graphite to produce GO, which is then reduced to graphene by chemical or
thermal treatments [23]. This method enables bulk production of graphene materials with
high yield, making it suitable for applications where cost-effective production is a priority.
However, graphene produced through this route tends to have residual oxygen groups and
structural defects, which can compromise its electrical conductivity. Modified reduction
techniques, such as hydrothermal reduction or electrochemical reduction, are being explored
to improve the quality of reduced graphene oxide (rGO) [24].

Epitaxial Growth: Epitaxial growth is a promising method for producing high-quality
graphene directly on an insulating substrate [25]. In this process, silicon carbide (SiC) is

heated to high temperatures, causing the silicon atoms to sublimate and leaving behind a
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carbon-rich surface that reorganizes into a graphene structure. This method yields high-
purity graphene layers with controlled thickness and is particularly suitable for electronic
applications, as it avoids the transfer step required in CVD. However, the cost of SiC
substrates and the high temperatures required make this process less economically viable for
mass production.

Other Emerging Methods: Other methods, such as liquid-phase exfoliation, laser direct
writing, and molecular assembly. Liquid-phase exfoliation is a scalable method to produce
graphene by dispersing graphite in a solvent and applying ultrasonication or shear force to
separate graphene layers. It is cost-effective and suitable for large-scale production, yielding
graphene in the form of flakes with applications in coatings, composites, and inks. Laser
direct writing (LDW) is an efficient and versatile method for fabricating graphene by locally
converting carbon-based precursors, such as polyimide (PI) or GO, into graphene using a
focused laser beam. The laser induces rapid thermal or photochemical reactions, reducing GO
or carbonizing PI to form graphene [26-29]. This mask-free process enables high-precision
patterning and is flexible, cost-effective, and compatible with various substrates. LDW has
shown great potential for applications in graphene-based sensors, electronic devices, and
flexible circuits. Molecular assembly is a bottom-up synthesis method for precise control over
graphene’s structure at the atomic level. Common molecular precursors used in this method
include small organic molecules, such as pyrene derivatives. It can be used for the synthesis
of graphene nanoribbons, enabling precise control over the structure with designated widths
and edges.

1.2.3 Application of graphene

The applications of graphene can be typically divided into two major categories: appli-
cations based on 2D single-layer or few-layer graphene sheets, and those based on three-
dimensional (3D) graphene architectures such as aerogels and foams. This part outlines the
distinct advantages and uses of each form, highlighting their contributions to fields such as

electronics, energy storage, environmental engineering, and biomedical applications.

Applications of 2D Graphene Sheets

Single-layer or few-layer graphene sheets are highly suitable for applications in elec-
tronics, optoelectronics, and sensors. Due to its exceptional electrical conductivity and
transparency, graphene is extensively studied as a material for transparent conductive films

in touchscreens, organic light-emitting diode displays, and solar cells.
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Graphene’s broadband optical absorption, high carrier mobility, and ultrafast response
time make it remarkably suitable for applications in photonics and optoelectronics. Its ultra-
wideband absorption and exceptional carrier mobility make graphene an excellent candidate
for photodetectors. It can replace the existing IV and III-V semiconductors which suffer
from the “long-wavelength limit" and response delay. Graphene’s ability to absorb light
across a broad spectrum, from ultraviolet to terahertz, enables photodetectors to operate
over a significantly wider wavelength range [30]. Both experimental and theoretical studies
have extensively explored graphene’s photoelectrical response, demonstrating much broader
spectral detection capabilities [31]. Other optoelectronics devices such as modulators, filters,
and terahertz generators are also reported.

Additionally, graphene’s high carrier mobility makes it a promising material for next-
generation field-effect transistors (FETs), offering the potential for faster and more efficient
electronic devices. However, its zero band gap has historically hindered the real application.
Recent breakthroughs, such as band gap engineering achieved through epitaxial growth on
SiC, offer promising pathways to overcome this limitation [32].

Graphene’s atomic thinness and high surface-to-volume ratio allow it to detect minute
changes in its environment, leading to sensitive applications in chemical and biological
sensing [33—-36]. Graphene-based sensors exhibit exceptional sensitivity in detecting small
gas molecules, heavy metals, pH levels, and biomolecules, which supports the trend toward

lightweight, fast-response sensors in environmental monitoring and medical diagnostics.

Applications of 3D Graphene Aerogels and Foams

3D graphene architectures, such as aerogels and foams, expand graphene’s application
potential by adding structural complexity and porosity, which enables unique functionalities
in energy, environmental, and biomedical fields.

The high porosity and surface area of 3D graphene aerogels make them excellent materials
for adsorption and filtration. They are effective in removing heavy metals, dyes, and organic
pollutants from water. Additionally, graphene foams are being explored in air purification
and oil spill remediation, as they can efficiently adsorb oil and other contaminants [37].

The excellent conductivity of graphene improves charge transport. The 3D architecture
with a large specific surface area of foam structure has higher charge storage, which enhances
energy storage performance. These features are highly beneficial in supercapacitors, lithium-
sulfur batteries, and fuel cells [26, 38]. Graphene-based electrodes enhance the energy
density and cycling stability of lithium-ion batteries and provide high power density in

supercapacitors. In fuel cells, graphene foams are used as catalyst supports, where their high
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conductivity and surface area improve catalytic activity. The 3D graphene architectures have
applications in portable electronics and electric vehicles.

The lightweight and resilient nature of graphene aerogels and foams make them suitable
for applications where strength, flexibility, and low weight are required, such as in aerospace
and structural composites. The open-cell structure of graphene foams also has the potential
for heat dissipation and thermal management for high-performance devices [39, 40]. The

high conductivity extent the application of flexible strain sensors [41-44].

1.2.4 Other two-dimensional materials

By replacing the carbon atoms in graphene’s hexagonal structure with different atoms,
a series of low-dimensional materials can be obtained. These materials also exhibit unique
properties and have broad application potential. In this dissertation, the dry transfer method
is also applied to the transfer and stacking of hBN and MoS; in collaboration with other
researchers. Therefore, a brief introduction to hBN and MoS, is provided here.

Hexagonal boron nitride

Similar to graphene, hBN is a two-dimensional material with a hexagonal honeycomb
structure. In hBN, the boron and nitrogen atoms are alternatively arranged with a bond length
of 1.45 A and intelayer spacing of ~ 3.3 A. The hBN is also known as “white graphene" due
to its similar structure and properties with graphene.

Properties: The hBN exhibits a range of unique physical and chemical properties that
distinguish it from other two-dimensional materials [45]. The hBN is an electrical insulator
with an wide bandgap of approximately 5.9 eV [46, 47]. The hBN exhibits an optically
transparent material with low absorption in the 250-900 nm wavelength range, yet an
exceptionally high absorption peak in the deep ultraviolet (UV) range (200-220 nm) due to
its anisotropic structure is observed. Despite a insulator, the hBN also has relatively high
thermal conductivity up to 600 W/m-K. The Young’s modulus of hBN can reach up to 1.16
TPa according to experimental measurement and theoretical analysis. The hBN has thermal
stability up to high temperatures (1000 °C) and is chemically inert to most chemicals.

Synthesis: The hBN single crystal with best quality is synthesis by the high pressure
high temperature (HPHT) method. Kenji Watanabe and Takashi Taniguchi developed such
method. Their single crystal hBN has become the best choice for the scientific research of
low-dimensional material [48, 49].

The mechanical exfoliation and CVD are also the common methods for hBN fabrication.
Similar to graphene, single and few layers of hBN can be obtained by mechanical exfoliation
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from bulk hBN crystals. This method produces high-quality flakes for research purpose,
but it is limited by scalability. The hBN of Watanabe and Taniguchi is good candidate
for mechanical exfoliation. CVD is also widely used for synthesizing high-quality, large-
area hBN films [50, 51]. This method involves the decomposition of boron- and nitrogen-
containing precursors, such as ammonia borane and borazine, at high temperatures, resulting
in the formation of atomically thin hBN layers on metal substrates. The CVD method is
widely used for creating hBN films suitable for electronic applications.

Applications: The wide-bandgap semi-conductivity of hBN leads to applications in
deep UV to near infrared (NIR) emitters and detectors [52]. Kubota et al. reported the
emission of intense 215 nm luminescence at room temperature in synthesized high purity
hBN crystals [49]. Deng et al. fabricated UV light-emitting diodes using n-ZnO films on top
of p-hBN/pGaN/sapphire substrate measuring a peak wavelength of ~ 376 nm with a narrow
full-width at half-maximum [53]. The combination of wide bandgap and presence of defects
vacancies can create stable mid gap states resulting in highly efficient single-photon emitters.
A ultra-broad spectral range (357-896 nm) single photon emission is observed using hBN
with photostability and high brightness under ambient conditions [54].

The hBN is also beneficial in enhancing the device performance for other low-dimensional
materials [55, 56]. The smooth and chemically inert surface has high optical surface phonon
energy, and free of dangling bonds and charge traps, due to the strong in-plane bonding of
the hexagonal lattice structure [57]. The hBN shows appealingly large bandgap and small
lattice mismatch with graphene. By placing graphene on the hBN surface or sandwiching
between two flakes, an increased carrier mobility is observed. Dean et al. fabricated high-
quality mechanically exfoliated mono- and bilayer graphene devices on single-crystal hBN
substrates, which demonstrated mobilities and carrier inhomogeneities that are almost an
order of magnitude higher than devices on SiO; [55]. Wang et al. reported heterostructures
made of graphene devices encapsulated by two hBN sheets [56]. Such encapsulation enabled
high electronic performance, such as low-temperature ballistic transport over distances longer
than 15 pm, and room-temperature mobility comparable to the theoretical phonon-scattering
limit. Additionally, Dean et al. reported a similar device construct with hBN integrated in both
the substrate and gate dielectric, which demonstrated significant improvements in quantum
Hall measurements. Cui ef al. demonstrated a van der Waals heterostructure device platform
in which an atomically thin MoS; layer is encapsulated by hBN [58]. By dramatically
reducing the interfacial impurities, intrinsic electron—phonon scattering is observed at high
temperature, while substantially improved mobility is achieved at low temperature. The hBN
can also work as barrier and spacer between two different 2D materials owing to its dielectric

properties which result in tunneling effect and giving rise to new interfacial phenomena [59].
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The graphene/hBN/graphene sandwich configurations have been employed in tunneling FET,
in which h-BN serves as an insulating barrier for vertical tunneling electrons.

Molybdenum disulfide

The TMDC:s are a family of layered materials composed in the form of MX,,where M is
transition metals (e.g., molybdenum, tungsten) bonded with chalcogen atoms X (e.g., sulfur,
selenium). Each layer consists of a sandwiched structure where the transition metal atoms
binds with the surrounding chalcogen atoms with covalent bonds. Among TMDCs, molybde-
num disulfide (MoS,) has gathered significant attention, particularly for its semiconducting

nature in monolayer form.
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Fig. 1.3 (a) Lattice structure of MoS,. (b) Band structures of monolayer, bilayer, and bulk
MoS, [60].

Properties: Monolayer MoS; has a direct bandgap of approximately 1.8 eV, while bulk
MoS; has an indirect bandgap of about 1.2 eV [61, 60]. This tunable bandgap with thickness
is advantageous for optoelectronic applications [62, 63]. Similar to graphene, a mechanical
flexibility also appears in MoS; with a Young’s modulus of 270-330 GPa for different layer
numbers according to experimental measurements.

Synthesis: Mechanical exfoliation is popular laboratory methods for obtaining monolayer
or few-layer MoS, flakes. Mechanical exfoliation produces high-quality samples suitable for
research. The CVD method is also widely used to produce high-quality, large-area MoS,
films by decomposing molybdenum and sulfur precursors on substrates at high temperatures.
This method allows for precise control over thickness and quality, making it suitable for
electronic applications.

Applications Due to its unique properties, MoS; is applied across a variety of fields. The
direct bandgap of MoS,’s in monolayer form makes it suitable for transistors, photodetectors,
logic circuits, and flash memory devices [64, 65]. Its flexibility and tunable electronic
properties are advantageous for next-generation electronics, including flexible displays and
wearable devices.
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1.3 Introduction of nanospacer materials

1.3.1 Introduction of carbon nanotubes

The CNTs are cylindrical nanostructures composed of carbon atoms arranged in a hexag-
onal lattice, similar to the structure of graphene but rolled into tubes. Their unique properties,
which include exceptional strength, electrical conductivity, and thermal stability, have made
them central to advancements in nanotechnology, electronics, and materials science.

The discovery of carbon nanotubes can be traced back to the late 20th century, with
significant advancements in the 1990s. In 1991, Japanese scientist Sumio lijima first observed
multi-walled carbon nanotubes (MWCNTSs) using transmission electron microscopy (TEM)
while studying carbon materials produced in an electric arc discharge [1]. This breakthrough
paved the way for further research into single-walled carbon nanotubes (SWCNTs), which
were identified shortly after and exhibit unique properties distinct from their multi-walled
counterparts. The discovery of CNTs marked a significant milestone in nanotechnology, as
their properties opened up new possibilities for applications across various fields.

Properties of Carbon Nanotubes

CNTs are characterized by remarkable physical and chemical properties, which can be
divided into the following categories:

Physical Properties: CNTs are known for their exceptional tensile strength, which is
several times greater than that of steel, and high elasticity, which enables them to withstand
extreme mechanical stress without breaking. Their high thermal conductivity is comparable
to diamond, making them excellent materials for thermal management applications. Ad-
ditionally, CNTs exhibit unique electrical properties that depend on their structure. While
SWCNTs can be either metallic or semiconducting based on their chirality, MWCNTs
generally conduct electricity due to the overlap of electronic bands across layers.

Chemical Properties: Chemically, CNTs are relatively inert due to the strong carbon-
carbon bonds in their structure, which makes them resistant to most acids and bases. However,
they can be functionalized through chemical modifications, such as oxidation or the addition
of functional groups, to enhance their solubility and compatibility with other materials.
This chemical inertness, combined with functionalization capabilities, has expanded the
applicability of CNTs in composite materials, sensors, and biomedical devices.
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Synthesis of Carbon Nanotubes

The arc discharge is the method used for the initial discovery of CNTs [1]. It involves
creating an electric arc between graphite electrodes in an inert gas atmosphere. This high-
temperature process vaporizes carbon atoms, which then condense to form CNTs. While
efficient for producing high-quality CNTs, this method is less scalable and results in a mixture
of CNTs with varying diameters and layers.

The CVD method is the most commonly used technique for large-scale CNT production.
In this process, a carbon-containing gas (like methane or acetylene) is introduced into a
chamber containing a catalyst substrate at high temperatures. The carbon atoms decompose
on the catalyst surface and form CNTs. CVD is valued for its scalability and control over
CNT structure, making it suitable for both SWCNTs and MWCNTs.

Applications of Carbon Nanotubes

The exceptional properties of CNTs have led to numerous applications across various
fields:

Electronics: Due to their unique electrical properties, CNTs are considered for use in
transistors, sensors, and flexible electronics. Their high conductivity and stability also make
them ideal candidates for conductive films and transparent electrodes in displays and solar
cells.

Energy Storage: CNTs are widely used in energy storage devices, such as batteries and
supercapacitors, due to their high surface area and conductivity. Their role in electrode
materials enhances energy density, charge rate, and cycle life, making them valuable in
next-generation energy devices.

Composites and Structural Materials: CNTs are often integrated into polymers, metals,
and ceramics to create lightweight, high-strength composites. These composites are used in
aerospace, automotive, and sports equipment industries, where strength-to-weight ratio is
crucial. The incorporation of CNTs enhances the mechanical properties, thermal stability,
and durability of the composite materials.

Biomedical Applications: Functionalized CNTs are used in drug delivery, tissue engineer-
ing, and biosensors. Their ability to cross cell membranes and bind to biological molecules
allows them to target specific cells, making them promising for targeted drug delivery and
imaging. CNTs are also being investigated for use in neural interfaces and biocompatible
scaffolds.

Environmental Engineering: CNTs’ high surface area and functionalizability make them

useful in water filtration and environmental remediation. They are effective at adsorbing con-
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taminants and heavy metals from water, and CNT-based membranes are under development
for desalination and air purification.

Carbon nanotubes, since their discovery, have revolutionized nanomaterials science. With
remarkable mechanical strength, electrical conductivity, and chemical versatility, CNTs are
integral to advancements in electronics, energy storage, composite materials, and biomedicine.
Their synthesis methods, particularly CVD, enable scalable production for industrial appli-
cations, further driving innovation. As research continues, CNTs are expected to play an
increasingly prominent role in developing advanced materials and solutions across diverse

scientific and engineering fields.

1.3.2 Introduction of nanodiamonds

Similar to graphene and CNT, nanodiamonds (NDs) are another kind of nano-carbon
allotrope. The ND particle also has a diamond-like lattice structure but with a size in the
nanometer range. The diameter of NDs are typically 2-20 nm, although aggregation can lead
to larger particles. The NDs share certain properties with bulk diamond, including hardness,
optical transparency, thermal conductivity, and chemical inertness. The NDs is thermal
stability up to 800 °C. Higher temperature will make surface carbon turns to sp> carbon-
onion structure [66]. NDs exhibit unique characteristics due to their nanoscale dimensions
and high surface-to-volume ratio. The large surface area, with defects and functional
groups (like carboxyl, hydroxyl, and carbonyl groups), significantly impact their chemical
reactivity, solubility, and dispersibility in various solvents. This surface functionality enables
customization, making NDs versatile across different applications.

Synthesis: NDs are generally produced via high-energy processes, which allow for the
formation of the diamond lattice at nanoscale dimensions.

The detonation method is widely used for its scalability and cost-effectiveness. The
detonation nanodiamonds (DNDs) is also known as ultradispersed diamond (UDD). In this
method, nanodiamonds are formed from the detonation of carbon-containing explosives
(usually a mixture of TNT and RDX) in an oxygen-deficient chamber. The rapid pressure
and temperature rise facilitate the transition of carbon to the diamond phase, resulting in
nanoscale particles. The DNDs are usually aggregated and require post-synthesis purification
to remove impurities and improve dispersibility [67—69].

High-Pressure High-Temperature (HPHT) method involves subjecting graphite or other
carbon precursors to extreme pressures (~5 GPa) and temperatures (~ 1200°C). The con-
trolled environment allows for the direct formation of NDs with higher purity and uniformity

than those from detonation synthesis. HPHT synthesis can also incorporate the desired
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doping elements to achieve specific properties. Additional methods such as microwave
plasma chemical vapor deposition (CVD) are also reported.

Applications Nanodiamonds have found applications across a range of fields due to their
unique combination of mechanical, thermal, and surface properties.

NDs have wide biomedical applications due to their biocompatibility and functional-
izability including the drug delivery, bio-imaging, and tissue engineering. The surface of
NDs can be modified to carry therapeutic molecules, allowing for controlled release and
targeting. In addition, their optical properties enable NDs to serve as contrast agents in
imaging techniques, while their low cytotoxicity enhances their suitability in biomedical
applications.

NDs show extensive application in electronics and opto-electronics such as single photon
source and electron emitting element. NDs are also being studied for the application in
quantum computing due to their stable quantum states at room temperature. The hardness
and low friction coefficient of NDs also make them effective additives in lubricants, where

they reduce wear and friction between metal surfaces.

1.4 Previous research on graphene property modulation

1.4.1 Twisted multilayer graphene

In mulitilayer graphene, the AB stacking (Bernal stacking) always appears due to the fact
that it is the most energy stable structure. The band structure becomes parabolic, which is
different from the linear dispersion of monolayer graphene. By twisting the stacking order
between adjacent layers, the change of atom arrangement cause the decrease of interlayer
interaction in multilayer graphene. The twist mulilayer graphene, i.e. turbostratic graphene,
has a band structure similar to the monolayer graphene with linear dispersion. The interlayer
distance is also slightly different from the AB stacking. The twisted stacking also leads to
the moiré pattern which is the origin of tremendous novel physical phenomena. The previous
research reported the twisted stacked Gr to realize the monolayer band structure. However,
twisted stacked Gr still has domains with AB and AA stacking [70].

1.4.2 Graphene intercalation

Intercalation is another widely reported method to modify the interlayer interaction with
increased distance [71-77]. Metal atoms (Li and K) or small inorganic compound dimer
(MoCls and AICl3) are introduced between Gr layers by vapor deposition. The interlayer

distance is increased, and the interlayer coupling is weakened. The density functional theory
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calculations have predicted that double graphene with intercalation of FeCls has a band
structure resembles the monolayer Gr with linear dispersion [71, 72]. The decreased sheet
resistance has been observed in multilayer graphene with intercalation of FeCls [73] and
AICl3 — CuCl; [77]. The charge transfer between the intercalation material and graphene
layers induce doping effect [71, 75]. Novel physical behavior such as the quantum Shubnikov-
de Haas oscillation are reported where the electrical conductivity changes periodically with
the magnetic field [72].
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Fig. 1.4 Intercalation of multilayer graphene. (a) Schematic and band structure of FeCls
intercalation graphene. (b) The decrease of electrical conductivity in multilayer graphene
before and after intercalation.

There are many limitations in the intercalation method. The alternative material is limited
to metal atoms, ions, and inorganic compounds with small particles size. In the intercalation
process, the multilayer graphene is first prepared and placed in vacuum chamber [77]. Then,
the gas phase intercalation materials are introduced in the chamber by heating. The atoms
or molecules will spontaneously insert into the graphene layers. The interlayer distance of
AB stacking graphene is 0.34 nm, which makes large molecules hard to insert. Thus, the
separation of interlayer distance is usually less than 1 nm [75-77]. The intercalation quality
is not uniform. Araki et. al. has reported that the intercalation rate is sensitive to the stacking
angle [77]. The intercalation is easier to happen in stacked Gr layers with a large twist angle
[75, 77]. The chloride molecules and metal elements could induce doping on graphene layers
[72]. A reaction condition is required with vacuum and heating for a relatively long time
which cost energy [73, 75].

1.4.3 Graphene hybrid systems with other nanomaterials

The hybridization of graphene with nanomaterials such as CNTs has emerged as an
effective strategy to reduce interlayer interactions, thereby enhancing the properties of
graphene-based systems. Graphene, renowned for its atomic thickness, exceptional electrical
and thermal conductivity, and remarkable mechanical stiffness, faces challenges such as layer
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re-stacking, which limits its functional potential[40]. Incorporating CNTs into graphene
structures addresses this issue by introducing a cross-linking effect that prevents re-stacking
and increases porosity. This integration significantly improves mechanical robustness, electri-
cal properties, and superelastic characteristics, broadening the applicability of graphene-CNT
(Gr-CNT) hybrid systems [41, 78, 40].

Gr-CNT hybrids have demonstrated exceptional performance in various applications.
Their porous structure and high surface area make them ideal as scaffolds and adsorbents
for catalytic processes and water treatment [21, 37]. Additionally, the excellent thermal and
electrical conductivity of these hybrids makes them suitable for use in supercapacitors [79],
batteries [80], and thermal management systems [39]. The lightweight and flexible nature of
Gr-CNT hybrids further enables their use in strain sensors, artificial muscles, and vibration
dampers [43, 81].

Despite these advancements, most experimental methods for fabricating Gr-CNT com-
posites rely on random mixing of liquid phases, which limits the control over layer numbers
and uniform CNT insertion between graphene layers [82, 83]. This necessitates the devel-
opment of new fabrication approaches with enhanced structural controllability. Theoretical
and simulation studies have investigated the mechanical properties of Gr-CNT structures,
including elastic constants and CNT deformation within graphene layers [84, 85]. However,
systematic studies on critical factors such as the size and distribution of CNTs, which govern
the microstructure and functionality of these hybrids, remain insufficient. Addressing these
gaps could further advance the design and application of Gr-CNT systems and extend the
research to other graphene-based hybrids with nanomaterials like hBN and boron nitride

nanotube.

1.5 Motivation and challenges

In this dissertation, I proposed an alternative strategy to regulate interlayer interactions.
The two nano carbon allotropes, carbon nanotubes and nanodiamond, are selected as the
candidate of nanospacer.

Previous studies report randomly stacked graphene also exhibits a linear dispersion band
structure. However, AB-stacked subdomains still exist within the moiré patterns of the
stacked layers. Growing large-scale randomly stacked graphene through the CVD method
remains a significant challenge. Intercalation is another approach to weakening interlayer
interactions, but the range of materials that can be intercalated is typically limited to small
molecules or metal atoms. The introduction of other elements may lead to doping effects and

other alterations.
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By introducing nanospacers between graphene layers, the interlayer spacing is increased.
Density functional theory (DFT) simulations were conducted, and the figure shows the
band structures of monolayer graphene, AB-stacked bilayer graphene, and AB-stacked
graphene with an interlayer spacing of 5 A. Increasing the interlayer spacing enables bilayer
graphene to achieve a band structure with linear dispersion, similar to that of monolayer
graphene. As a result, each layer in multilayer graphene exhibits properties comparable to

monolayer graphene. Due to van der Waals forces, there is an attractive interaction between
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Fig. 1.5 Band structures of graphene layers from density functional theory. (a) Monolayer
graphene. (b) AB-stacked double-layer graphene. (c) AB-stacked double-layer graphene
with interlayer separation of 0.5 nm.

graphene layers. After introducing spacers, this attraction can cause graphene to bend and
deform, bringing the interlayer distance closer again. Therefore, it is necessary to analyze
the microscopic structure of the graphene and spacer stacking to ensure that the graphene
layers are adequately separated.

The porous structure of graphene foam is a key factor contributing to its wide range
of applications. Adding spacers can increase the surface ratio of graphene foam. Previous
studies have reported experimental investigations into the effects of incorporating CNTs on
the interlayer properties of graphene. However, research on the characterization of nanoscale
structures and theoretical aspects remains limited. Gr-CNT composite foams are often used
in strain sensors, but mechanical studies from the perspective of their microscopic structure
are still insufficiently developed. Therefore, the mechanism of deformation behavior should
be further studied.

1.6 Organization of the dissertation

The organization of this dissertation is the following:
In Chapter 1, I first introduced the graphene and the nanospacer materials, CNT and ND,
from their properties to synthesis methods and applications. Then, I reviewed the previous

methods for modulating graphene properties, with a particular focus on interlayer interaction
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modulation. Finally, I proposed my strategy for modulating graphene interlayer interactions
and discussed the motivation for constructing graphene stacking structures with nanospacer
insertion.

In Chapter 2, the research methods are introduced. The sample preparation methods
include two transfer methods, dry and wet transfer, for graphene stacking and the method
for dispersion nanospacers between graphene layers. The characterization methods involve
Raman spectrum and atomic force microscope (AFM). The microstructures of the stacking
structures are also simulated by molecular dynamics (MD). The simulation method is briefly
introduced with basic knowledge.

In Chapter 3, the insertion of CNT nanospacers into multilayer graphene is investigated.
The Gr-CNT stacking structure is experimentally fabricated with the dry transfer method.
Raman spectroscopy and AFM observation confirm the increase in interlayer distance and
the reduction in interlayer interaction. The MD simulations are conducted to explore the
microstructure of the Gr-CNT stacking structure, revealing two distinct interlayer config-
urations: separation and adhesion. The effect of CNT diameter, inter-tube distance, and
arrangement style are systematically studied.

In Chapter 4, the NDs are employed as nanospacers for interlayer modulation. Both
experimental fabrication and MD simulation demonstrate the separation of graphene layers
and the suppression of interlayer interactions. Additionally, a theoretical model based on
continuum mechanics is developed which enables the prediction of the relationship between
ND parameters and the equilibrium configuration with reduced simulation time. The model
also allows for the calculation of the critical inter-ND distance required for graphene layer
separation.

In Chapter 5, the property modulations of CNT and ND spacers are systematically studied.
First, additional MD simulations are performed to pursue deeper insights into the microscopic
configurations of Gr-CNT stacking structures. Factors such as the number of CNT walls,
applied loading pressure, and multilayer suspended configurations are investigated. The
structure shows a multistable characteristic between the separation and adhesion configu-
ration, which induces hysteresis loading-unloading curves. Second, a non-linear I-V curve
is observed in the graphene-ND stacking system fabricated using the dry transfer method.
The nonlinearity arises from the tunneling current through the ND spacers, demonstrating
potential applications in physical neural network devices.

In Chapter 6, I recapitulate the major conclusions of this dissertation and provide a future
perspective with further novel properties remaining unexplored and potential applications.



Chapter 2

Research methods

2.1 Sample preparation

2.1.1 Wet transfer of 2-dimensional materials

The monolayer graphene is grown using the CVD method on copper foil. The graphene
should be first transferred to silicon (SiO, /Si) or fused quartz (FQ) substrate for easier further
manipulation and measurement. The CVD graphene from three manufacturers are tried, NTT
basic research laboratories, Graphene Platform, and Grolltex. Monolayer graphene grows on
both sides of copper foil (Gr/Cu/Gr).
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Fig. 2.1 The process of wet transfer from copper foil to silicon substrate.

The process of wet transfer from copper foil to silicon surface with 300 nm oxide layer is

shown in Fig. 2.1 and details are described below:
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Research methods

. Cover one side of Gr/Cu/Gr with polymer: Cut the Gr/Cu/Gr into small pieces (5—8

mm squares). Fix the four sides of Gr/Cu/Gr on the SiO;/Si substrate with Kapton
adhesive tape. Spin coating the Gr/Cu/Gr with polymethyl methacrylate (PMMA) and
a spin rate of 2500 rpm for 50 s. The PMMA (950 PMMA A6, Kayaku Advanced

Materials, Inc.) is dissolved in anisole at a concentration of 6 wt.%.

. Remove the graphene on the other side: Prepare FeCl3 solution by mixing 16 g

FeCls - 6H,0 powder and 90 ml deionized water. Gently brush the other side of the
Gr/Cu/Gr with a brush dipped in FeClj3 solution until the surface color turns dark. An

alternative method is plasma etching with O; or Ar.

. Etching of copper foil: Prepare the etching solution by mixing the concentrated HCI

(36 %) and FeClj solution in a 1:1 volume ratio in a petri dish. Place the PMMA/Gr/Cu
on the surface of liquid. Place the petri dish in the fume hood and wait for 16 hours in
the ambient condition. After the etching process, rinse the Gr/PMMA film in deionized
water twice for 10 min, 9 % HCI for 2 h, and deionized water three times for 10 min.
Use watch glass to transfer Gr/PMMA between different liquid surfaces.

. Pick up graphene film: Treat the target surface using O, plasma cleaning (Low mode,

10 Pa, 40 s) to enhance the hydrophilicity. Pick up the Gr/PMMA file with the target
substrate. Use a rubber dust blower and a needle tip to adjust the position of the
graphene film to ensure it is at the center or needed place of the substrate. Place the

sample onto 60 °C hotplate for 5 min to evaporate water.

. Remove PMMA layer: After ensuring the water is fully drought, soak the sample

into organic solvent in a Petri dish to remove the PMMA layer. The optional organic
solvent includes acetone, 1-methyl-2-pyrrolidinone (NMP), and anisole. After soaking
the sample, wait over 12 h for the dissolution. Heating the Petri dish on a 50 °C can
accelerate the dissolution. Finally, wash the sample in acetone and 2-propanol (IPA)

using a dropper, and blow away the remaining IPA with N, gun.

After wet transfer, PMMA residue may still remain. The sample can be further cleaned

by H; annealing. The condition is 350 °C for 40 min, and the carrier gas is 150 sccm Hj /Ar
(3%) with a total pressure of 8.6 kPa.

2.1.2 Dry transfer of 2-dimensional materials

The dry transfer is another method to move low-dimensional materials between different

surfaces. The dry transfer system is shown in Fig. 2.2. The system consists of a microscope
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for monitoring the position of material flakes, and two micrometer translation stages for
adjusting the relative position (see Fig. 2.2a). One translation stage is for the sample substrate,
placed beneath the microscope (see Fig. 2.2b). The stage can move in the horizontal x and y
directions and rotate along the z-axis. A Peltier temperature controller is integrated into this
stage to adjust the temperature. The other translation stage, designed for the movement of
the polymer lens, is positioned beside the first stage. This stage can move in the horizontal x

and y directions and along the z-axis with a stepper motor.
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Fig. 2.2 (a) Dry transfer system for stacking low-dimensional material flakes. (b) Schematic
diagram of the substrate and lens stages.

The polymer lens is the main tool for pickup and stacking materials. The fabrication

process is as follows (see Fig. 2.3a):
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Fig. 2.3 (a) Fabrication process of dry transfer lens. (b) Process of dry transfer, pickup and
placing.

1. Polymer film: Cut the glass slide into small pieces 11 mm x 9 mm. Clean the cut

glass slide in ethanol and water once each in ultrasonic. Cut the Gel Pak silicone film
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into 6 mm x 6 mm, remove the protective film on both sides and adhere it to the center

of the cut glass slide.

. First polymer lens: Prepare the polydimethylsiloxane (PDMS) mixture. Take 0.5 g

of Dow Sylgard 184 base and 0.05 g of curing agent (mass ratio 10:1), mix, and stir
thoroughly. Use a pipette tip to take a small amount of the mixture and drop it onto the
surface of the silicone film. The droplet should be about 1-2 mm in diameter. Then,
put the silicone film on a hotplate at 120 °C and heat for 10 min to cure the PDMS into
a lens.

. Second polymer lens: The size of the second lens is often smaller than that of the first

lens. The lens size affects the contact area; a smaller lens only contacts the surrounding
area of the target material flake, allowing precise pickup and stacking of the desired
flake without affecting other parts. The small second lens is created with the help of
the dry transfer stage. Place the film with the first lens on the Peltier stage, and fix a
thin platinum wire (¢ = 0.02 mm) onto the motorized stage using a glass slide. Wet
the tip of the platinum wire with liquid PDMS using a pipette to form a tiny droplet.
Control the movement of the motorized stage to approach the lens surface. With the
aid of a microscope, carefully drip the second droplet at the center of the first lens.
Then, cure the PDMS droplet into the second lens with the same heating condition
(120 °C, 10 min).

. Covering polymer spin-coating: PDMS has low surface adhesion, so a more ad-

hesive polymer covers it, such as poly(propylene carbonate) (PPC) or poly(methyl
methacrylate) (PMMA). First, perform plasma treatment on the PDMS lens to enhance
wettability; the treatment conditions are DC plasma (Fig. 2.4a), “Low" mode, with
oxygen at 10 Pa for 1 min. Spin-coat a 15 w.t.% PPC anisole solution onto the treated
lens surface, with parameters of 2000 rpm for 30 seconds. After spin-coating, heat on

a hotplate at 75°C for 45 minutes to evaporate the solvent.

The pickup, placing, and stacking of low-dimensional material flakes are achieved through

contact between the surface of the polymer lens and the flake. The dry transfer system (Fig.

2.2) allows precise control over the relative movement between the polymer lens and the

material substrate, as well as the temperature of the substrate. The pickup and placing of

the material are realized by adjusting the adhesive properties of the lens surface through

temperature control. At higher temperatures (above the glass transition temperature), the

surface polymer, such as PPC or PMMA, is in a viscoelastic state. The adhesion between the

lens and the flake is weak, making it suitable for placing the material. Conversely, at lower
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temperatures (below the glass transition temperature), the surface polymer is in a solid state.
The lens and flake adhere strongly, making the lens effective for picking up the material.

The operation of the dry transfer is shown in Fig. 2.3b with detailed steps as below:
* Pickup process:

1. Position the polymer lens carefully close to the target surface with the stepper

motor and translation stage.

2. Increase the temperature of the Peltier controller to the target value (e.g., ~ 85°C
for PPC polymer). Increasing temperature allows the lens to expand and make

contact with the surface. Wait until the temperature stabilizes at the set value.

3. Gradually lower the temperature to shrink the lens and pick up the flake. For
mechanically exfoliated flakes, reduce the temperature to 10-15 °C. For CVD
materials, reduce the temperature further to approximately 5 °C. Take care to

avoid the formation of condensation on the surface at low temperatures.

4. If the lens remains in contact with the sample surface after cooling, raise the lens

using the stepper motor, ensuring the smallest step length is used.
* Placing process:

1. Position the polymer lens near the target area using the stepper motor and transla-

tion stage. The position should be carefully confirmed for precise stacking.

2. Increase the temperature of the Peltier controller to the target value, typically
~ 5 °C higher than the pickup temperature. Allow the lens to expand and make
contact with the target area of the surface. Wait until the temperature stabilizes at
the set value.

3. Gradually raise the lens using the stepper motor, ensuring the smallest step length
is applied. This process will reduce the contact area between the lens and the

surface, leaving the flake to adhere to the surface.

4. Reset the Peltier controller to room temperature and take the sample substrate.
Residual polymer on the sample can be removed by washing with acetone for 10

minutes or through H; annealing.

2.1.3 Nanospacer dispersion

The dispersion of nanospacers was achieved using the spin-coating method. Since

graphene is a hydrophobic material, selecting a solvent with suitable wettability is crucial to
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DC Plasma

RF Plasma

Fig. 2.4 Other experimental instruments. (a) Picture of DC plasma and RF plasma instruments.
(b) Instrument for high temperature annealing process.

achieving a uniform dispersion. In this study, ethanol was used as the solvent for dispersing
the nanospacers. Compared to water and NMP, ethanol has a lower surface tension, allowing
the dispersion to spread more effectively and cover larger areas, thereby improving uniformity.

Before spin-coating, the nanospacer dispersion was sonicated in an ice-water bath for 60
min to minimize aggregation. The dispersion was then spin-coated onto the graphene surface
at a speed of 3000 rpm for 180 s. After spin-coating, the sample was placed on a hot plate
set to 90 °C for 3 minutes to ensure complete evaporation of the ethanol.

2.1.4 Reduced graphene oxide films with carbon nanotubes

By combining vacuum filtration and high-temperature reduction, reduced graphene oxide
(rGO) films can be prepared. Introducing nanospacers into the suspension used for vacuum
filtration allows the spacers to be inserted between graphene layers. The process consists
of two steps. The first step makes graphene oxide (GO) film by vacuum filtration method.
The second step reduces the GO to rGO by high temperature annealing. Compared to the
layer-by-layer stacking of CVD graphene, this method enables the production of large-area
multilayer graphene at a lower cost.

Here, the preparation process of the film is demonstrated using a GO-CNT stacking
structure as an example.

Vacuum filtration method for GO film with nanospacer

1. First, aqueous suspensions of GO and CNT are mixed in a specific ratio (16:1). Shake
the mixed solution on a shaker for 30 minutes to ensure thorough mixing. The
CNT suspension used here has a concentration of 0.1 w.t.%, with an average tube
diameter of 4 nm (ZEONANO 02DS-WA-RD). The GO suspension, prepared using
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the modified Hummer’s method, has a concentration of 0.1 w.t.% (provided by the

Nishina Laboratory at Okayama University).

2. Take a filter membrane and fix it on the metal mesh of the filter flask. The filter

membrane has a diameter of 25 mm (Merck).

3. Using a dropper, add the mixed suspension (approximately 10 drops) onto the filter
membrane. Turn on the vacuum pump to reduce the pressure inside the flask. Under
the pressure difference between inside and outside the filter flask, the suspension
passes through the filter membrane, leaving GO and CNT on the surface of the
membrane. Wait until the suspension is fully filtered. If frost appears on the surface
of the membrane or if condensation forms on the outer wall of the filter flask, stop
the vacuum filtration and allow the frost to melt before continuing. The frost can
cause blockage and prevent the suspension from flowing downward. The solvent water
beneath the filter membrane will evaporate under vacuum, removing heat from the

upper liquid layer and causing frosting.

4. Once the initially added suspension is fully filtered, continue adding the same amount
of suspension and wait for filtration. Repeat this process until all the prepared solution
has been added and filtered.

5. Turn off the vacuum pump. Remove the filter membrane containing GO and CNT.
Allow the dried filter membrane to be placed in 50°C acetone and heated for over 30
minutes until the white filter membrane is completely dissolved. Use a quartz substrate
to collect the GO-CNT film and place it on a 50°C hotplate for drying.

High temperature reduction of GO

The GO films require high-temperature reduction using ethanol as the reducing agent.
The high-temperature electrical furnace used for reduction is shown in Fig. 2.4b. In the
reduction process, the flow rate of ethanol is 2 sccm, the flow rate of argon gas is 20 sccm,

the reduction temperature is 1200°C, the reaction time is 1 hour, and the pressure is 0.3 Torr.

2.2 Measurement method

2.2.1 Raman spectrum

Raman spectra are used in our evaluation to analyze the crystallinity and layer number of

the multilayer graphene grown by CVD method. The typical Raman spectra of monolayer
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graphene is shown in Fig. 2.9. There are three characteristic peaks in this Raman spectra,
from the left to the right are D band (1350 cm™ 1), G band (1580 cm™') and 2D band
(2700 cm™"), respectively. The principles of Raman spectra in graphene can be understood
by considering the origin of the different vibrational modes. Since graphene has two atoms
in each unit cell, six phonon branches exist, including three acoustic (A) and three optical
(O) phonons. Four of these phonons (two O and two A) are in-plane (i), and the other two
phonons (one A and one O) are out-plane (o). If the vibration direction is perpendicular to or
parallels with the carbon-carbon bonds, then the modes are classified as transversal (T) or
longitudinal (L), respectively. The Raman bands of graphene are mainly due to the iLO and
1TO vibration modes.

The G band is a first-order non-dispersive Raman scattering band, originated from the
in-plane vibrations of sp> bonded carbon atoms in graphene. As shown in Fig. 2.5, by
impinging the incident photon (blue arrow), an electron-hole pair is excited at the I'-point
of the first Brillouin zone. The electron-hole pair is scattered by the iTO or iLO phonons
and recombines by emitting a photon (red arrow). The G band corresponds to the amount of
graphene present.

The D-peak, the second-order dispersive Raman scattering is due to the breathing-like
modes of six-atom rings as shown in Fig. 2.5. This band involves an iTO phonon around
the K-point. In this case, the electron is inelastically scattered by an iTO phonon to the K’
point and then is elastically back-scattered to the K point by a defect for the momentum
conservation. The D band appears in the presence of point defects or grain boundaries.

The G’ band, also known as 2D peak, is a second order Raman process originating from
the in-plane breathing-like mode of the carbon rings like the D band. Fig. 2.5 shows a
diagram of the Raman 2D process. Fig. 2.5 shows the double resonance process in which
an electron—hole pair is created by an incident photon near the K point. The electron is
inelastically scattered by a iTO phonon to the K’ point. Since the Raman process must
conserve energy and momentum, the electron must scatter back to K before recombining
with the hole. In the case of the G’ band the electron is back-scattered by a second iTO
phonon. This process is known as double resonant (DR), because the incident or scattered
photon and the first or second phonon scattering are resonant with electronic levels in the
graphene. Alternatively, the G’ band process can also be triple resonant, which is shown in
Fig. 2.5. In this case, both carriers are scattered by 1TO phonons from near the K point to
the K’ point and recombine by emitting a photon. The G’ band can be used to determine the
number of graphene layers and the stacking structure in a flake.

The defect can be evaluated by the intensity ratio between G and D peak. A point defect

is the simplest and most common type of defect that can be generated in a graphene lattice.
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Fig. 2.5 The Raman of graphene.

The relation between the intensity of G band /(G), D band /(D) and the average distance
between defects Lp can be written as

2 2
I(D) _ o Ta=TS [ ~n/th _ ~n(3-r2)/h

1G) "2 22 @D

The rg defines the radii of a circular area where the lattice structure is destroyed by the
impact of the ion so the D band will not appear. On the other hand, the ra defines the radii
of a circular area where the structure is not destroyed by the ion so the D band is activated,
as shown in Fig. 2.5. Lp is evaluated by scanning tunneling microscopy characterization.
The parameter C4 = 160E; 4 where Ej is the laser energy of Raman spectrum. In present
research, the 532 nm (2.33 eV) green laser is used. By considering Lp > (ra, rs), ra = 3.1
nm, and ¢ = 3.1 nm, the Eq. 2.1 can be rewritten as

43 %103 /1(D)\ !
L3 (nm?) = . (lgGi) 2.2)

Fig. 2.5 shows the result of E} (I(D)/I(G)) versus Lp using different laser energies (1.58 eV,
1.96 eV, and 2.41 eV). From this plot, one can see that all the data with L4 > 10 nm fall on

the same solid curve in Fig. 2.5. In terms of excitation laser wavelength A = 532 nm, we
have

—1
L} (nm*) = 1.8 x 10771} (%) (2.3)

With Lp increasing (low defect density regime), /(G)/I(D) becomes larger which is in
agreement with expectation.
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2.2.2 Atomic force microscope

(a ) Topography
Position L ph
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(c) |

Sample

Fig. 2.6 Atomic force microscope (AFM) of present work. (a) Schematic diagram of AFM
instrument. (b) Schematic diagram of dynamics force mode. (¢) The AFM instrument in the
present research. (d) The scanning electronic microscope image of an AFM probe.

Introduction of atomic force microscope

Atomic Force Microscopy (AFM) is a high-resolution imaging technique extensively
used to characterize surface properties at the nanoscale. Unlike the Scanning Tunneling
Microscope (STM), which is limited to imaging conducting or semiconducting surfaces,
AFM can analyze almost any type of surface, including polymers, ceramics, composites,
glass, and biological samples. AFM operates by scanning the sample surface with a sharp
probe mounted on a flexible cantilever. The cantilever is deflected by the interaction forces
between the cantilever’s probe and the sample, such as van der Waals forces, electrostatic
forces, or mechanical contact. These deflections are measured with sub-nanometer precision
using a laser beam reflected off the cantilever onto a photodetector. AFM can generate
detailed topographical height images of surfaces. Its versatility and non-destructive nature

make it an essential tool in materials science, biology, and nanotechnology.

How the AFM works

AFM Probe Deflection: The interaction between the probe and the sample surface

causes the cantilever to deflect. A laser beam deflection system measures this deflection by
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reflecting a laser from the back of the reflective cantilever onto a position-sensitive detector

(Fig. 2.6a). AFM probes are typically micro-fabricated from Si or Si3N4. The typical tip

radius of an AFM probe ranges from several nanometers to tens of nanometers.
Measuring Forces: The force is calculated by measuring the deflection of the lever and

using the known stiffness of the cantilever. Hooke’s law gives:
F = —kz, (2.4)

where F is the force, k is the stiffness of the lever, and z is the deflection of the cantilever.
The AFM has a feedback loop using the laser deflection to control the force and tip position.
As the tip interacts with the surface, the laser position on the photodetector is used in the
feedback loop to track the surface for imaging and measuring.

Dynamic mode for AFM measurement

The dynamic force mode (DFM), also known as tapping mode or oscillating mode, is
mainly used for measurements in this thesis (Fig. 2.6b). In DFM, the cantilever oscillates as
it approaches the sample surface at a high frequency near resonance. The interaction force
between the probe and the sample is reflected to changes of the cantilever’s amplitude or
frequency, which are maintained at a constant level while scanning the sample surface.

In this mode, the probe taps the surface, resulting in gentle interactions that help preserve
the sharpness of the tip and minimize damage to the sample. This kind of interaction also
minimizes torsional forces between the probe and the sample, which are especially intensified
in static imaging mode. These features are especially advantageous for the measurement of
soft or brittle materials, such as polymers or nanoparticles.

Additionally, phase imaging can be simultaneously obtained during DFM measurements.
This technique provides additional information about the material properties of a sample
beyond its topography. The phase image is generated by measuring the phase shift between
the driving signal used for the cantilever’s oscillation and its actual response. The phase shift
offers valuable insights into the sample’s mechanical properties, such as elasticity, stiffness,
and adhesion.

In this thesis, the AFM/DFM measurements were conducted using the Hitachi High-
Tech AFM5100N (Fig. 2.6¢). The parameters of the probe are as follows (Fig. 2.6d): a
resonant frequency of 150 kHz, a spring constant k = 9 N/m, and a tip radius of 7 nm
(OMCL-AC200TS-R3 from Olympus).
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2.2.3 Electrical characteristics analysis

The current-voltage characteristic curves were measured using an electrical performance
analyzer equipped with a manual probe station. Electrodes were added by applying silver
paste (Fujikura Kasei, DOTITE D-500) to the edges of the graphene. Due to the sample
size of ~ 300um, the silver electrode deposition process was conducted under a microscope.
Using conductive glue to deposit silver electrodes is a simpler process, requiring no complex
lithography or metal deposition steps. It does not affect the quality of the sample.

2.3 Molecular dynamics simulation

Molecular dynamics (MD) simulation is a computational technique used to study atomic
and molecular behavior by solving Newton’s equations of motion for systems of interacting
particles. Through MD simulations, researchers gain insights into atomic-scale mechanisms
that are challenging to observe experimentally, such as material structure, thermodynamics,
and chemical reactions. These simulations have broad applications across fields, providing
a deeper understanding of material properties like thermal and mechanical characteristics,
defect formation, and fracture behavior, as well as protein folding and molecular interactions
in biological systems. MD is also crucial for predicting nanoscale behavior, assisting in the
design of new materials and nanostructures, and analyzing complex systems like liquids,
gases, and amorphous solids. Additionally, it sheds light on processes like reaction dynamics
and diffusion that are difficult to examine in laboratory settings. The MD simulation has
been a powerful tool for the study of low-dimensional materials such as graphene, CNT and,
MOSZ.

In MD simulations, a particle represents one or a group of atoms based on simplified
assumptions. The interactions between particles are governed by potential energy functions,
typically in the form of force fields. These force fields describe how atoms or molecules
influence one another through bonded interactions (such as bond stretching, angle bending,
and torsion) and non-bonded interactions including van der Waals forces and electrostatics.
The forces acting on each particle are calculated from these potential energy functions,

allowing the simulation to evolve over time according to Newton’s second law:
F=—-VU =ma, (2.5)

where F is the force on each atom, m is its mass, a its acceleration, and U the potential

energy.
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The MD process begins with initializing a system, defining atomic coordinates, velocities,
and the thermodynamic ensemble (e.g., NVT, NPT). Integration algorithms, such as the
Verlet or velocity-Verlet algorithms, are used to calculate the new positions and velocities
of atoms at each time step, typically on the order of femtoseconds. These small time steps
allow for the observation of atomic-scale events and time evolution of system properties over
picoseconds to nanoseconds.

In our study, we use the AIREBO potential to simulate the interaction between carbon
atoms of graphene and CNTs [86]. The AIREBO potential is a pair potential that incorporates
the bond stretching, angle bending, and torsion of carbon bonds. The non-bond interaction
is described by the Lennard-Jones potential. The famous open-source software, large-scale
atomic/molecular massively parallel simulator (LAMMPS) [87], is used for MD simulation.
The computation works utilized the computational resources of the Institute of Solid State
Physics (ISSP) supercomputer center at the University of Tokyo.






Chapter 3

Reduction of interlayer interaction in
multilayer graphene with carbon

nanotube insertion

3.1 Background

The carbon nanotube is selected as the first candidate for the nanospacer. Compared
with other nanospacers, the CNT is another allotrope of carbon with the same sp> hybridized
structure as graphene, which does not introduce dopants from other elements. Numerous
previous studies have reported that the graphene and CNT (Gr-CNT) composite system has
excellent electronic properties and a high surface-to-volume ratio, which provides widespread
potential applications in electronic devices [88-91, 81], energy storage [92, 79, 93], chemical
catalyst [94, 95, 82, 96], and water treatment [21, 97]. In these systems, the microscopic
structure, particularly the surface ratio and the ratio of single-layer graphene, plays a crucial
role in determining performance. Therefore, in-depth investigations at the micro-scale are
necessary.

Graphene is a material with excellent electrical, thermal, and optical properties [4, 98, 15,
11, 13] and broad prospects for applications [99-102, 14]. Monolayer graphene has a unique
band structure with a linear electronic dispersion, which results in high carrier mobility
[4, 98] and uniform light absorption of a wide range of wavelengths [15, 100]. Moreover,
multilayer graphene shows high electrical and thermal conductance and light absorption with
the increase of layer number [16, 103, 104]. The screening effect of multilayer graphene also
prevents the degradation of the electronic transportation properties caused by the surrounding
environment, including charge impurities and substrate roughness [104]. However, the
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energetically favorable AB stacking in multilayer graphene leads to a strong interlayer
interaction, which results in a parabolic electronic dispersion [105]. The intrinsic properties
of monolayer graphene, including high carrier mobility, are undermined. Therefore, reducing
interlayer interactions allows each layer to exhibit monolayer-graphene-like properties,
thereby enhancing the overall material performance of multilayer graphene.

A feasible approach for suppressing interlayer interactions is to increase the interlayer
distance. Theoretical analysis has proven that interlayer coupling decreases with the increase
of interlayer distance [75, 106]. Experimental observations have shown that the intercalation
of small molecules such as MoCls and AlCI3 into multilayer graphene reduces the interlayer
interaction [75, 107]. Nanospacers such as NDs, CNTs, and nanofibers can also prevent
restacking and reduce the interlayer interaction in graphene sponge structures [82, 83, 108].

The microstructure of the Gr-CNT composite system has a remarkable impact on prop-
erties. The addition of CNTs with a diameter of several nanometers can markedly increase
the interlayer distance and reduce interlayer interaction [106]. Consequently, each graphene
layer is remarkably separated and almost suspended. The benefits of suspended graphene
include ultrahigh carrier mobility and ballistic transport [109, 99, 110-112]. However, the
single-atom layer structure of graphene results in its low stiffness to bending deformation
[113]. The adsorption interaction among graphene layers results in the bending of graphene
and a decrease in interlayer distance [114, 84, 115, 116, 85]. Thus, negative factors, includ-
ing strong interlayer coupling, electron scattering, and a decrease in the surface-to-volume
ratio, will appear. Thus, investigating the real effect of CNT insertion on the microstructure
of the graphene and CNT composite system is necessary to comprehensively understand
and optimize their interaction. In previous experimental studies, the graphene and CNT
composite system was usually fabricated through a random mixture of liquid phases, making
it difficult to control the layer number and to ensure the CNT insertion between all graphene
layers [82, 83]. Therefore, a new fabrication approach with enhanced structural controlla-
bility must be developed. In addition, the MD simulation was employed to investigate the
mechanical properties of a multilayer graphene and CNT stacking structure, including elastic
constants [84]. The deformation of CNT encapsulated by two graphene layers is also studied
theoretically [85]. However, the influencing factors that determine the microstructure, such
as the size and distribution of CNTs, have not been systematically studied.

In this study, I investigated the multilayer graphene stacking structure with CNT insertion
through experiments and simulations. First, I experimentally fabricated such a Gr-CNT
stacking structure using a dry transfer method. Highly controlled stacking structures with
defined graphene layer numbers are achieved by alternately transferring monolayer graphene

and depositing CNTs. Raman spectroscopy confirms a weak interlayer interaction, and the
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AFM method verifies an increase in interlayer distance. Then, MD simulations were con-
ducted to study the microstructure. A systematic investigation of the effect of CNT insertion
on the interlayer distance was also conducted, including the CNT distance, diameter, and
arrangement. A configuration transition from interlayer suspension to interlayer adsorption
with increasing CNT distance was observed. The critical transition distance increases with
CNT diameter. This study provides support for controlling the microstructure of the graphene

and CNT composite system and enhancing the material properties.

3.2 Methods

Experimental methods. The Gr-CNT stacking structure was fabricated experimentally
using the dry transfer method (Figure 3.1). The monolayer graphene was prepared on Cu foil
by the CVD method [117, 118]. The graphene was transferred onto a silicon substrate (with
300 nm SiO; oxide layer) using the wet transfer method with a poly(methyl methacrylate)
(PMMA) film [119, 120], as shown in Figure 3.1a. This step can make graphene on the silicon
surface easier to be manipulated in subsequent experiments. Then, the CNT nanospacers
were scattered on the graphene surface by spin coating the dispersion of CNT (Figure 3.1b).
The CNT was synthesized by using the arc-discharge method and dispersed in ethanol with a
concentration of 0.05 mg/mL (Meijo Nano Carbon, FH-P). The CNT is single walled with a
diameter of 1-3 nm according to the manufacturer’s information. The sample was placed on
a hot plate of 90 °C to let ethanol evaporate. The areal density of the CNT was increased by
repeated spin coating for designated times. The second graphene layer was picked up from
the Si substrate, which is prepared by the same wet transfer method and covered onto the CNT
nanospacer by using the dry transfer method using polymer stamps[121-123], as shown in
Figure 3.1c. The successful transfer of the second layer can be confirmed by using an optical
microscope (see Figure 3.2). A multilayer stacking structure can be fabricated by repeating
the spin coating of CNT and graphene using a dry transfer process (Figure 3.1d). Raman
spectroscopy was performed using a x 100 objective lens with a laser excitation of 532 nm
and a typical spot diameter of ~ 1 um (Horiba, LabRAM HR-800). AFM measurements
were conducted in the dynamic force mode (Hitachi High-Tech, AFM5100N).

Simulation method. I conducted MD simulations using LAMMPS program [87] to
provide more details on the microstructure of Gr-CNT stacking and the influence of various
parameters of CNTs. The simulation model is shown in Figure 3.4. Two parallelly aligned
CNTs are encapsulated in two graphene layers (Figure 3.4a). The periodic boundary condition
is added in the in-plane x and y directions to simulate the CNT array aligned at equal distances
of infinite length. The width of the graphene layers and the length of CNTs are both W = 6.7
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Fig. 3.1 Experimental process of making graphene (Gr) and CNT stacking structure. (a) The
CVD graphene is first transferred from Cu foil to Si substrate. (b) The CNT nanospacer
1s distributed on graphene by spin-coating CNT dispersion. (c) The upper graphene layers
are covered by using the dry transfer method. (d) Schematic diagram of the multilayer
graphene/CNT stacking structure with three graphene layers (Gr/CNT/Gr/CNT/Gr).
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Fig. 3.2 (a) Optical microscope image of Gr/CNT on SiO,/Si substrate. (b) Optical micro-
scope image of Gr/CNT/Gr after dry transfer. The region in the dashed circle is covered by a
second graphene layer.
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Fig. 3.3 Raman spectra of CNT. (a) The RBM signals of CNT on SiO;/Si substrate on
different points. The detected RBM mode peak positions wgpym range 125—198 cm~!. Thus,
the diameter denr is 1.2—2.0 nm, according to the relation wrpm = A/dent + B, where
A=217.8cm ' -nmand B=15.7 cm'[124, 125]. (b) Raman spectrum of CNT including
D, G, and G’ peaks, The I(G’)/I(G) of CNT is 0.07.
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Fig. 3.4 Schematic representation of the simulation system in the three-dimensional view
(a) and the front view (b). The system contains two graphene layers and two CNTs aligned
in parallel with the y direction. The width of the graphene W, equal to the length of CNTs,
is fixed. The length of graphene is 2L in the x direction. The systems with different CNT
distances L and diameters d, are simulated. The initial distance between the two graphene
layers is H = d. + 20 as shown in the zoom-up figure. The in-plane x and y directions are
set with periodic boundary conditions.
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nm in the simulation system. The distance of the CNTs is L, and the length of the graphene
layers is 2L (Figure 3.4b). The graphene interlayer distance of the initial configuration
H =d.+?20, where d, is the diameter of the CNTs, and o is the interlayer distance between
graphene layers in graphite. Here, I took d. = 0.55 nm, 0.68 nm, 1.08 nm, and 1.35 nm,
and L = 10-70 nm. The AIREBO potential [86] is used to describe the internal short-range
interactions of carbon atoms in a graphene layer or a nanotube. The short-range interaction
energy varies with changes in C-C bond lengths and bond angles. This can describe the
deformation of graphene and CNT and the resulting energy variation. The AIREBO potential
is selected because it is widely used in the mechanical behavior of graphene and CNT with
reasonable precision and efficiency and can be easily implemented in LAMMPS for quick
results [14, 126—-130]. Note that recently developed machine learning-based interatomic
potentials [131, 132] could offer a promising alternative with proper validation in graphene
and CNT systems. However, I consider the treatment of classical potential sufficient for
the current simulations since no bond-breaking of C atoms that critically requires density
functional theory accuracy is involved. To confirm the validity of the model, I simulated
the pristine properties of graphene and CNT with the AIREBO and LJ potential. These
properties are in accordance with experimental and density functional theory simulations.
There is also long-range van der Waals (vdW) interactions between different graphene layers
and CNTs. In MD simulation, the vdW interaction is described by the Lennard-Jones (LJ)

potential b ]

Fpy—4e (%—%) G.1)
where r is the distance between two atoms. The parameter € = 0.00284 eV is the depth of
the potential well, and ¢ = 0.34 nm is the zero-energy point and balance distance between
graphene layers in graphite [86]. In inducing a vdW interaction between the upper and lower
graphene, I set the cutoff radius for long-range interactions larger than the interlayer distance
(reutoff = H +0.30). This process results in increased computational time for simulation.
The lower graphene is constrained by a virtual LJ wall to simulate the adsorption effect of
the SiO; layer on the Si substrate [133—135]. The energy of the wall-atom interaction is

1 @ ’ 3 }ﬂ ’ (3.2)
2\ h 2\ h '
where £ is the distance between the carbon atom and the virtual LJ wall. The adhesion energy

[136-138] is I = 0.45 J/m?, and the balance distance between graphene and SiO; substrate
[139, 140] is hequ = 0.42 nm. The areal density of carbon atoms is p, = 38 atom/nm?. The

calculated as follows:
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upper graphene layer is not constrained by such wall-atom interaction, and thus the evaluation
of upper graphene deformation is not affected. The system is relaxed in the NVT ensemble
at 300 K with a simulation timestep of 1 fs until the energy and configuration of the system
reach equilibrium. Thus, the energy-favorable configuration is obtained.

3.3 Raman analysis of stacked graphene with CNT's
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Fig. 3.5 (a) Raman spectrum of Gr (blue), Gr/Gr (red), Gr/CNT (yellow), and Gr/CNT/Gr
(purple). Representative spectra obtained from a single measurement point are shown for
each sample. The subgraph indicates that the G peak of Gr/CNT/Gr consists of G (at 1580
cm™ 1) of graphene and G~ (at 1572 cm™ Iyand GT (at 1592 cm™!) from single-walled CNTs.
The intensity ratio of the G’ peak to G° peak (I(G') /1(GS")) of Gr, Gr/Gr, and Gr/CNT/Gr
is indicated. (b) Schematic of the corresponding systems, Gr/Gr, Gr/CNT, and Gr/CNT/Gr,
in (a).

Raman spectroscopy first validates the weakening of the interlayer interaction of graphene
by CNT insertion (Figure 3.5). Typical Raman spectra of monolayer graphene (Gr) exhibit
the D peak (~ 1350 cm™ 1), G peak (~ 1580 cm™'), and G’ peak (~ 2700 cm~)[141]. The D
peak is affected by crystal defects [141]. The intensity ratio of D peak to G peak (I(D)/1(G))
is 0.11 for monolayer graphene, with an estimated defect density of 2.44 x 10~ nm—2 [142].
The G peak intensity increases with the graphene layer number [143, 144]. The G’ peak
relative intensity is sensitive to the graphene layer number and stacking order [145, 19].
For monolayer graphene, the intensity ratio of the G’ peak to the G peak (I(G')/I(G)) is
generally 2-4 [145, 19, 146, 110]. The 1(G')/1(G) ratio decreases with the increase of the
layer number for the AB stacking multilayer graphene due to the strong interlayer interaction
and altered band structure with parabolic dispersion. A relatively high I(G’)/I(G) ratio

can be observed in the random stacking multilayer graphene [147, 148, 141]. In random
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stacking graphene, the interlayer interaction is weaker than the AB stacking graphene, and
the interlayer distance is slightly larger [75]. The band structure of the random stacking
graphene resembles the monolayer graphene with linear dispersion [105, 106]. The CNT
also has the D peak, G peak, and G’ peak at similar positions. For single-walled CNTs,
the G peak splits into two sub-peaks: G~ (at 1572 cm~!) and G (at 1592 cm™ 1) [88]. A
radial breathing mode (RBM) also appears between 100 cm~ ! and 250 cm ™! [124, 125].
According to the RBM peak position wrpMm, the diameter of CNT is estimated to be 1.2-2.0
nm. Note that the intensity of RBM signals for CNTs with diameters larger than 2 nm
is weak and hardly observed. The diameter of CNT is consistent with the manufacturer’s
information. In the sample, the monolayer graphene shows I(G’)/I(G) = 1.83, which is
slightly lower than the typical value because of some multilayer islands on the CVD graphene
and the doping from substrate impurities and PMMA residue. In the case of bilayer graphene
(Gr/Gr), the I(G")/I(G) ratio remarkably decreases to 0.59, which is consistent with the
previous study [143, 147, 148]. The G’ peak is also lower than the G peak in monolayer
graphene after adding CNTs (Gr/CNT). The G peak exhibits an asymmetric shape because
of the overlapping of the G peak from graphene and split G~ and G* from CNTs. For the
bilayer graphene/CNT stacking structure (Gr/CNT/Gr), the contribution from CNT should
be removed when calculating I(G’)/I(G). A three-peak fitting approach can extract the
graphene component in the G peak. The fitting result is shown in the subgraph of Figure
3.5a, and the intensity of the graphene G peak component is referred to as I(GY"). The CNT
also shows a G’ peak at ~ 2700cm™" (see Figure 3.3). The G’ to G ratio is ~ 0.07 for CNT
on Si0,/Si. The proportion of the G~ and G peak within the G peak is remarkably smaller
than that of the GO peak (I(G")/I(GY") = 0.29). Therefore, the G’ peak induced by the
CNT is negligible in the total G’ peak of the stacking structure. The I(G’)/I(GS") = 0.92 of
Gr/CNT/Gr is higher than that of two directly stacked graphene layers (Gr/Gr). This result
demonstrates a reduction of interlayer interaction in the Gr/CNT/Gr structure because of the
insertion of CNTs.

I further investigated the impact of CNT density and layer number on the interlayer
interaction by Raman spectroscopy (Figure 3.6). The intensity ratio I(GS")/I(Si) of the
G peak to the substrate silicon peak at 520 cm~! is used to indicate the layer number of
graphene, and the interlayer interaction was evaluated by the I(G’) /I(GS"). Multiple data
points were obtained by measuring different sample positions. The average value and
standard error were calculated, and the results are plotted in Figure 3.6. The increase of
1(GS")/I(Si) indicates the increase of layer number from Gr to Gr/Gr and trilayer graphene
(Gr/Gr/Gr). The ratio does not increase linearly with the number of layers. Previous studies

have found that in randomly stacking bilayer graphene [147, 148], a phonon resonance
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enhancement and an increase in the G peak intensity are observed when the twist angle
between the two layers ~ 12°. The multilayer graphene is stacked from polycrystalline CVD
graphene with randomly oriented grains, which is also random stacking. Thus, a further
increase in I(G®") /I(Si) is observed. Comparing the Gt/Gr and Gr/CNT/Gr with different
CNT densities, lower values of 1(GS") /I(Si) appear with increasing density. Previous studies
observed a weaker G peak in suspended graphene compared with graphene on a SiO,/Si
substrate [110, 149], which is attributed to the effect of substrate. CNTSs increase the
interlayer distance and make some part of the upper graphene nearly suspended. More CNT
nanospacers separate more parts of graphene layers, and the average interlayer distance
increases in the measured spots. The partial suspension of graphene contributes to the
decrease in I(GST) /I(Si). Then, the high CNT density was kept, and the stacking structure
of trilayer graphene and CNTs (Gr/CNT/Gr/CNT/Gr) as well as the Gr/Gr/Gr was also
fabricated (Figure 3.6). The I(G)/1(GS") ratio in the Gt/CNT/Gr/CNT/Gr is higher than that
of the Gr/Gr/Gr, demonstrating the continued effectiveness of CNT insertion with increasing

layer number.
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Fig. 3.6 Influence of CNT density and graphene layer number on I(G')/I(G®") and
1(GS") /I(Si). The average values and standard error bars of 1(GS") /I(Si) and I(G') /I1(GS")
are represented in the x-axis and y-axis, respectively. The results include monolayer graphene
(blue triangle pointing upwards), Gr/Gr (red triangle pointing downwards), Gr/Gr/Gr (yellow
triangle pointing to the right), Gr/CNT/Gr with low density (purple square), Gr/CNT/Gr with
high density (green diamond), and Gr/CNT/Gr/CNT/Gr (cyan circle).
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Fig. 3.7 AFM observation of Gr/CNT and Gr/CNT/Gr. (a, b) AFM images of Gr/CNT with
low and high CNT densities. The areal density of CNT is evaluated to be 0.9 tube /um? for
low density and 3.14 tube/um? for high density. (c, d) AFM images of Gr/CNT/Gr with
low and high CNT densities. (e) Cross-sectional profile (A—A") of Gr/CNT/Gr with a longer
distance. The profile is selected from (c) with a lower CNT areal density. (f) Cross-sectional
profile (B—B’) of Gr/CNT/Gr with a shorter distance. The profile is selected from (d) with a
higher CNT areal density. The zoom-up figure illustrates the surfactant between graphene
and CNT can form an additional peak and benefits the suspension. (g) The interlayer distance
hmin between two graphene layers of different CNT distances L.
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3.4 Nanostructure analysis with atomic force microscope

The insertion of CNT can reduce the interlayer interaction. The reduction can be attributed
to the alteration of the microstructure by increasing the interlayer distance. The AFM
measurement was employed to analyze the microstructure of the samples (Figure 3.7). The
AFM images of the CNT distribution with low and high densities on Gr/CNT are shown
in Figure 3.7a,b. The length of the CNTs ranges 1-4 um, with a diameter of 2-8 nm. The
measured diameter is higher than the parameters provided by the manufacturer. The surfactant
is added when dissolving the CNTs in ethanol. The surfactant molecules adsorbed on the
CNT can increase the measured diameter. The portion without adsorbed surfactant may lead
to the attraction among CNTs, forming CNT bundles, which can also cause an increase in
the measured diameter. The AFM images of the Gr/CNT/Gr with low and high densities are
shown in Figures 3.7c and d, respectively. By comparing the cross-sectional images (Figures
3.7e,f), the two CNTs with a larger distance L show a lower thickness (/) of the region
among CNTs. When the distance is ~ 1000 nm, the height of the region among CNTs is 0.76
nm. When the distance between the CNTs is ~ 600 nm, the height of the region is ~ 1.79
nm, which is remarkably higher than the thickness of two graphene layers. Therefore, the
upper layer of graphene is supported by the CNTs to form a partially suspended structure.
Figure 3.7g illustrates the relationship between the distance of CNTs and the height of the
upper-layer graphene, which was obtained through multiple analyses of AFM cross sections
with the CNT distance of 190-1100 nm. As the distance between the CNTs increases, /i
gradually decreases. A theoretical study has reported that increasing the interlayer distance
can weaken interlayer coupling and alter the band structure of multilayer graphene which is
comparable with that of a single layer with linear dispersion [106]. CNTs induce the partial
suspension of graphene, thereby increasing the interlayer distance. This finding explains the

observed reduction of interlayer interactions in Raman spectroscopy.

3.5 Simulation of micro-structure with molecular dynamics

MD simulations of the Gr-CNT stacking structures can investigate the influencing factors
of the CNT in detail and to study the microstructure comparatively with AFM observation.
The MD simulation allows more convenient control of the CNT diameter and area density
compared with the experiment. The intuitive microstructure figures can be output at a low
cost compared with sample fabrication and AFM scanning. Graphene is assumed to be defect-
free according to the Raman spectrum. The arrangement of CNTs was simplified to parallel

aligned at equal distances. Simulating a random distribution of CNTs closer to the real
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Fig. 3.8 Deformed configuration obtained by MD simulation of graphene/CNT stacking
structure with different CNT diameters d. and distances L. (a) The chirality index is (5, 5)
and d. = 0.68 nm, L = 20 nm. (b) The chirality index is (5, 5) and d. = 0.68 nm, L = 30 nm.
(c) The chirality index is (8, 8) and d; = 1.08 nm, L = 30 nm. The zoom-up figures show
the deformation of CNTs. The minimized interlayer distance i, 1s calculated by averaging
the distance at A, B, and C in the red dashed frames of (c). The color bar represents the
z-coordinate of each atom, where z,j, represented by blue corresponds to the minimum
z-coordinate, and zpax represented by red corresponds to the maximum coordinate.
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Fig. 3.9 (a) Effect of CNT diameter and distance on the minimum interlayer distance. The
cases of parallel CNTs are plotted in lines with squares of blue (d. = 0.55 nm), red (d. = 0.68
nm), yellow (d; = 1.08 nm), and purple (d. = 1.35 nm). The cases of crossing CNTs with
d. = 0.68 nm are plotted in the red line with triangles. The error bar is the standard deviation
of hpmin, which is smaller than 0.08 nm. (b) Critical CNT distances (L) where the adsorption
configuration first appears as a function of the CNT diameter. The blue dashed line indicates
the linear fitting result.
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experiment requires a system with a larger size and a greater number of atoms, constrained
by computational power and simulation time. Figure 3.8a—c shows three examples of the
MD simulation with different CNT diameters d. and CNT distances L (d. = 0.68 nm, L = 20
nm, d. = 0.68 nm, L = 30 nm, and d. = 1.08 nm, L = 30 nm). In the first case (Figure
3.8a), the upper graphene is suspended among the CNTs, but it exhibits a slight curvature
after relaxation, which is due to the vdW attraction between the layers. If the distance is
increased to L = 30 nm (Figure 3.8b), the upper graphene is adsorbed on the lower graphene
layer with evident bending deformation near the CNTs. The interlayer distance of the two
graphene layers is 0.34 nm, which is close to the spacing of carbon layers in graphite. If the
distance L is fixed and d, increases to 1.08 nm (Figure 3.8c), then the upper graphene stays
in suspension, which is similar to the first case.

Additional simulations were performed by varying the chirality indices, diameters, and
distances between the CNTs (Figure 3.9). The final configurations are classified into two
categories: upper graphene suspension and layer adsorption. The minimum interlayer
distance hp,j, can be used to distinguish between the two configurations. It is calculated by
averaging the distance between the graphene layers at the midpoint and two ends (Figure
3.8¢c). In the case of the same d. when the distance L is small (Figure 3.9a), the hpy;,
approaches the initial spacing H, indicating that the upper graphene layer remains suspended.
As the CNT distance gradually increases and surpasses a critical value, the interlayer distance
abruptly decreases to 0.34 nm, indicating the occurrence of interlayer adsorption. The system
with the same CNT diameter and distance but different graphene width W and number of unit
cell are simulated. The consistency of the result verifies the validity of periodic boundary
conditions and the negligible influence of the specimen size. As the diameter d. increases, the
interlayer distance A, in the suspended graphene configuration also increases. A large CNT
diameter also increases the critical CNT distance (L) at which the adsorption configuration
appears (Figure 3.9b). The relation between d. and L is approximately linear. Linear
regression is conducted to clearly show the relationship between d. and L¢yi (dashed line in
Figure 3.9b). In the experiments, CNTs are randomly distributed, and crossing CNTs are
observed. Therefore, stacking structures with crossing CNTs were also simulated (triangles
in Figure 3.9a). The model is shown in Figure 3.10. Compared with parallelly aligned
CNTs, the crossing CNTs can increase the critical distance for configuration transition from
suspension to adsorption.

The transition of configuration from suspension to adsorption configuration implies a
change in potential energy. The total potential energy E,o of the simulation system consists

of several components:
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Fig. 3.10 (a) Schematic representation of the simulation system with crossing CNTs. The
width and length of the graphene are both L. The initial interlayer distance H = 2d. + 30.
(b) Deformed configuration of the stacking structure with crossing CNT and L = 20 nm.
(c) Deformed configuration of the stacking structure with crossing CNT and L = 40 nm.
The color bar represents the z-coordinate of each atom, where z,i, represented by blue
corresponds to the minimum z-coordinate and zm,x represented by red corresponds to the
maximum coordinate.

Epot = EGru + EGr. + Ecnt + Ugru-L + Ugru-oNt + UGrL-cNT (3.3)

where Eg,y and Eg, are the internal energy of upper and lower graphene layer described by
the AIREBO potential. The CNT internal energy Ecnt includes the AIREBO potential for C-
C bond and the LJ energy inside the CNT wall. The LJ interaction includes the components
of Ugru-L (between upper and lower graphene), Ugu.cnt (between upper graphene and
CNT), and Ug,.cnT (between lower graphene and CNT). Comparison is made for each
component in Eq. 3.3 between the suspension and adsorption configuration of the system
with the same dcnt and L. A A operator acting on the particular energy represents the
energy difference between the suspension (Sus) and adsorption (Ads) configuration (eg.
AEpot = Epot, sus — Epot, ads)- The suspension configurations for the cases with L > Lcy
are obtained by extracting a frame at the initial stage of the simulation. The adsorption
configurations for the cases with L < Ly are obtained by adding a uniform force to atoms of
upper graphene to induce adsorption. The force has no harmful effect on the output potential
energy because the potential energy is only affected by the relative position coordinates of
atoms. Each energy component for systems with different dent and L was calculated (see
Table 3.1).

Considering that the lower graphene layer remains nearly flat without remarkable de-
formation no matter whether the upper layer is suspended or adsorption, the difference for
Egy 1s limited regardless of dent and L (Table 3.1). The contact area between CNTs and
graphene layers is minor compared with the whole graphene (see zoom-up pictures in Figure
3.8), which makes the change of Ug,u.cnt and Ug,r-cnt 1nsignificant compared with Ugy.L.

Thus, the total potential energy E,q and configuration of the system are primarily determined
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by Egru, Ecnt and Ugy.L (see Figure 3.11), which writes
AE, o ~ AEGry + AEcNT + AUGru-L (3.4)

Compared with the suspension configuration, the vdW energy decreases in the adsorption
configuration, and the decreased value of energy becomes more significant with an increase in
the size of graphene (see Figure 3.11 and Table 3.1). For larger L, more atoms are in the stable
state of LJ interaction in the adsorption configuration. Upper graphene deformation leads to
the bending of angles between C-C bonds and an increase of internal energy (AEg.y > 0).
The collapse of CNTs also appears in adsorption configuration with an ellipse cross-section
(see Figure 3.8b), which causes an extra increase of internal energy [85] (AEcnT > 0). Both
AEGry and AEcnT decreases lightly with an increase of L. The minor variations result
from differences in the cross-sections of deformed CNTs and adjacent regions of upper
graphene. For smaller L, the increase of AEg,y + AEcNT 18 more significant than the decrease
of AUgu-L, making the suspension a more stable energy configuration (AEp < 0). As L
increases, the contribution of vdW interaction AUg, .1, increases, leading to smaller energy
for the adsorption configuration (AEpy > 0). Note that for L = 20 nm and d. = 0.68 nm,
the adsorption configuration is more energetically favorable (AE, > 0) but the distance
of the CNTs L < L¢y. This is attributed to the presence of energy barriers during the
configuration transition. In the simulation, the relaxation process starts with the suspension
configuration as initial modeling. The upper graphene spontaneously approaches the lower
one driven by vdW force. However, when the upper graphene undergoes a downward bending
deformation, the increase of elastic energy exceeds the reduction in vdW energy which makes
the intermediate configuration have higher potential energy (Epot, inter > Epot, sus 1n Figure
3.11a). Consequently, the upper graphene reverts to the suspension configuration which
is a local minimum (Figure 3.11b). The energy barrier will cause a metastable structure
which requires further theoretical study. With increasing L, the upper graphene bending can
induce a larger change in the vdW energy, and the energy barrier is overcome. The CNT
deformation energy AEcNT increases with its diameter d. (purple arrows in Figure 3.11a).
Larger AUgu.1, i.e. larger L, is required to create an energetically favorable adsorption
structure which contributes to increased Lcy;.

Experiments and MD simulations have simultaneously discovered that as the distance
between CNTs increases, the structure transitions from an upper graphene layer suspension
to an interlayer adsorption structure. The trend can qualitatively match, but the quantitative
comparison has discrepancies. The critical length L.; obtained by the MD simulation is
20-60 nm for CNTs with a diameter range of 0.55—1.35 nm. Based on the predictions from
linear regression analysis, the critical length L.; of CNTs with diameters ranging from 2-8
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Fig. 3.11 (a) Comparison of the energy between suspension and adsorption for systems
with different L and d.. The yellow arrows represent the difference in graphene interlayer
vdW energy AUgu-L, = UGru-L, sus — UGru-L, ads» While the blue and purple arrows represent
the difference in energy of the upper graphene AEgy and CNT AEcnT, respectively. The
red arrows indicate the difference in total potential energy. The unit of energy is eV. (b)
Schematic diagram of the energy barrier between the energy of suspension and adsorption
configurations (corresponding to the two cases with intermediate state: L = 20 nm, d. = 0.68
nm and L = 30 nm, d. = 1.08 nm). The middle of upper graphene tends to deform downward
(the intermediate state), but this deformation results in an overall increase of potential
energy. As a result, the upper graphene returns to its suspension configuration, although
the suspension configuration is a local minimum with larger energy than the adsorption
configuration.
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nm, which corresponds to the CNT diameters in the experiment, is estimated to be 90-390
nm. The experimental observations show graphene suspension with a CNT distance of 700
nm, which is larger than the prediction based on MD simulation. Several factors benefit the
suspension of graphene in the experiment. In ethanol dispersion, the surfactant is added to
promote CNT dissolution. The surfactant molecules mostly appear on the surface of CNTs
to increase the affinity between CNT and ethanol solvent. After the heating and evaporation
of ethanol solvent, some surfactants remain on the CNT surface. The surfactant molecules
wrap the surface of CNTs by non-covalent interaction[150], which serves as spacers between
carbon monolayers of graphene and CNTs. By comparing the AFM image (Figure 3.7f) and
the MD simulation (Figure 3.8c), one can find an additional peak atop graphene around the
CNT in the AFM cross-section while the configuration of upper graphene in MD simulation
is almost flat. This could correspond to the surfactant between the graphene and the upper
part of CNT, which increases the distance between CNTs and graphene layers ¢ (Figure
3.4b). Thus, the critical distance L is increased. Moreover, the CNT is randomly distributed
on the surface. The MD simulation indicates that crossing CNTs can increase the critical
distance L (see Figure 3.9a). The CNTs may also aggregate to form CNT bundles where
the surfactant is not covered. This effect is similar to the increase of CNT diameter, leading

to an increase in L.

3.6 Conclusions

This chapter talks about the effect of CNT insertion to reduce the interlayer interaction
in multilayer graphene. The stacking structure of graphene and CNT is experimentally
fabricated. Raman spectroscopy and AFM measurement verify the reduction of interlayer
interaction and increase of interlayer distance. In addition, MD simulations are conducted to
systematically study the influencing factors. The Gr-CNT stacking structure exhibits two
stable configurations: the upper-layer suspension and interlayer adsorption. The distance,
diameter, and arrangement of the CNTs determine the selection of the stable structure. The
present research contributes not only to the enhanced property of multilayer graphene but also
to a comprehensive understanding of the microstructure of the Gr-CNT composite system to

facilitate functional enhancement for wider application fields.
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Table 3.1 Energy components of the three configurations (config.), suspension (sus.), adsorp-
tion (ads.) and intermediate (inter.) for systems with different L and d,.. The unit of energy is

eV.
d. = 0.68 nm
Size L, config. Epot Usru. Ugu-ent  Ucr-ont EGru EGi. Ecnt
10 nm, sus. -90159.7 -1.3 -18.1 -17.7 -40789.5 -40791.3 -8541.86
10 nm, ads. -90146.7 -139.3 -23.2 -19.7 -40685.0 -40790.5 -8488.98
20 nm, sus. -170752.7 -3.8 -18.7 -17.6 -81082.7 -81088.7 -8541.1
20 nm, inter.  -170730.5 -6.6 -19.3 -18.3 -81064.6 -81081.8 -8539.78
20 nm, ads. -170998.3 -373.4 -23.8 -19.3 -80987.6 -81089.3 -8504.95
30 nm, sus. -252317.6 -3.2 -17.6 -17.6 -121864.0 -121877.2 -8538.04
30 nm, ads. -252826.4 -610.6 -24.2 -20.7 -121777.2 -121883.5 -8510.18
d. =1.08 nm
Size L, config. Epot Usru.  Uguent  Usr-ont EGru EGi. Ecnt
10 nm, sus. -95460.0 -0.5 -24.5 -23.9 -40783.9 -40787.7 -13839.65
10 nm, ads. -95400.2 -134.1 -42.6 -39.0 -40686.4 -40792.6  -13705.52
30 nm, sus. -257635.8 34 -27.5 -25.3 -121871.9 -121877.0 -13830.8
30 nm, inter.  -257606.1 -10.7 -30.2 -27.3 -121849.6 -121863.2 -13825.18
30 nm, ads. -258080.3  -610.0 -43.4 -38.9 -121784.4 -121879.8 -13723.71
50 nm, sus. -419784.2 -2.8 -24.3 -23.8 -202941.6  -202958.3 -13833.44
50 nm, ads. -420736.7 -1088.8 -43.4 -38.8 -202862.5 -202968.4 -13734.75




Chapter 4

Nanodiamond Insertion on the Interlayer
Interaction in Multilayer Stacking
Graphene

4.1 Background

Graphene (Gr) is widely recognized for its excellent electrical [4, 98, 151], thermal [11],
and optical properties [15], making it a material of great interest with enormous potential for
practical applications across diverse fields, including optoelectronic devices [152, 153, 100],
sensors [154], and energy storage devices [38]. Monolayer Gr with a one-atom-thick structure
has a unique band structure characterized by gapless linear dispersion, resulting in high carrier
mobility and a broad bandwidth light absorption [153]. With the increase of layer number,
more benefits can be obtained from the multilayer structure such as high conductance and light
absorption [16]. The screening effect also prevents the degradation of the electronic transport
properties caused by the surrounding environment [104]. Moreover, twisted multilayer Gr
can be obtained by changing the interlayer stacking angle. Interlayer coupling is tunable with
the twisted structure creating the moiré superlattice and changing the band structure. Many
novel phenomena such as superconducting states [155], ferromagnetic states, and van Hove
singularity [156—158] could occur. However, the energetically favorable AB stacking in
multilayer Gr leads to a strong interlayer interaction, which results in a parabolic electronic
dispersion [105]. This strong interlayer coupling undermines the intrinsic properties of
monolayer Gr.

The novel properties of multilayer Gr require a modified interlayer interaction and band
structure. The change in interlayer distance and stacking angle could reduce interlayer
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interactions, allowing each layer to exhibit monolayer-Gr-like properties, thereby enhancing
the overall material performance of multilayer Gr. Intercalation is the widely reported method
to increase the interlayer distance [71-77]. Metal atoms (Li and K) or small molecules
(MoCls and AICI3) are introduced between Gr layers by vapor deposition. The interlayer
distance is increased, and the interlayer coupling is weakened. The tuned band structure
resembles the monolayer Gr with linear dispersion [71]. Decreased sheet resistance [73, 77],
doping effect [71], and quantum oscillation [72] are reported. However, the quality of
intercalation is not uniform and sensitive to the stacking angle [77]. The intercalation is
easier to happen in stacked Gr layers with a large twist angle [75, 77]. The alternative
materials are limited to small molecules and metal atoms. The chloride molecules and metal
elements could induce doping. Heating in a furnace with a relatively long reaction time is
also required [73, 75].

The interlayer interaction can also be controlled by fabricating a nanospacer-inserted Gr
stacking structure via transfer-based layer-by-layer assembly. Here, a nanospacer refers to
a nanomaterial that separates the direct stacking of Gr layers. Spin coating facilitates the
addition of nanospacers with the areal density easily controlled by adjusting the dispersion
concentration. This method is applicable to larger nanomaterials other than small molecules.
In previous work, carbon nanotubes (CNTs) are added between Gr layers [159]. The
addition of CNTs with a diameter of several nanometers can increase the interlayer distance,
and the upper Gr is partially suspended. Moreover, the interlayer interaction is reduced.
However, CNTs tend to aggregate, forming bundle-like structures, which disrupt the uniform
distribution on the Gr surface and hinder the effect of interlayer distance expansion. In
improving the dispersibility of CNTs, surfactants are often added, which can introduce
doping and contamination, thereby undermining the performance of Gr. Further research
on other kinds of nanospacers is required for an optimal nanospacer. Thus, nanodiamond
(ND) was selected as nanospacer, and its effect on interlayer interaction was investigated.
The composition of two-dimensional Gr and zero-dimensional ND can be regarded as a
mixed-dimensional heterostructure, where the material property is designable with the change
of microstructure [160, 108]. Due to the spacing effect of NDs, the band structure of each
Gr layer approaches that of the monolayer Gr with linear dispersion. The previous research
reported the twisted stacked Gr to realize the monolayer band structure. However, twisted
stacked Gr still has domains with AB and AA stacking [70]. By realizing monolayer band
structure, the universal optical absorbance in a wide frequency region appears in multilayer Gr
[161, 17] and paves the way for potential applications in the photonics and optoelectronic field.
Previous research using scanning tunneling spectroscopy (STS) observed quantum tunneling
properties of individual NDs [162]. By sandwiching Gr layers, the Gr/ND/Gr structure
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can enable vertical conductive quantum tunneling electronic devices of micrometer. The
3-dimensional sponge of mixed Gr and ND also has potential applications in supercapacitors
[163], catalysis [164], ion transport [165], and strain sensors [44]. The incorporation of
NDs can modify the microstructure of the heterostructure, increase the effective surface area,
and enhance material performance. The characteristic size of ND (~ 10 nm) prepared by
detonation is larger than single-walled CNT (1-3 nm), which can form a larger interlayer
space. Unlike the linear contact with CNT, the contact between ND and Gr is point-like,
resulting in a smaller contact area and less impact on the intrinsic properties of the Gr
material. The density of the dispersing liquid can also control the distribution density of ND
on Gr. ND aggregation can be easily dissolved through ultrasonication [67-69].

In this work, the Gr and ND (Gr—ND) stacking structure was first experimentally fabri-
cated by layer-by-layer wet transfer and spacer spin coating. Raman spectroscopy confirms
a weak interlayer interaction, with an increase in the intensity ratio of the G’ peak to the
G peak and a split of the G peak. Atomic force microscopy (AFM) verifies the increase
in interlayer distance with upper Gr suspension. Molecular dynamics (MD) was used to
simulate the microstructure and systematically elucidate the regularities and mechanisms of
ND’s influence on the interlayer distance. The high areal density and large diameter of NDs
promote a larger interlayer distance with upper Gr suspension. Finally, a continuum model
allows us to scale up simulations to match experimental conditions. A critical ND density
above which the upper Gr suspension appears is predicted, which is qualitatively comparable
to experimental observations. The selection of the final stable microstructure, between Gr

suspension and interlayer adhesion, relies on which configuration has lower system energy.

4.2 Methods

4.2.1 Experimental Methods

The Gr—ND stacking structure was fabricated experimentally by using layer-by-layer
transfer method (Figure 4.1) [159]. Monolayer Gr was prepared on Cu foil by chemical
vapor deposition (CVD) [118, 117]. Gr was transferred onto a thermally oxidized silicon
substrate (SiO,/Si, with 300 nm SiO; oxide layer) using wet transfer with a polymethyl
methacrylate (PMMA) film [119, 120] (Figure 4.1a). Then, ND nanospacers were scattered
on the Gr surface by spin coating its dispersion (Figure 4.1b). High-purity ND (from Nippon
Kayaku) was prepared by detonation and dispersed in ethanol with 2 w.t.%. The diameter of
ND is 4-14 nm from AFM measurement [66]. ND impurities include Fe of 80 ppm, Zr of
2100 ppm, and Pd of 620 ppm. Hydrophilic functional groups of —OH and —COOH were
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found on the ND surface, and no surfactant was added to the dispersion. The areal density of
NDs was controlled by diluting the dispersion to different concentrations. Dispersions with
0.02 w.t.% and 0.2 w.t.% were prepared. Before spin coating, ND dispersion was treated by
sonication for 60 min in ice water to prevent aggregation [68, 69]. Next, the second Gr layer
was transferred atop using the same method. After each transfer, thermal annealing at 350
°C for 10 min in the air was conducted to remove the PMMA residue [166—168]. Raman
spectroscopy was performed using a x 100 objective lens with a laser excitation of 532 nm
and a typical spot diameter of ~ 1 um (Horiba, LabRAM HR-800). AFM measurements
were conducted in dynamic force mode (Hitachi High-Tech, AFM5100N).

(a) (b) P (c) (d)

-
ND dispersion\‘r__)é . .
—_|_» Spin coating

Gr/Gr/Gr

Gr/ND/Gr ’

Gr/ND/Gr/ND/Gr

Wet transfer |

Si0./Si

Fig. 4.1 Experimental process of making a graphene (Gr) and nanodiamond (ND) stacking
structure. (a) Gr grown by chemical vapor deposition (CVD) is first transferred from Cu foil
to SiO,/Si substrate. (b) The nanospacer is distributed on Gr by spin-coating ND dispersion.
(c) The upper Gr layers are covered using the same wet transfer method. (d) Schematic
diagram of the triple—layer Gr (Gr/Gr/Gr) and multilayer Gr and ND (Gr—ND) stacking
structure with three Gr layers (Gr/ND/Gr/ND/Gr).
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4.2.2 Simulation and theoretical model

ND changes the microstructure by expanding the interlayer distance. Conducting theo-
retical analysis is necessary to comprehensively understand the mechanisms driving these
changes. First, MD simulations were conducted using LAMMPS program [87] to provide
more details on the microstructure of Gr-ND stacking and the influence of various ND
parameters. The simulation model is shown in Figure 4.2. The NDs are encapsulated in the
two Gr layers. Two types of boundary conditions were considered for Gr layers: the periodic
boundary condition (PBC) and the free-edge boundary condition. The PBC simulates the
situation in the center parts of large domains for the stacked Gr layers in real experiments.
The cases with free-edge boundaries represent the environment near the edges and cracks of
Gr layers. For PBC simulation cases, Gr was assumed to be defect-free, and the arrangement
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of NDs was simplified to uniform in a square lattice with equal distance (Figure 4.2a). The
PBC was added in the in-plane x and y directions to simulate the infinite area. Thus, the
system can be divided into many unit cells with an ND inside (Figure 4.2a). In minimizing
the simulation costs, only one unit cell was simulated (Figure 4.2b), which gives results
consistent with those obtained from cases involving a larger number of unit cells, i.e. four
NDs (Figure 4.7). Simulating a random distribution of NDs closer to the real experiment
requires a system with a larger size and a greater number of atoms, constrained by computa-
tional power and simulation time. The distance L between NDs also equals the side length
of the square Gr layer. A larger L indicates a lower areal density of NDs. The Gr interlayer
distance of the initial configuration H = dn + 20 (Figure 4.2¢), where dy is the diameter of
the NDs, and o is the interlayer distance between Gr layers in graphite. Here, dy = 1.0 nm,
1.6 nm, and 2.0 nm, and L = 5-100 nm. The ND structure was obtained by selecting atoms
within a sphere of diameter dy from the bulk crystal. The modeled structure was relaxed in
the NVT ensemble at 300 K for 1 ns to obtain a stable configuration. Then, the relaxed ND
was used to model the Gr-ND structure. The deformation of ND was neglected, and a rigid
body was set in the simulation thereafter. The rigid assumption for ND has a minor effect on
the simulation. The AIREBO potential [86] describes the internal short-range interaction
of carbon atoms in a Gr layer. The short-range interaction energy varies with changes in
C—C bond lengths and bond angles. There are long-range van der Waals (vdW) interactions
between different Gr layers and NDs. In MD simulation, the vdW interaction is described by
the Lennard—Jones (LJ) potential,
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where r is the distance between two atoms. The parameter & = 0.00284 eV is the depth of
the potential well, and o = 0.34 nm is the minimum point and equilibrium distance between
Gr layers in graphite [86]. In inducing a vdW interaction between the upper and lower
Gr, the cutoff radius for long-range interactions was set larger than the interlayer distance
(rewrorr = H +0.30). The lower Gr was constrained by a virtual LJ wall to simulate the
adhesion effect of the SiO, layer on the SiO, /Si substrate [159, 133—135]. The system was
relaxed in the NVT ensemble at 300 K with a simulation timestep of 1 fs until the energy and
configuration of the system reached equilibrium. Thus, the energetically stable configuration
was obtained. In the experiment, the Gr layer has a finite size, and it contains edges as well
as cracks induced by the wet transfer process, which serve as free edges. The atoms of upper
Gr within 0.3 nm from the outermost sides were removed to stimulate the free edges while

keeping the PBC for the simulation box. This method sets the free-edge boundary to the
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upper Gr while the lower Gr is still in PBC. Then, the system was relaxed using the same
method until equilibrium.

CF
S PBC

&,

L ‘Virtual
"L wall

Fig. 4.2 Schematic representation of the simulation system. The system contains two square
Gr layers and NDs sandwiched between them. (a) A system with four NDs arranged in the
square lattice with equal distances of L. Thus, the system with a side length of 2L consists
of four unit cells. A cube enclosed by orange dashed lines represents the system of the
continuum model. The origin is set on the lower Gr, directly beneath an ND at the cube
corner, and u, v, and w are the displacements in the x, y, and z directions, respectively. (b) The
3D view of a Gr/ND/Gr unit cell. The side length of the Gr is L, which equals the inter-ND
distance. The origin point of molecular dynamics (MD) simulation is at the corner of the unit
cell on the lower Gr layer. The in-plane x and y directions are set with periodic boundary
conditions (PBC). (¢) Side view of the unit cell in (b). The diameter of ND is dy. The initial
distance between the two Gr layers is H = dx + 20. The systems with different Gr sizes L
and ND diameters dy are simulated.

In this study, a continuum model was also developed on the basis of the elastic theory
to expand simulation sizes and align with experimental scales. Although MD simulations
can capture the microstructure of the Gr—ND system, computational costs limit the system’s
scale. For example, a system with dy = 2.0 nm and L = 100 nm contains approximately
770,000 atoms. Scaling up to match experimental conditions, such as L = 500 nm, would
require approximately 19,000,000 atoms. Therefore, the continuum model bridges theoretical

simulations to experimental scales. The detailed model derivation is presented in 4.5.

4.3 Raman analysis of stacked graphene with NDs

Raman spectroscopy first validates the reduction of the interlayer interaction of Gr by
ND insertion (Figure 4.3). Typical Raman spectra of monolayer Gr exhibit the D peak
(~ 1350 cm™ ), G peak (~ 1580 cm™!), and G’ peak (~ 2700 cm~') [141]. The D peak
results from the breathing mode of six-membered rings, and it is sensitive to crystal defects
[141]. The G peak refers to optical phonons at the Brillouin zone center, corresponding
to in-plane stretching vibrations of carbon atoms. This band becomes more intense with
the increase of layer number because more carbon atoms contribute to this vibration mode
[143, 144]. The G’ peak is the overtone of the D peak [141], but its intensity is not related
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Fig. 4.3 (a) Raman spectra of Gr (blue), Gr/Gr (red), Gr/ND/Gr with low (yellow) and high
area densities (purple). Representative spectra obtained from a single measurement point are
shown for each sample. The split G peak (b) and asymmetric G’ peak (c) are fitted with two
peaks, which are labeled as G| & G, and G| & G, respectively. (d) Raman spectrum of ND
on Si0, /Si substrate of 0.2 w.t.%. The minor signal from NDs verifies the negligible effect
on the Raman spectrum of Gr-ND stacking structures.
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to the defect. The relative intensity and peak shape are sensitive to the Gr layer number
and stacking order [145, 19, 169]. For monolayer Gr, the intensity ratio of the G’ peak to
the G peak (I(G")/1(G)) is generally 2—4 with a single Lorentzian peak [145, 19, 146, 110].
Thermal annealing can decrease the I(G’) /I(G) because of the doping effect [166-168]. The
I(G")/I(G) ratio decreases with the increase of the layer number of the AB stacked multilayer
Gr because of the strong interlayer interaction and altered band structure with parabolic
dispersion. A relatively high I(G’)/I(G) ratio can be observed in the randomly stacked
multilayer Gr [141, 147, 148]. In randomly stacked Gr, the interlayer interaction is weaker
than that of the AB stacked Gr, and the interlayer distance is slightly larger [75]. The band
structure of the randomly stacked Gr resembles that of the monolayer Gr with linear dispersion
[105, 106]. In the sample, the monolayer Gr shows I(G’) /I(G) = 2.15, which is consistent
with the typical value. The intensity ratio of the D peak to the G peak (/(D)/I(G)) is 0.06 for
monolayer Gr, with an estimated defect density of 1.42 x 10?> um~2 [142]. The I(G)/I(Si)
of bilayer Gr (Gr/Gr) doubles that of Gr with increased layer number. The I(G')/I(G)
remarkably decreases to 0.58, and the G’ peak is symmetric which differs from those in Gr/Gr
with AB stacking [145]. The decreased I(G')/I(G) indicates a strong interlayer interaction.
In the present work, the Gr is polycrystalline, and the stacking direction is not controlled,
resulting in the random stacking of Gr/Gr and the occurrence of a symmetric G’ peak [141].
The bilayer stacking structures with ND (Gr/ND/Gr) of two different areal densities are
measured. For the one-point measurement of low-density Gr/ND/Gr, I(G’)/I(G) = 1.49,
which is higher than that of two directly stacked Gr layers. The high-density Gr/ND/Gr further
increases the ratio I(G’)/I(G) = 1.64. This result demonstrates a reduction in interlayer
interaction in the Gr/ND/Gr structure because of ND insertion. The Raman signal from ND
is faint, and it will not affect the measurement of Gr. The G peak shows a split (Figure 4.3b),
with one peak located at approximately 1585 cm™! (G;) and the other at approximately
1606 cm™! (G,), with a difference of 21 cm™!. A similar G split was reported and attributed
to the different doping environments in intercalated Gr layers [71, 73]. The shape of the G’
peak is asymmetric for high-density Gr/ND/Gr (Figure 4.3c). The peak is the superposition of
the signal from upper and lower Gr, which is fitted by two peaks (G} and G}). A difference of
~27 cm™! is observed. Different doping environments and strains can induce different values
of subpeak shifts and cause asymmetric G’ peak. Multi-point measurement is necessary to
clarify the two factors, which will be discussed later.

Multi-point measurement of different positions in samples was further conducted (Figure
4.4a). The intensity ratio of the G peak normalized to the substrate silicon peak at 520 cm !
(I(G)/I(Si)) was used to evaluate the layer number of Gr. The increase in I(G)/I(Si)

indicates the increase of layer number from monolayer Gr to Gr/Gr and Gr/ND/Gr. Based on
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Fig. 4.4 (a) Distribution of I(G’) /I(G) and I1(G)/I(Si) for monolayer Gr (black star), Gr/Gr
(red square), and Gr/ND/Gr with low (green circle) and high densities (blue triangle). (b)
Distribution of the G peak (w(G)) and G’ peak (@ (G’)) positions. In particular, black stars
represent Gr; magenta circles represent Gr/ND of high density, and green left-pointing
triangles and cyan right-pointing triangles represent the fitted peaks (P; and P,) from high-
density Gr/ND/Gr. Dashed lines with the same colors as the points indicate the corresponding
linear fitting of @(G) versus ®(G’) with slopes k = d0(G’) /dw(G). The yellow dashed line
is fitted from points of Py and P, i.e. green and cyan triangles.

previous research, /(G)/I(Si) increases linearly with the number of layers in the mechanically
exfoliated multilayer Gr of AB stacking [170]. The I(G)/I(Si) of monolayer Gr is ~ 0.02,
but a wide distribution of 0.03-0.1 is obtained from Gr/Gr. In the present work, the multilayer
Gr 1s stacked from polycrystalline CVD Gr with randomly oriented grains. Previous studies
have found that in randomly stacking bilayer Gr [147, 171], a phonon resonance enhancement
and an increase in G peak intensity are observed when the twist angle ~ 12°. The randomly
stacking order causes the wide distribution of 1(G)/I(Si). Comparing Gr/Gr and Gr/ND/Gr
with different ND densities, lower values of I(G) /I(Si) were observed with the increase of
density. Previous studies observed a weaker G peak in suspended Gr compared with Gr
on a Si0,/Si substrate, which is attributed to the effect of SiO;/Si substrate interference
enhancement [170, 149]. As the upper Gr supported by NDs is partially suspended, the
interference enhancement of the Si substrate is weakened. The ND nanospacer of higher
density separates larger parts of the Gr layers, which leads to a lower value of I(G) /I(Si). The
increase in I(G’) /1(G) is observed in Gr/ND/Gr for low and high densities, which confirms
the decreased interlayer interaction.

Multi-point measurement was conducted to analyze the G peak splitting and the effects
of doping (Figure 4.4b). The G peak and G’ peak were fitted with two sub-peaks (Figure
4.3b,c). The sub-peaks with lower wavenumbers (P) are labeled as G; and G’l, and the



60 Nanodiamond Insertion on the Interlayer Interaction in Multilayer Stacking Graphene

sub-peaks with higher wavenumbers (P») are labeled as G, and G’z. The peaks G and G’1 are
excited from the same Gr layer, whereas the peaks G, and G}, are excited from the other layer.
Linear regression analysis was conducted for the relation between the positions of the G peak
(0(G)) and G’ peak (@(G')), and the fitted slope k = dw(G')/d w(G) is shown in Figure
4.4b. Previous research demonstrated that k can separate the strain and charge doping in Gr
[172]. Strain can induce k = 2.02, whereas charge doping can induce k = 0.75 [172]. The
monolayer Gr conforms well to the linear relation with k = 1.69 (Figure 4.4b). Therefore,
strain is the primary factor influencing the positions of the G and G’ peaks. The monolayer
Gr with ND coating (Gr/ND) yields the same slope with a minor right shift comparing the
monolayer Gr without ND. A feeble doping effect is induced by ND spreading on the Gr.
The high-density Gr/ND/Gr sample shows evident peak shifts. By fitting the points of P and
P, together (yellow dashed line in Figure 4.4b), a downshift of ©(G) and ©(G’) from P to
P is induced by the strain with k = 1.34 [172]. Based on the simulation results in the later
text, the upper Gr is suspended, and it can yield a bending and stretching deformation strain
caused by vdW adhesion between two Gr layers, whereas the SiO; /Si substrate constrains
the deformation of the lower Gr. Stretching deformation will cause the downshift of G and
G’ peak [173]. Thus, Py is the signal of upper Gr, and P; is excited by lower Gr. Based on
the G peak shift between G; and G, (A®(G) = 0(G>) — ®(G) = 17 cm™ ), the estimated
strain in the upper Gr is 0.63% [173]. The Raman imaging is also conducted, but the spatial
resolution is not sufficient to analyze the distribution of strain for upper Gr (see Figure
S3). The tip-enhanced Raman spectroscopy will be a feasible solution with a resolution of
nanoscale. By fitting P; and P; separately (green and blue dashed lines in Figure 4.4b), small
slopes were obtained (0.44 for Py and 0.14 for P,), indicating that both Gr layers are subject
to strong doping effects. Such strong doping is attributed to annealing after transferring the
second Gr. Annealing results in a tighter integration between Gr and ND, thereby making
the doping effects more pronounced. The doping environment is different for the lower and
upper Gr. The upper Gr is suspended and only doped by ND with £ = 0.44, whereas the
lower Gr is doped by ND and the SiO;/Si substrate with a lower slope of k = 0.14.

4.4 Nanostructure analysis with atomic force microscope

The microstructural difference of ND insertion was studied to clarify the reduction of
interlayer interaction. AFM was conducted to analyze the microstructure of the samples
(Figure 4.5). The distribution of NDs on the Gr surface (Gr/ND) is first evaluated (Figures
4.5a,b). The distribution of ND is nearly random and uniform. The areal density of low-
density ND is approximately ~ 47.5 / pum?. In the case of high ND density, the distribution
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Fig. 4.5 AFM observation of Gr/ND and Gr/ND/Gr. (a, b) AFM images of Gr/ND with
low (a) and high (b) ND densities. (¢, d) AFM images of Gr/ND/Gr with low (c) and high
(d) ND densities. (e, f) Cross-sectional profiles of Gr/ND/Gr along (e) and across (f) the
wrinkle indicated by A — A’ and B — B’ in (c), respectively. The wrinkles are supported by
low-density NDs. (g) Cross-sectional profile (C —C’) of Gr/ND/Gr with high-density NDs.
Comparable morphologies of MD simulations are shown in Figure 4.6j-1.
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of ND is so dense that AFM cannot separate two adjacent NDs. The areal density is assumed
to be ~ 475 /um? because the concentration of ND dispersion is 10 times higher. For the
most part, the NDs are monolayered with few areas of overlap. The AFM images of the
Gr/ND/Gr with low and high densities are shown in Figures 4.5c and d, respectively. AFM
indicates that low-density Gr/ND/Gr has a morphology with many wrinkles. The height
of the wrinkles is ~ 18 nm, which matches the size of NDs. Figure 4.5e and f show the
cross-sectional images along and across the wrinkles. In the cross-section along the wrinkled
ridge, the upper Gr is supported by the NDs with a higher interlayer distance (Figure 4.5e).
The cross-section perpendicular to the wrinkles reveals that the upper Gr adheres to the
lower layer between them (Figure 4.5f). The AFM image of high-density Gr/ND/Gr shows
a plateau-like morphology (Figure 4.5g). The increased ND density can provide better
support to upper Gr. More parts of Gr are supported, and the plateau morphology appears. A
theoretical study has reported that increasing the interlayer distance can weaken interlayer
coupling and alter the band structure of multilayer Gr, comparable to that of a single layer
with linear dispersion [106]. NDs induce the partial suspension of Gr, thereby increasing the
interlayer distance. This finding explains the observed reduction of interlayer interactions in
Raman spectroscopy (Figure 4.3 and 4.4). In high-density Gr/ND/Gr, the ND fully separates
Gr layers with upper layer suspension. The I(G’)/I(G) obviously increases with G’ peak
splitting. When the two layers of Gr are sufficiently separated, the stacking angle no longer
significantly affects the interlayer interaction. The separated Gr layers have band structure
resembles the monolayer Gr and benefit the application in photonics. In twisted stacked Gr,
there are still domains with AB and AA stacking [70]. For low-density Gr/ND/Gr, there
is also a relatively weak increase in the I(G’)/I(G). The NDs only support the Gr near the
wrinkles. The supported area is smaller than the high-density Gr/ND/Gr. Hence, the effect of
reduction in interlayer interaction is weaker with relatively lower I(G’) /I(G).

The support provided by NDs to Gr can be analogous to the pillar-supported Gr in
previous work [174—176]. The nanopillars in previous works are obtained by lithography
methods. Compared to nanopillars, the lateral spacing of NDs can be adjusted by simply
changing the solution concentration for higher density. The NDs with different sizes are also
comparable with the pillars of different heights. Previous work observed pseudomagnetic
fields at Gr wrinkles using scanning tunneling spectroscopy (STS). AFM images show that
wrinkles caused by low-density ND, with widths in the nanometer range, are also promising
structures for such phenomena [177, 178]. Notably, defects [179, 180, 129, 181, 182] and
thermal fluctuations [102] can also cause ripples. However, these differ from the wrinkles
caused by ND in terms of geometric size and morphology. The height and width of wrinkles

or ripples due to defects and thermal fluctuations are ~ 1 nm, which is smaller than the
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typical size of wrinkles caused by ND. Wrinkles may also appear due to the capillary effect in
wet transfer. The wrinkles have a height of 1-3 nm [102], which is smaller than the diameter
of NDs. The spacing effect from wrinkles is minor. The dry transfer method is an alternative
[159]. The choice of method depends on the specific requirements. The wet transfer method
allows for larger sample areas of 1 cm with the disadvantage of PMMA residues and wrinkles.
The dry transfer method permits operations on SiO; /Si and can quickly achieve multilayer

structures with a smaller sample area of ~ 300 um and fewer wrinkles.

4.5 Continuum Model

According to the MD simulation, deformation primarily occurs in upper Gr. The ap-
pearance of two different configurations is determined by the energy difference, mainly the
deformation energy of Gr (corresponding to the AIREBO energy in MD simulations) and the
interlayer vdW energy (LJ potential). For the suspension configuration, the upper Gr remains
flat, resulting in lower deformation energy. A larger interlayer distance leads to an increase in
vdW energy. In the adhesion configuration, considerable deformation occurs in the upper Gr,
thereby increasing the deformation energy. However, the interlayer distance approaches 0.34
nm, and the vdW energy decreases to a minimum. In the continuum theory, the deformation
energy matches the elastic energy and the interlayer vdW energy can be integrated into the
adhesion energy. In investigating the energy-stable configurations determined by two energy
components and bringing theoretical analysis closer to experimental scales, a continuum
model was proposed based on the theory of elasticity.

The model is shown in Figure 4.2a. One unit cell with four NDs at the corner parts was
investigated for an easier description of the boundary condition. The system is identical
to the MD system after shifting by a length of L/2 in the x and y directions, and the origin
is set on the lower Gr, directly beneath an ND at the cube corner (Figure 4.2a). The Gr is
square with a side length of L, and the interlayer distance of the upper and lower Gr is equal
to H in the initial configuration. The two adjacent sides in the in-plane direction are the
x and the y axes. The direction vertical to the surface is the z direction. The u and v are
the in-plane displacements, and w is the out-of-plane displacements, i.e. deflection. The
interlayer distance is related to deflection by # = w+ H and the out-of-plane coordinate
z=nh.

The total energy Uy of the system is expressed as follows:

Utot - Uela+UvdW7
Uela - Ub+Um7

4.2)
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where Uyqw 1s the integrated vdW energy that causes the interlayer adhesion. Uy, is the
elastic energy from the upper Gr deformation, which has two components, bending energy
U, and membrane energy Up, [183, 184]. In the microscopic view, the membrane energy
corresponds to the elongation and shortening of chemical bonds, and the bending energy
corresponds to the rotation of chemical bonds and changes in bond angles.

According to the theory of two-dimensional (2D) membranes [113], the membrane energy

Un and bending energy Uy, are expressed as follows:

_ [Cp 2 .
Un= | —=— [V(Trs) +(1—v)e.e] ds,
s 2
M (4.3)
Ub:/jb [V(Trl()z—l—(l—v)lﬁ': K] ds,
S

where the tensile strain € describes the in-plane deformation of Gr, and the curvature K
describes the out-of-plane bending configuration. Here, “Tr" is the trace of a matrix and
a colon, and ““:" defines the double-dot product of two matrices. The strain tensor € and
curvature K have a geometric relation with the in-plane displacement u,v and out-of-plane

deflection w [183]. The strain tensor € is expressed as follows:

1 1 1
8 — M:-x + Ewrxwvx E (MJ + V’x) + ZWJW:)’ (4 4)
1 1 1 ) :
5 (Vxtuy)+awawy Vytawywy
and the curvature K writes
w w
Kk=—| " Y (4.5)
Wy Wy

een

where a comma “," in subscript denotes a partial derivative. The elastic constants, 2D
elastic modulus C,p, bending stiffness M}, and Poisson’s ratio v can be determined by
experimental measurement [113, 13, 185] and first-principle simulation [184, 186]. Here,
Cop = 2241 eV/nm? [13], Mj, = 1.44 eV [184], and v = 0.16 [13].

The vdW energy of the upper Gr can be calculated by integrating the vdW energy density

4&612 4&66
2
= — X 4.
Uyaw /Sﬂ'pa |: 5,10 7 :|dS ( 6)

in the unit area

The same £ and o are taken as MD simulation, and p, = 38.02/nm? is the areal density of
C atoms in the Gr layers [184]. The integrand in the above formula describes the interaction
among atoms per unit area of the upper Gr and the infinitely large lower Gr layer. Such
energy expression is obtained by integration operations from the LJ pairwise potential in Eq.
5.1 using Hamaker summation [133]. Thus, Eq. 4.6 describes the total vdW energy between
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the upper and lower Gr as a function of the distance & with h = w + H. The parameters are
equivalent to the adhesion energy of 0.28 J/m? and interlayer distance of 0.34 nm, which are
comparable to the value from experiment [187, 188].

With the disregard of ND deformation, the boundary condition is expressed as follows:

u(0,y)=0,u(L,y)=0,v(x,0)=0, v(x, L) =0,
w(0,0)=0, w(L, 0)=0, w(0, L) =0, w(L, L) =0, 4.7)
W,x (07 y) = 07 W7x (L7 y)= 07 W7y ()C, 0) = 07 W,y ()C, L) = 0

Displacement is expanded in the Fourier series,
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The coefficients Ay, Byn, Cino, Cro, and C,;, are treated as variational parameters to minimize
the energy. The order of the series is set to be M = 20, N = 20 considering the computational
precision and efficiency. The energy minimization process on MATLAB utilizes the quasi-
Newton method [189]. The calculation is conducted on a desktop PC instead of MD
simulations in a supercomputer. The cases with different dy and L are calculated to find the
L.

4.6 Simulation of micro-structure with molecular dynamics

and continuum model

MD simulations of the Gr—-ND stacking structure were conducted to investigate the
influencing factors of ND in detail and to study the microstructure comparatively with AFM
observation. MD simulation allows more convenient control of the diameter and area density
compared with the experiment of NDs. The intuitive microstructure figures can be output at
a low cost compared with sample fabrication and AFM scanning. Figure 4.6a-c shows three
examples of MD simulation with different ND diameters dy and inter-ND distance L. The
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L=10 nm, dy=1.0 nm L=15nm, dy=1.0 nm L=15nm, dy=1.6 nm
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Fig. 4.6 Deformed configuration obtained by MD simulation (a—c) and continuum model
(d—f) of the Gr—ND stacking structure with different ND diameters dn and Gr side length
(inter-ND distance) L. (a,d) dy =1.0nmand L =10 nm. (b,e) dy =1.0nm and L = 15
nm. (c, f) dv = 1.6 nm and L = 15 nm. The range of actual z-axis coordinates of the
upper Gr layer is listed beside the figures. (g—1) Deformed configurations obtained by the
continuum model for larger dn. Four unit cells are plotted, indicated by the white dot lines.
(-1) Configurations of MD simulation with free edges. The sizes of the Gr layers are 20 nm,
and dy is 1.0 nm. (j) Four NDs are encapsulated with a distance of 10 nm. (1) Nine NDs are
encapsulated with a distance of 5 nm, and the size of Gr is maintained at 20 nm. (k) The
cross-sections a — a’ and b — b’ are captured from (j). The cross-section ¢ — ¢’ is captured
from (1). The wrinkle and plateau morphologies are comparable to the AFM images shown
in Figure 4.5e—g. The color of the upper Gr layer represents the dimensionless z-coordinate
z/H of each atom of upper Gr in MD simulations or each point in the model. The minimum
z-coordinate (z/H = 0) is represented by blue, and the maximum z-coordinate (z/H = 1) is
represented by red. The color bar is at the bottom of the figure.
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areal density of ND can be calculated by 1/L?. The colors in Figure 4.6 represent the z-axis
coordinates of the atoms. The coordinates are dimensionless to normalize the results for
different ND diameters with z/H. In the first case with dy = 1.0 nm and L = 10 nm (Figure
4.6a), the upper Gr is suspended with the support of the ND after relaxation, but it slightly
decreases in the z-coordinate compared with the initial distance H with fluctuation, which
is due to the vdW attraction between the layers. If the distance is increased to L = 15 nm
and dn keeps 1.0 nm (Figure 4.6b), then the upper Gr adheres to the lower layer with the
yurt-like deformation covering the ND. The interlayer distance of the two Gr layers is 0.34
nm, which is close to the spacing of carbon layers in graphite. If the distance L is fixed and
dn increases to 1.6 nm (Figure 4.6¢), then the upper Gr stays in suspension, which is similar
to the first case. The consistent result of the system with one ND and four NDs confirms the
validity of PBCs and the negligible influence of the size of supercells. Thus, the one-ND
system is selected for further simulation to reduce the time cost.

During the relaxation process, deformation primarily occurs on the upper Gr layer,
whereas the lower layer remains flat. The change in potential energy is primarily due to the
deformation energy of the upper Gr layer and the variation in interlayer vdW energy [159].
Considering the two energy components, a continuum model was further developed based
on the elastic theory. The model expands the simulation sizes and aligns with experimental
scales with less computational costs. The results of the continuum model with the same
L and dy as the MD simulations are shown in Figure 4.6d—f. Similar morphologies were
obtained from the two methods. The range of z-coordinates for the upper Gr obtained from
the continuum model is slightly higher than that from MD simulations because the distance
between the upper and lower Gr is fixed (w = 0) at the location above ND in the continuum
model. However, Gr is not constrained in MD simulations, and the upper Gr experiences an
overall downward displacement under the vdW interaction. The continuum model calculates
the cases with dy = 6.0 nm, which is comparable to ND in experiments (Figures 4.6g—i). For
L =250 nm in Figure 4.6g, the upper Gr is suspended with the support of NDs. With the
increase of L to 300 nm, the suspended Gr initially adheres to lower Gr with the appearance of
wrinkles (cyan ridges in Figure 4.6h). A single ND can influence and support the surrounding
Gr. When the inter-ND distance is relatively small, the influence range of NDs overlaps,
thereby creating wrinkle-like structures connecting the NDs. As the inter-ND distance L
increases to 350 nm (Figure 4.61), the influence range of NDs cannot overlap. The ND
can only support the Gr around with a protrusion structure. The continuum model can also
calculate the distribution of strain. For the suspension configuration, the upper Gr is almost
flat and the deformation strain is negligible (&;; = 5 x 10~7). In Raman spectroscopy, a

strain of 6.3 x 1073 is observed. The diameter of NDs is not completely identical in real
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experiments which could cause undulations and deforms on suspended upper Gr. For the
wrinkle and adhesion configurations, the local deformation of wrinkles and protrusions leads
to the obvious concentrated strain of ~ 9 x 1073 and ~ 1.6 x 10~ respectively, which is
higher than the value of suspended Gr.

To better reproduce the experiment, additional MD simulations were conducted with Gr
of finite sizes and free edges. The configuration (Figures 4.6j-1) is qualitatively comparable
to AFM observation (Figures 4.5c—g). The two cases presented in Figure 4.6j and 1 have the
same free-edge boundaries and Gr sizes. The Gr/ND/Gr with four NDs yields an interlayer
adhesion with wrinkles (Figure 4.6j), which resembles the AFM image of lower ND density
(Figure 4.5¢). The cross-sections along (a—a’) and across (b—b’) the wrinkles in Figure 4.6k
resemble the cross-sections from the AFM image (Figures 4.5e and f). When nine NDs are in
the system, i.e. higher ND density, a plateau-like morphology is observed, indicating upper
Gr suspension (Figure 4.61), which is consistent with the results shown in Figure 4.5d. The
cross-section (c—) in Figure 4.6k also resembles the cross-section from the AFM image
(Figure 4.52).
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Fig. 4.7 (a) Effect of the ND diameter dy and distance L on the minimum interlayer distance
hmin by MD simulation. The Gr/ND/Gr with one ND are plotted as blue (dy = 1.0 nm),
yellow (dn = 1.6 nm), and purple (dn = 2.0 nm) squares with lines. The four-ND cases with
dn = 1.0 nm are plotted as red squares with lines. (b) The critical inter-ND distance (L),
where the adhesion configuration first appears, as a function of the ND diameter dy. The
blue squares and red triangles indicate the MD and continuum model results, respectively.
(c) Prediction of L. from the continuum model for dy in 1-14 nm (red triangles). The red
dashed line is fitted with a quadratic function (L. = 4.2d§, 4+ 19.5dNn — 10.8) in (b) and (c).

Additional simulations were performed with different dy and L (Figure 4.7). The final
configurations are classified into two categories: upper Gr suspension and interlayer adhesion.
The minimum interlayer distance /i, can be used to distinguish between the two configura-
tions, which is calculated by averaging the distance between the Gr layers at the four corners.
Comparing the cases of MD simulation with the same dy (Figure 4.7a), hni, approaches the

initial spacing H for small L, indicating that the upper Gr remains suspended. As L gradually
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increases and surpasses a critical value, the interlayer distance abruptly decreases to 0.34
nm, indicating the occurrence of interlayer adhesion. The identical result of the systems with
one ND and four NDs for dy = 1.0 (red and blue squares in Figure 4.7a) further verifies the
validity of PBC. The interlayer distance A, in the suspended Gr configuration increases
with the diameter dn. A large ND diameter also increases the critical inter-ND distance (L)
at which the adhesion configuration appears (Figure 4.7b). The prediction of L. from the
continuum model is lower than the MD simulation. The difference could be induced by
the numerical method. In MD simulation, the relaxation process is conducted with thermal
vibrations of atoms. No extra force is imposed on the system to stimulate the system if the
relaxation falls into a local minimum. The prediction of L., for large NDs is shown in Figure
4.7c. The points fit well with the quadratic function in the larger section for dn. Based on the
predictions of the continuum model, the L. for dy = 4—14 nm is approximately 134—1085
nm, which is equivalent to an ND areal density of 0.8-55.7 /um?. In the high-density sample
of the experiment, the areal density is assumed ~ 475 /um?, thereby causing the suspension
of upper Gr, which is consistent with the prediction of simulation. In the low-density case, the
areal density (~ 47.5 /um?) falls in the predicted section where adhesion can appear. More-
over, during the wet transfer of the second Gr layer, the ND can re-disperse and aggregate in
the liquid phase, which makes the ND areal density lower than the AFM measurement. The
real density is lower than the critical density for suspension, thereby promoting the formation
of a wrinkled morphology. The current model effectively explains the experimental results
but is unable to simulate the structures of randomly distributed and varying numbers of
ND. Rapid advancements in machine learning in recent years provide feasible approaches,
such as physics-informed neural networks [190] and machine learning-based coarse-grained
intermolecular potentials [191, 192]. These methods can enhance the scale and efficiency of
simulations, enabling the modeling of randomly distributed and varying numbers of ND.
Finally, ND and CNT nanospacers were compared, with ND showing advantages in
various aspects [159]. From an experimental perspective, the diameter of ND is 4-14 nm,
which is larger than the diameter of single-walled CNT (1-3 nm) in the previous work. A
larger spacer size promotes the expansion of the interlayer distance [159]. The split of the G
peak is observed in Gr/ND/Gr, indicating the sufficient separation of Gr layers [73]. The G
peak from ND is minor, whereas the CNT exhibits a prominent G peak [159]. The G peak
of CNT interferes with the signal from Gr, complicating the analysis of Raman peaks. The
calculation results demonstrate the advantage of using large ND spacers. A 3-nm-diameter
CNT achieves an L, of 141 nm, whereas with a larger ND of dy = 14 nm, the L; reaches

1085 nm based on the continuum model. The calculated microstructure indicates a point-type
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contact between ND and Gr, resulting in a smaller contact area than the line-shape contact of

CNTs. This reduced contact area leads to less influence on the properties of the supported Gr.

4.7 Conclusion

In this study, the effect of ND insertion on the interlayer interaction in multilayer Gr
was investigated. The stacking structure of Gr and ND is fabricated by using the layer-by-
layer method in the experiment. Raman spectroscopy verifies the reduction of interlayer
interaction with the increase in the intensity ratio of the G’ peak to the G peak and the
split of the G peak. AFM measurement confirms the increase in the interlayer distance. In
addition, MD simulations are conducted to systematically study the influencing factors. The
Gr—ND stacking structure exhibits two stable configurations: the upper Gr suspension and
interlayer adhesion. The areal density and diameter of the NDs determine the selection of a
stable morphology. By considering the energy difference between the two configurations, a
continuum model that extends the simulation size to experimental conditions was developed.
The model predicts the suspension and wrinkled morphologies and a critical ND density,
which are qualitatively comparable to the results in experiments. The results of this study
contribute to the improved and novel properties of multilayer Gr to facilitate functional

enhancement for wider application fields.



Chapter 5

Property modulation of multilayer

graphene with nanospacer insertion

5.1 Preface for this chapter

This chapter mainly investigates the effects of inserting nanospacers on the material
properties. For the Gr-CNT structure, the focus is on mechanical behavior, while for the
Gr-ND structure, the emphasis is on electrical properties.

Given the widespread application of Gr-CNT structures in strain sensors, a comprehensive
understanding of the structural changes in these sensors at the micro-scale remains elusive.
To address this gap, we conducted both simulation and experimental studies, extending
the investigations from Chapter 3 on Gr-CNT structures, with a focus on elucidating the
structural changes under compressive stress. As for the electrical properties of the Gr-CNT

stacked structure, since CNTs are conductive, we do not focus on them.

5.2 Mechanical hysteresis and multistable of multilayer

graphene with carbon nanotube

5.2.1 Background

The fabrication of graphene (Gr) and carbon nanotube (CNT) hybrid systems is widely
reported[41, 40, 43, 81, 91, 90, 89]. The Gr is a revolutionary material, notable for its
atomic thickness, exceptional electrical and thermal conductivity, as well as remarkable
mechanical stiffness [40]. Adding CNTs can prevent Gr layers from re-stacking and offer a
cross-linking effect. Thus, the Gr and CNT (Gr-CNT) hybrid system has further improvement
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on the mechanical robustness with enhanced porosity, electrical properties, and superelastic
characteristics [41, 78, 42, 40, 81]. The excellent properties enable Gr-CNT hybrid systems
to find widespread applications across various fields. The porous structure with a high
surface area makes the Gr-CNT hybrid system an ideal scaffold and adsorbent material
for catalytic processes and water treatment[21, 37, 97]. Its excellent thermal and electrical
conductivity further broadens its applications in supercapacitors[78, 92, 79], batteries[80],
and thermal management[39]. Additionally, the flexibility and lightweight nature of the
hybrid system make it well-suited for use in strain sensors[42, 43, 40, 81], artificial muscles,
and dampers[41].

The microstructure of Gr-CNT hybrid systems significantly influences properties such
as porosity and flexibility. The adhesion between graphene layers causes the monolayers to
draw closer, forming stacked multilayers with strong interlayer coupling. CNT nanospacers
can help separate the Gr layers. However, the single-atom layer structure of Gr results in its
low stiffness to bending deformation. When the quantity or density of CNT nanospacers
is insufficient, the Gr layers may still bend and adhere. Thus, negative factors including
AB stacking, electron scattering, and a decrease in the surface-to-volume ratio will appear.
Hence, it is necessary to investigate the microstructure of the Gr-CNT hybrid systems to
better understand and optimize their interaction.

In previous studies, molecular dynamics (MD) was employed to investigate the me-
chanical properties of multilayer Gr-CNT stacking systems. The models were reasonably
simplified from 3D-sponge to stacking structure due to the limitation of computational bur-
den for all full atom simulations. The elastic constants of the multilayer Gr-CNT stacking
system were studied [84]. The deformation of CNT encapsulated by two Gr layers is also
studied theoretically [85]. The coarse-grained method was also implemented to study the
fracture behavior of 3D sponges [193]. However, the influencing factors which can determine
the separation of Gr layers, have not been systematically studied. The hysteresis of the
loading-unloading curve is widely observed in previous experiments [41, 42, 40, 194]. Yet
the theoretical analysis is insufficient. In our previous work, we studied the Gr-CNT on
Si0, /Si substrate with experiment and MD simulation[159]. However, the loading and mul-
tistable characteristics are not studied. The previous substate-supported boundary condition
is different from the sponge structure in which the Gr layers and CNTs are nearly suspended.

In this study, we investigated the microstructure of a Gr-CNT stacking system by MD
simulation. The energy-stable configuration is simulated which is affected by CNT radius,
inter-tube distance, and wall number. The press loading-unloading curvature indicates the
hysteresis behavior. The energy analysis unveils the multistable inherent property of the

Gr-CNT stacking system.
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5.2.2 Molecular dynamics simulation method

The simulation model is shown in Figure 5.1. Two CNTs were encapsulated between
two Gr layers. The CNTs are parallel aligned with an inter-tube distance of L. The length
of the Gr layers a = 2L and the width of graphene layers W = 6.7 nm. The Gr interlayer
distance of the initial configuration H = d. 4+ 20, where d, is the diameter of the CNTs and
o is the interlayer distance between Gr layers in graphite. The periodic boundary condition
(PBC) is added in the in-plane x and y directions of the simulation box so that the model
can simulate the CNTs array aligned at equal distances of infinite length. The adaptive
intermolecular reactive empirical bond order (AIREBO) potential[86] is used to describe
the short-range interactions between carbon atoms. The long-range van der Waals (vdW)
interactions between graphene layers and CNTs are described by the Lennard-Jones (LJ)
potential " ;

Fiy = 4e (%—(:—6) (5.1)
where r is the distance between two atoms. The parameter € is the depth of the potential well,
and o means the distance when the energy Ejj is zero. The minimization point Ejj = —&
appears at r = V20, and E jy — 0 when r — co. The balance distance between Gr layers
in graphite also equals o. Here, we take € = 0.00284 eV and o = 0.34 nm[86]. In MD
simulation a cutoff radius rquof 1S necessary for long-range interaction to reduce the burden
of computation. In order to induce vdW interaction between the upper and lower graphene,
we set the cutoff radius larger than the interlayer distance (ryiofs > H). The system is relaxed
in the NVT ensemble with a temperature of 300 K and a time step of 1 fs. The energy and
configuration of the system are output every 1000 steps in the relaxation process until stable
to obtain the energy-favorable configuration. The MD simulation is conducted in the open
source software, large-scale atomic/molecular massively parallel simulator (LAMMPS)[87].

The compressing behavior is also studied with the loading-unloading process. The press
is imposed by adding a uniform force F' on each atom of graphene layers (Figure 5.1c), which
can simulate uniform pressure loading on Gr layers. The pressure writes P = F /S, where
So = 0.026 nm? is the planar areas of a carbon atom in a Gr layer. The loading process is
carried out incrementally, with the force F increased step by step by 0.0016 nN. After each
increment, the system is relaxed for 100 ps to obtain a stable structure.

5.2.3 Experimental verification method

The mechanical behavior of multilayer stacked graphene films was experimentally inves-

tigated by nano-indentation method for verification. Multilayer graphene films, both with
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Fig. 5.1 Schematic representation of the simulation system in the three-dimensional view
(a) and the front view (b). The system contains two graphene (Gr) layers and two carbon
nanotubes (CNTs) aligned in parallel with the y direction. The width of the Gr is W, equal to
the length of CNTs. The length of Gr is 2L in the x direction. The systems with different
inter-tube distances L and diameters d. are simulated. The initial distance between the two
Gr layers is H = d. + 20 as shown in the zoom-up figure. The in-plane x and y directions
are set with periodic boundary conditions (PBCs). (c) The schematic of the loading press.
The two sets of arrows indicate opposing forces being applied on the graphene layers.

and without CNTs, were fabricated and analyzed using the nanoindentation method. These
films were prepared from graphene oxide (GO) suspension through a combination of vacuum
filtration and high-temperature reduction. A 0.1 wt.% aqueous suspension of GO and a 0.1
wt.% aqueous suspension of CNTs (ZEONANO 02DS-WA-RD, average diameter 4 nm)
were prepared. The GO and CNT suspensions were mixed at a mass ratio of 16:1 to form the
GO-CNT suspension. Subsequently, GO and GO-CNT films were separately fabricated by
vacuum filtering their respective suspensions. The filter membrane was removed by acetone
and the GO and GO-CNT films were transferred on fused quartz substrates. The GO and
GO-CNT films were reduced using a high-temperature reduction method with ethanol as the
reducing agent. During the reduction process, ethanol and argon gases were introduced at
flow rates of 2 sccm and 20 sccm, respectively. The reduction was conducted at a temperature
of 1200°C for 1 hour under a pressure of 0.3 Torr.

The loading-unloading behavior of reduced GO (rGO) and rGO-CNT samples are mea-
sured by the indentation in the nanoscale. The nano-indentation experiment is realized by
the AFM (Bruker, NanoWizard 3) combined with an inverted confocal microscope (Nikon,
Ti2-E). By pressing the AFM probe downward to contact the sample and then lifting it
upward, the loading-unloading curve of the sample surface can be obtained. On each sample
surface, we performed force curve measurements at 32 X 2 points with a scanning area
of 100 x 100 um, obtaining the in-plane distribution of the force curves. The maximum
indentation force is 300 nN. The work on AFM force curve measurements was carried out in

collaboration with Assistant Professor Takahisa Matsuzaki and Nanami Sakurai.
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5.2.4 Results and discussion

In hybrid systems of graphene and CNTs, it is always desirable for graphene to be
fully dispersed into single layers. This increases the surface area ratio and enhances the
performance of the material. The mixed ratio of the CNTs and graphene in the hybrid system
significantly affects the microstructure, determining whether graphene can be adequately
separated. Thus, we simulated the effect of inter-tube distance on the separation of graphene
layers where a shorter inter-tube distance means a higher proportion of CNTs in the hybrid
system. The CNTs with different diameters and wall numbers are also considered. The
stable configurations after the relaxation of the Gr-CNT stacking structure are shown in
Figure 5.2. In the first case with d. = 0.68 nm and L = 10 nm (Figure 5.2a), the upper Gr is
suspended between the CNTs. If the distance is increased to L = 20 nm (Figure 5.2b), then
the graphene layers adhere together due to the vdW interaction. The interlayer distance of
the two Gr layers is 0.34 nm, which is close to the spacing of carbon layers in graphite. If the
distance L is fixed and d, increases to 1.08 nm (Figure 5.2¢), then the graphene layers are
separated, which is similar to the first case. If the inter-tube distance L increases to L=35
nm (Figure 5.2d), the graphene layers also adhere with d. = 1.08 nm. The vdW adhesion
of the graphene layers induces pressure on the CNTs which makes the CNTs deform with
ellipse cross sections. In Figure 5.2e, the CNTs are replaced by double-walled CNTs. The
outer wall is the same as Figure 5.2¢,d with chiral index (8, 8) and d. = 1.08 nm. The inner
wall is (3, 3) and d. 0.41 nm. The double-walled CNT can separate the graphene layers. The
deformation of the cross-section is also less obvious compared with the single-walled CNTs.

The stable configurations of the hybrid structure exhibit two distinct forms. The two
configurations can be categorized into two types based on the final interlayer distance of
the graphene, i.e., separation and adhesion. The minimized interlayer distance hpi, 1S
calculated to distinguish between the separation and adhesion configurations (Figure 5.2). To
quantitatively understand the impact of CNT parameters on the appearance of configurations,
additional simulations with different CNT diameters d., CNT distances L, and wall numbers
were conducted. For the case of the same d, in Figure 5.3a, when the distance L is small, /i,
approaches the initial spacing H, indicating that the graphene layers are fully separated. Thus,
the interlayer distance hp,;, of separation configurations increases with the CNT diameter
d. (see different solid lines with circles in Figure 5.3a). As the inter-tube distance gradually
increases and surpasses a critical value (L), the interlayer distance abruptly decreases to
0.34 nm, indicating the occurrence of interlayer adhesion. A large CNT diameter can increase
the critical inter-tube distance L., (Figure 5.3b). The vdW adhesion force decreases with
increasing distance. In our initial configuration, the interlayer distance H = d. +20. Larger
H can weaken the interlayer force and prevent the interlayer adhesion. It should be noted
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Fig. 5.2 Deformed configuration obtained by MD simulation of the Gr-CNT stacking structure
with different CNT diameters d., distances L, and wall numbers. (a, b) The chiral index is
(5, 5) with d. = 0.68 nm. The inter-tube distances are L = 10 nm and 20 nm, respectively.
(¢, d) The chiral index is (8, 8) with d. = 1.08 nm. The inter-tube distances are L = 20 nm
and 35 nm, respectively. () The CNTs are double-walled with chiral index of (8, 8) and (3,
3). The inter-tube distance is L = 35 nm. The color bar represents the z-coordinate of each
atom, where z,j, represented by blue, corresponds to the minimum z-coordinate, and zpax
represented by red, corresponds to the maximum coordinate.
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Fig. 5.3 (a) Effect of the CNT diameter d., distance L, and wall number on the minimum
interlayer distance d,i,. The cases of single-walled CNTs are plotted in lines with open
circles of blue (d. = 0.55 nm), red (d. = 0.68 nm), yellow (d. = 1.08 nm), and purple (d. =
1.35 nm). The cases of double-walled CNTs are plotted in lines with circled circles of yellow
(d; = 1.08 nm) and purple (d. = 1.35 nm). (b) Critical CNT distances (Lcri) as a function of
the CNT diameter for single-walled (red circles) and double-walled (blue stars) CNTs.
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that the increasing effect becomes less obvious. For CNTs with small d. from 0.68 nm to
1.08 nm, the L increases from 20 nm to 35 nm. Yet for larger d, from 1.35 nm to 1.76 nm,
the L, increases from 45 nm to 50 nm. Many previous studies have reported the collapse
phenomena of single-walled CNTs which are spontaneous or induced by pressure. The
collapse cross-section is energy stable for single-walled CNTs when the diameter is larger
than a critical value [195-198]. The critical diameter for spontaneous collapse is 2-5 nm
predicted by different models and methods [199-201]. The pressure-induced collapse is also
reported [202]. The critical pressure of the collapse is P o< 1/d> [203]. Thus, less pressure is
required for CNTs with larger diameters. In the graphene-CNT system, the adhesion force
of graphene layers between two CNTs is balanced by the supporting force of CNTs, which
causes pressure on the CNTs. The increase of inter-tube distance L denotes a larger adhesion
force and stronger pressure on CNTs. For CNTs with larger d_, less pressure is required for
the collapse of CNTs. Thus, the effect of large d. becomes less obvious on increasing L.
The increased CNT wall number can further increase L. compared with the single-walled
CNT of the same diameter. The double-walled CNTs can resist collapsing with larger critical
pressure [195, 196]. The increment of L.; between single-walled and double-walled CNTs
is more obvious.

(@) 25 . . . . (b) 25
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Fig. 5.4 The stable interlayer distance versus the inter-tube distance L from different initial
configurations. The red solid lines with open circles are from suspended configurations and
the red dashed lines with open circles are from adhesion configurations. (a) The CNTs are
single-walled with chiral index (8, 8) and d. = 0.68 nm. (b) The CNTs are double-walled
with chiral index (8, 8) and d. = 0.68 nm.

The energy-stable structure after relaxation can be sensitive to the initial configuration.
The relaxation simulation with the initial adhesion configuration is also conducted (Figure
5.4). The adhesion structures were obtained by applying uniform pressing force on each
graphene atom of the initial structures (the structure shown in Figure 5.1a). Then, the loading
force was removed and the adhesion structure was relaxed with the same method in the

300 K NVT ensemble. The critical inter-tube distance L. decreases from 35 nm to 7 nm
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(Figure 5.4a). This indicates that both adsorption and adhesion are stable configurations
for graphene-CNT with L € (6,35) nm. The double-walled CNTs also increase the critical
inter-tube distance to 9 nm (Figure 5.4b). To separate the two distances, the critical value
from the separation initial configurations is L., and the critical value from the adhesion
initial configurations is L. For the cases with inter-tube distance L in (L1, Lerin), the
multistable structure arise. The components of potential energy for different configurations

are calculated to analyze the mechanism.
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Fig. 5.5 Comparison of the energy between separation and adhesion for systems with different
L and d.. The yellow arrows represent the difference in vdW energy by LJ potential AUy .
The blue and purple arrows represent the difference in energy of the upper Gr AEg, and CNT
AEcnT, respectively. Red arrows indicate the difference in total potential energy. The unit of
energy is eV/atom. (a) d. = 0.68 nm, and L =5, 10 and 25 nm. (b) d. = 1.08 nm, and L =5,
10 and 40 nm. (c) Double-walled CNT with outer tube diameter d. = 1.08 nm, and L =5,
10, 15 and 40 nm. (d) Schematic diagram of the energy difference between the energy of
separation and adhesion configurations for different L.

The potential energy of the system determines the stable configuration. The total potential
energy Epq of the simulation system consists of several components:

Epot = EGr + Ecnt + ULy (5.2)

where Eg; is the internal energy of the two Gr layers described by the AIREBO potential. The
CNT internal energy Ecnt includes the AIREBO potential for the C-C bond and the LJ energy
inside the CNT wall. The LJ interaction Uy j includes the components of Ug,y.L (between
upper and lower Gr), Ugru.ont (between upper Gr and CNT), and Ug, cnT (between lower
Gr and CNT). The variation in interlayer vdW energy Ugu.L constitutes the major part



5.2 Mechanical hysteresis and multistable of multilayer graphene with carbon nanotube 79

since the contact area between CNTs and graphene layers is minor compared with the whole
graphene, which makes Ug;y.cnT and Ug,p-cnT 1nsignificant.

Each energy difference in Eq. 5.2 between the separation (Sep) and adhesion (Adh)
configurations is calculated for the system with the same dcnt and L. A A operator acting on
the particular component represents the energy difference between the two configurations (eg.
AEpor = Epot, Adh — Epo, sep)- Thus, the total potential energy Epoc and configuration of the
system are primarily determined by Eg,y, Ecnt and Ug,u.L (see Figure 5.5), which writes

AEpor =~ AEG + AEcNT + AULY (5.3)

The adhesion configuration has a lower vdW potential energy than the separation con-
figuration (AULy < 0) because the potential energy decreases with the interlayer distance
h. The value of energy difference becomes more significant with an increase in the size of
Gr, i.e. AUy < L (see Figure 5.5). The deformation of Gr layers leads to the bending of
angles between C-C bonds and an increase of internal energy (AEg; > 0). In the adhesion
configuration, the pressure from Gr layers causes the deformation of CNTs with an ellipse
cross-section, which causes an extra increase of internal energy (AEcnt > 0).

The comparison of energy components for different L and d, are shown in Fig. 5.5a. For a
small inter-tube distance L < L, the increase of AEg,y+ AEcNT 1S more significant than the
decrease of AUy, making the separation a more stable energy configuration (AEpo < 0). As
the inter-tube distance L increases, the lower vdW energy of the adhered Gr layers becomes
more obvious (AULy < L), leading to smaller energy in the adhesion configuration (AEpy < 0).
Thus, for a large distance L., < L (Fig. 5.5d), the adhesion configuration is more energy-
stable regardless of the initial configuration. In the medium distance L.j; < L < L2, an
intermediate configuration appears with a potential barrier that blocks the transition between
the two configurations. During the transition from separation to adhesion, the approaching
between Gr layers causes the decrease of Uy y and the bending of Gr layers increases Eg,; and
Ecnr. The total potential energy will increase initially (Epotsep < Epot,inter)» Which means the
transition will not happen spontaneously. The transition from adhesion to separation is also
inert (Epot,adn < Epot,inter) due to the strong vdW adhesion between Gr layers.

The deformations of Gr layers and CNT cause the energy difference AEg, and AEcNT.-
The increment of AEcnT 1s larger for the CNT with a larger diameter (comparing Fig. 5.5 a
and b). Larger AUg;, i.e. larger L, is required to overcome the energy barrier, which causes
the increase of Lcyi. The double-walled CNT is harder to collapse the graphene than the
single-walled CNT, but the deformation of the Gr layers becomes harder. The AEg; mainly
contributes to the energy barrier (Fig. 5.5 c), while the AEcNT is minor. The total value of
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AEg; and AEcNT of double-walled CNT is larger than the single-walled case which causes

the increase of Lcy;.
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Fig. 5.6 Loading-unloading curvature of graphene-CNT stacked structures, indicated by the
pressure P and the volume of the space between Gr layers. The loading and unloading curves
are represented by solid blue lines and dashed red lines, respectively. The critical points of
the graphene separation are shown by hollow circles. (a) d.=0.68 nm, L = 5 nm. (b) d.=0.68
nm, L = 10 nm. (¢) d.=1.08 nm, L = 5 nm. (d) d.=1.08 nm, L = 10 nm.

The graphene-CNT hybrid structure is superelastic materials with ultra-compressibility
and hysteresis loading curvature [41, 42, 40]. We further investigated the loading-unloading
properties of the graphene-CNT structure under vertical pressure force. The structures
that have separation configurations after relaxation are simulated. The loading press is
imposed by adding a uniform force on each atom of graphene layers (Figure 5.1c). The
deformation is indicated by volume strain €y. The initial volume of space between Gr layers
is Vp, and the deformed volume in the loading process is V. The volume strain is defined
as ey = (Vo —V)/Vp. The hysteresis behavior is observed for the structure with d.=0.68
nm and L = 5 nm (Figure 5.6a). The interlayer distance h,,;, decreases gradually as the
pressure increases from 0. When the interlayer distance approaches 0.34 nm, the graphene
layers adhere together. A further increase in pressure cannot induce much decrease in the
interlayer distance because of the repulsive term in the vdW force (Eq. 5.1). The pressure is

unloaded by decreasing the force on each graphene atom. The interlayer distance increases
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as the graphene layers separate. However, the critical value of the imposed force during
the unloading process where the graphene layer separates is lower than that of the loading
process (hollow circles in Figure 5.6a). For the case with d.=0.68 nm and L = 10 nm (Figure
5.6b), the loading force increases, making the graphene layers adhere at the critical point.
The critical loading force is lower than the case with d.=0.68 nm and L = 5 nm. Moreover,
the unloading curvature is different from the previous case. The graphene separation does
not appear even when the loading force is zero. The negative force value, i.e. a peeling force
is required to separate the graphene layers. For the cases with larger CNT diameters d. =
1.08 nm (Figure 5.6¢,d), the hysteresis also appears for the shorter inter-tube distance. The
critical force value is larger than in Figure 5.6a. A similar peeling force is also required for
the case with d.=1.08 nm and L = 10 nm.

The experiments were conducted to observe the loading-unloading curves of the stacked
structures. Pure rGO and rGO-CNT composite samples were prepared using vacuum filtration
followed by high-temperature reduction. The press loading process was achieved via nano-
indentation using AFM. Firstly, Figure 5.7(a) shows the surface morphology of rGO and
rGO-CNT samples. Compared to the rGO sample, certain regions in the rGO-CNT sample
exhibit increased height due to the separation caused by CNTs. This uneven distribution
is attributed to CNT aggregation behavior. In regions with higher CNT density, the rGO
layers are more separated. Figures 5.7(b) and (c) display the force curves at a single
point for rGO and rGO-CNT samples, respectively. For the rGO sample, the loading and
unloading curves overlap, while for the rGO-CNT sample, the curves do not coincide. This
behavior is similar to the characteristics observed in loading-unloading curves from MD
simulations. During the loading process, a greater force is required, whereas the force
applied during unloading is smaller, leading to higher work done during loading compared
to the energy released during unloading. The difference in external work done during the
loading and unloading processes demonstrates the energy dissipation. On a macroscopic
scale, similar energy dissipation phenomena have been observed in rGO-CNT foams used
for strain sensors and energy-absorbing structures. By comparing the two types of samples,
we infer that the introduction of CNTs induces this dissipation phenomenon. The area
enclosed by the loading and unloading curves in the AFM measurements is defined as the
dissipation energy. Figure 5.7(d) shows the dissipation energy distribution obtained from
multi-point measurements across the sample surface. The histogram in Figure 5.7(e) presents
the statistical distribution of dissipation energy at various observation points. The results
indicate that higher dissipation energy is observed in the rGO-CNT sample, suggesting that

the inclusion of CNTs is responsible for this dissipation phenomenon.
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Fig. 5.7 (a) AFM surface images of rGO and rGO-CNT samples from the third time mea-
surement with loading force of 300 nN. (b) Histogram of the height distribution for rGO and
rGO-CNT samples. (c) Dissipation energy mapping for rGO and rGO-CNT samples. (d)
Histogram of dissipation energy distribution for rGO and rGO-CNT. (e, f) Force curves from
the loading-unloading process for rGO and rGO-CNT samples, with loading and unloading
curves shown in blue and red, respectively.

5.2.5 Conclusion

In summary, we study the microstructure of the Gr-CNT stacking system using MD
simulation. Two different energy-stable configurations, i.e., separation and adhesion, exist.
Larger CNT radius, shorter inter-tube distance, and multi-wall number can benefit the
separation of Gr layers. The press loading-unloading curvature indicates the hysteresis
behavior. Energy analysis unveils that multistable characteristics of the structure cause
hysteresis. Our research contributes to a better understanding of the microstructure of
Gr-CNT hybrid systems to facilitate function enhancement for wider application fields.

5.3 Nonlinear electrical property of graphene-nanodiamond

stacking system

5.3.1 Background

Reservoir computing (RC) requires key characteristics such as nonlinearity, high dimen-
sionality, and short-term memory to process time-series data effectively. Physical reservoir
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systems, which leverage various physical phenomena, have been proposed to meet these re-
quirements. To enhance their performance, it is essential to explore diverse physical systems
and understand their operating principles.

In this context, nanostructures like carbon nanotubes (CNTs), hexagonal boron nitride
(h-BN), and graphene have emerged as promising materials for RC applications. Previous
studies have demonstrated physical reservoirs based on 2D and 3D CNT networks. In this
part, the graphene and nanodiamond (Gr-ND) stacking structure is studied. The structures
aim to leverage the high carrier mobility of graphene for improved conductivity, while
utilizing the tunneling current through ND to introduce the necessary nonlinear current-

voltage characteristics for RC.

5.3.2 [Experiment design
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The graphene-ND stacking structure was fabricated using the dry transfer method (Figure
5.8). Monolayer graphene was synthesized on a Cu foil substrate via chemical vapor
deposition (CVD)[117, 118]. It was then transferred onto a silicon substrate with a 300 nm
SiO, oxide layer using the wet transfer method with a poly(methyl methacrylate) (PMMA)
support film [119, 120]. This step facilitated subsequent manipulations of the graphene
on the silicon surface. The size of the wet-transferred graphene was approximately 5 mm.
To scale down the device size, the dry transfer method [121-123] was used to pick up a
graphene flake with a size of approximately 500 um and place it on a new Si substrate. ND
nanospacers were then deposited onto the graphene surface via spin coating. The ND was
synthesized using the detonation method and dispersed in ethanol at a concentration of 0.2
wt.% (Nippon Kayaku). Spin coating was performed at 3000 rpm for 180 s, followed by
heating the sample on a hot plate at 90 °C for 3 min to evaporate the ethanol. The second
graphene layer was picked up from the same wet-transferred graphene on the Si substrate
(Figure 5.8) and transferred onto the ND nanospacers using the dry transfer method. Finally,
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electrodes were added by applying silver paste (Fujikura Kasei, DOTITE D-500) to the edges
of the graphene.

5.3.3 [Experimental results and analysis
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Fig. 5.9 Raman spectra of monolayer graphene (Gr) and graphene-ND stacking structure
(Gr/ND/Gr).

Raman spectra confirm the decrease of interlayer interaction in the graphene-ND stacking
structure with the 1(G’)/1(G) approach 2.0 (Fig. 5.9).
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Fig. 5.10 Current-voltage (I-V) curve of double layer graphene (a) and graphene-ND (b).

The non-linear current-voltage (I-V) curve is observed which is different from the directly
stacked double layer graphene (Fig. 5.10). The nonlinear current is attributed to the tunneling

current between two graphene layers through nanodiamonds. Ideally, the current should
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flow only in-plane within each graphene layer without any interlayer transport. However,
due to the damage to graphene caused by the dry transfer process, a continuous pathway for
graphene cannot be formed from one end of the electrode to the other, hindering efficient
in-plane conduction. Consequently, the current undergoes interlayer transport through the
nanodiamonds. The energy band diagram of the Gr/ND/Gr system is shown in Figure 5.11.
The bottom of the conduction band of nanodiamonds is higher in energy than the Dirac point
of graphene. This energy barrier hinders the electron flow from one graphene layer to the
other, leading to the observed nonlinear current-voltage characteristics.

Eo

Vacuum

Fig. 5.11 Schematic model of the energy band structure of Gr/ND/Gr system.

5.3.4 Conclusions

The non-linear I-V curve is observed in the graphene-ND stacking system fabricated
using the dry transfer method. The nonlinearity arises from the tunneling current through the

ND spacers, demonstrating potential applications in physical neural network devices.






Chapter 6

Conclusion and future perspective

6.1 Conclusion

In this dissertation, the interlayer interaction modulation in multilayer graphene (Gr) using
carbon nanotube (CNT) and nanodiamond (ND) spacers was systematically investigated
through experiments and theoretical simulations.

In Chapter 3, the impact of CNT insertion on the interlayer interaction in multilayer Gr
was studied. Experimentally, the Gr-CNT stacking structure was successfully fabricated.
Raman spectroscopy and AFM measurements confirmed a reduction in interlayer interaction
and an increase in interlayer spacing. MD simulations revealed two stable configurations for
the Gr-CNT system: upper-layer suspension and interlayer adsorption. The CNT diameter,
distance, and arrangement, were found to influence the energy-stable configurations. This
research enhances the understanding of the Gr-CNT composite microstructure and paves the
way for improved properties in multilayer Gr for broader applications.

In Chapter 4, the effect of ND insertion on interlayer interaction in multilayer Gr was
examined. The Gr-ND stacking structures were constructed using a layer-by-layer fabrication
method. Raman spectroscopy indicated a reduction in interlayer interaction, evidenced by
the increase of G’ to G peak intensity ratio and G peak splitting, while AFM measurements
confirmed increased interlayer spacing. MD simulations identified two stable configurations
for the Gr-ND system: upper-layer suspension and interlayer adhesion. The areal density
and size of the NDs were found to dictate the system’s morphology. A continuum model was
developed to extend the simulation scale, accurately predicting the critical ND density and
associated morphologies observed experimentally. These findings provide valuable insights
into the microstructure and functionality of Gr-ND systems for enhanced material properties.

In Chapter 5, the modulation effect of properties for CNT and ND spacers were systemat-

ically investigated. For the Gr-CNT system, further MD simulations explored factors such as
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CNT wall number, applied pressure, and multilayer configurations. The system exhibited
multistable behavior between separated and adhered configurations, resulting in hysteresis
in the loading-unloading curves. For the Gr-ND system, a nonlinear current-voltage (I-V)
relationship was observed, attributed to tunneling current through the ND spacers, which
highlights its potential for applications in physical neural networks.

Overall, the present work advances the understanding of interlayer interaction modulation
in multilayer graphene systems, providing novel insights and laying the foundation for their

functional enhancement and wider application in advanced materials and devices.

6.2 Future perspective

This study unveils the principles governing the microstructure of Gr-CNT systems from
the perspective of interlayer interaction, providing a fundamental understanding for research
on 3D Gr-CNT sponge structures. By employing multiscale approaches such as coarse-
grained, direct simulations of 3D materials can be achieved. This is an area worthy of further
exploration. Moreover, simulations of Gr-CNT structures can be extended to hBN-CNT or
Gr-BNNT systems to investigate topics such as microstructural changes and the effects of
CNT collapse on electronic structures.

For the Gr-ND system, the application of the non-linear I-V relationship in neural network
devices will be further studied. The separation of the graphene layer has linear dispersion
which affects the optical properties such as the absorbance. Optical and optoelectronic
properties will be further studied in the stacking structure. The wrinkles induced by low-
density ND can induce novel phenomena such as pseudo-magnetic fields which need further

exploration.
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