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Abstract

Since the strong interlayer interaction of AB-stacked graphene in bulk form
degrades the superior property of single-layer graphene, the formation of randomly
stacked graphene is required to apply the high performance of graphene to macroscopic
devices. However, conventional methods to obtain bulk-scale graphene suffer from a
low crystallinity and/or the formation of a thermodynamically stable AB-stacked
structure.

The first part of this dissertation develops a novel approach to produce bulk-
scale graphene with a high crystallinity and high fractions of random stacking by
utilizing the porous morphology of graphene oxide (GO) sponge and an ultrahigh
temperature treatment of 1500—1800 °C with ethanol vapor. Raman spectroscopy
indicates that the obtained bulk-scale graphene sponge possesses a high crystallinity
and a high fraction of random stacking of 80%. The large difference in the random-
stacking fraction between the sponge and the aggregate samples confirms the
importance of the accessibility of ethanol-derived species into the internal area. By
investigating the effect of treatment temperature, a higher random-stacking fraction is
obtained at 1500 °C. Moreover, the AB-stacking fraction was reduced to less than 10%
by introducing cellulose nanofiber as a spacer to prevent direct stacking of graphene.

The second part of this dissertation provided a promising approach to prevent
the strong interlayer interaction is the staking order reduction of graphene, where the
graphene layers are rotated in-plane to form a randomly stacking structure. To
effectively decrease the stacking order of multilayer graphene, nanospacers, cellulose
nanofibers or nano-diamonds (NDs), was incorporated in a formation process of porous
graphene sponges and formed mixed-dimensional heterostructures. This study
conducted an ultrahigh temperature treatment at 1500 °C with ethanol vapor for the
reduction and structural repair of graphene oxide sponges with different concentrations
of the nanospacers. Raman spectroscopy indicated an obvious increase in the random-
stacking fraction of graphene by adding nanospacers. The X-ray diffraction (XRD)
analysis revealed that a small amount of the nanospacers induced a remarkable decrease
of ordered graphene crystalline size in the stacking direction. It was also confirmed that
a layer-number increase during the thermal treatment was suppressed by the
nanospacers. The increase in the random stacking fraction is attributed to the efficient
formation of randomly rotated graphene through the ethanol-mediated structural



restoration of relatively thin layers induced by the nanospacers. This stacking-order-
reduced graphene with bulk scale is expected to be used in macroscopic applications,
such as electrode materials and wearable devices.

In the third part of this dissertation, the reduced graphene oxide (rGO) and the
rGO/ND sponge were employed as strain sensors. Graphene shows promise as an
alternative material for strain sensors, due to its excellent properties, which can
overcome the limitations of conventional metal ones. However, current graphene-based
strain sensors were fabricated from chemically rGO and suffered from low linearity and
large hysteresis in sensor response as well as high initial resistance. These issues should
be caused by functional groups and defects remaining on the rGO. Herein, highly
crystalline rGO is employed for the fabrication of the strain sensor. The porous rGO
sponge with low defect density is prepared in bulk scale via the ethanol-associated
thermal process at ultra-high temperature. The obtained rGO sensor exhibits improved
linearity, low initial resistance, and very small hysteresis owing to the high crystallinity
of the rGO. Composite of rGO with ND, which has a role as nanospacer to separate the
rGO layers, is found to be very effective to enhance the sensitivity.
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Chapter 1: Introduction

1.1 Properties of graphene

This decade witnesses that graphene has attracted worldwide attention for its
various excellent properties, such as high carrier mobility, electrochemical performance
[1], optical transparency [2], thermal conductivity [3], and mechanical strength [4-6].
A number of these properties can be attributed to a honeycomb lattice of one-atom-
thick single-layer graphene. In this honeycomb lattice, each carbon atom was first
connected by a c-bonds to each of the three adjacent carbon atoms and then formed a
n-bond outside the plane.

Graphene

o e e G e e S S . . -

............. All sp2 bonds

S -~ S " T W . W . . .

2D Planar Structure Honeycomb Lattice
of Carbon Atoms

Figure 1.1 Graphene is an atomic-scale honeycomb lattice consisting of sp?-hybridized carbon

atoms [7].

Graphene is a two-dimensional material, which is easy to stack into multilayer
graphene. There are two main types of stacking structures: AB stacking and random
stacking [8, 9]. AB stacking is a stable structure for multilayer graphene [10], in which
the carbon atoms in the lower layer are overlapped by the center of the honeycomb of
the upper layer [11]. However, the AB stacking causes the degradation of excellent
electronic properties of single-layer graphene, because a band gap emerges, which is
similar to that of graphite [12]. On the other hand, the random stacking structure is the
upper and lower layers of graphene are overlapped with a random angle. It has been
reported that random stacking graphene can maintain the electronic properties of single-
layer graphene and its excellent electrical properties, as its electrons have a linear
distribution around the Dirac point [11].
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Figure 1.2 2D electronic band structures of (a) AB-stacked multilayer graphene and (b)

randomly stacked multilayer graphene [11].

1.2 Application of bulk-scale graphene

In recent years, graphene has gained considerable attention due to its
exceptional physical properties, which are attributed to its unique electronic structure.
Due to its structure, graphene is a material with excellent electrical and mechanical
properties [1, 6], making it an ideal material for a wide range of applications. As
research on graphene properties and applications advances, its potential is increasingly
being explored, particularly in strain sensors [13, 14], as well as in batteries [15, 16],

supercapacitors [17, 18], and others.

1.2.1 Strain sensor

The conventional strain sensors suffer from low sensitivity and insufficient
stretching rates [19], making them incapable of meeting the demands of modern life.
Graphene and its derivatives have been extensively studied for application in the
conductor in sensors, because of their high flexibility, sensitivity, and lightweight [20].
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Figure 1.3 Graphene-based strain sensor with (a) film-shape [21], (b) pattern-shape [22], (c)
sponge-shape [23], and (d) block-shape [24].

Peidong X. et al. [21] have developed a highly flexible and ultra-sensitive film-
shape strain sensor that can detect various movements of the human body, as shown in
Fig. 1.3 (a). This was achieved through the use of a graphene nanocrystallite carbon
film with a wrinkled structure, which resulted in an ultra-high gauge factor (GF) of
1071 and a maximum strain of 15%. Also, the sensor has a fast response time. This
strain sensor is supposed to be applied in monitoring human movements.

Wei X. et al. [22] have proposed a simple method for fabricating highly
sensitive and fast-responding flexible graphene strain sensors with pattern-shape, as
shown in Fig. 1.3 (b). They achieved high performance by enhancing the interface
interaction of graphene with the substrate and patterning the sensitive layer of graphene
on flexible PETs. The flexible strain sensor achieved high sensitivity (GF of about 100
at 1% strain), fast response (response time: 400—700 ms), and good stability (1000
cycles). These properties make it ideal for application in human health assessment,
flexible electronics, and monitoring human movements.

Jing R. et al. [23] have fabricated a sponge-shape strain sensor by assembling
partially overlapped graphene flakes, as shown in Fig. 1.3 (c). The key to achieving
exceptional stability of the strain sensor is controlling the local sliding of the graphene



flakes to control the change in electrical resistance, as a dynamic structure resembling
a sliding resistor. The strain sensor was tested for durability up to 300,000 cycles, and
showed stability over a temperature range of -45 °C to 180 °C and a frequency range
of 0.1 to 5 Hz, with a stretchability of 70% of the human activity range. The "sliding
resistor” mechanism of graphene provides a direct route for tailoring sensing properties
to meet the requirements of different applications. The methodologies developed in this
study for materials preparation and strain sensor device construction/integration can be
applied to the development of various new multifunctional sensing devices, including
robotic skins, prosthetics, and wearable electronics.

Jinhui L. et al. [24] have reported on a highly stretchable and sensitive strain
sensor with block-shape, based on a composite material consisting of graphene foam
and infiltrated polydimethylsiloxane (PDMS), as shown in Fig. 1.3 (d). The composite
material is characterized by excellent mechanical properties, which can be attributed to
the penetration of PDMS monomers into the foam. It has a GF of 98.66 at 5% strain,
and can be stretched up to 30% of its original length. Moreover, long-term stability tests
have confirmed the durability of the sensor. These results indicate that the sensor has
promising applications, particularly in biomechanical systems and human-computer
interaction applications.

Accordingly, the strain sensors with sponge shape are the most promising
method for the high stretchability, but the issues of high initial resistance, high
hysteresis, and low sensitivity are required to solve. These problems can be addressed
by the production of bulk-scale graphene with low defect density. However, they are
hard to be simultaneously achieved by conventional graphene preparation methods,
such as chemical vapor deposition and reduction of graphene oxide.

1.2.2 Other applications

Graphene also has some other potential applications, such as battery,
supercapacitor, conductive ink, shielding effect, and organic contaminant removal, as
listed in Table 1.1.



Table 1.1 Applications of graphene and its advantages.

Application Properties Advantages ref
Na-ion battery 227.8mAhglat5Ag? sodium ion diffusionin the stacking direction of ~ [25]
graphene

Supercapacitor A specific area capacitance of layer-by-layer microelectrodes with mechanical  [26]
36.46 mF cm? properties

Conductive ink a maximum conductivity of Reduce the cost of silver [27]
2.0x10°Sm+

Shielding effect 36 dB High durability and less reflection of waves [28]

Thermal conductive material ~ Thermal conductivity of Heat dissipation and heating capability [29]
412 WmiK?

Organic contaminantremoval - High adsorption, which is not hindered by co- [30]

contamination.

Tao L. et al. [25] have resolved the difficulty of sodium ion diffusion in the
vertical direction within the battery by pore-forming engineering in the graphene and
using in situ growth of CosSes nanoparticles, as shown in Fig. 1.4 (a). This design also
prevents the aggregation of CosSes nanoparticles on the graphene due to their high
affinity. In subsequent full-cell tests, the battery of CosSes/holey graphene exhibited
remarkable rate performance of 227.8 mAh g at 5 A g ! and ideal cycling stability
(446.7 mAh gt over 500 cycles at 1.0 A g %), as shown in Fig. 1.4 (b).

Lifeng W et al. [26] have created a spatial-interleaving supercapacitor (SI-SC)
that addresses the issue of limited mechanical properties in conventional
supercapacitors by using a layer-by-layer stacking method of graphene microelectrodes,
as shown in Fig. 1.4 (c) and (d). The narrow spacing between the microelectrodes
allows for effective ion transport throughout the device. The SI-SC has a high specific
area capacitance of 36.46 mF cm 2 and an energy density of 5.34 pWh cm™2 on a 100-
um-thick device, due to its increased thickness and linear capacitance. The spatial-
interleaving structure also provides excellent stability, with approximately 98.7%
performance retention after 104 bending tests. Therefore, the capacitor can be utilized
as a power supply in wearable electronic devices such as wristwatches, light-emitting
diodes, and calculators.
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Figure 1.4 (a) Schematic illustration of the synthetic process of the electrode material
(CosSes/HG), and (b) cycling performance of Na-ion battery [25]. (c) A schematic of the SI-
SC and the cross-section structure, and (d) a performance comparison with recent graphene-
based supercapacitors [26]. (¢) Conductivenetwork diagram of conductive ink MB-G/A, and (f)

conductivity comparison of patterns based on different inks [27].

Weixin L. et al. [27] have developed paper-based electronic devices with a
composite of molecule-bridged graphene/Ag (MB-G/A), which are highly conductive
and cost-effective, thereby solving the issue of the high cost of noble silver in
conductive ink, as shown in Fig. 1.4 (e) and (f). The high conductivity of MB-G/A is
achieved through the formation of a percolation network via graphene. The costs can
be reduced, because some of the silver nanoparticles were replaced with graphene. The
surface of graphene was linked with silver atoms using cystamine to create a molecular
bridge between graphene and silver, which facilitates electron transfer between silver
and graphene. As a result, MB-G/A inks can achieve a maximum conductivity of 2.0 x
10° S m* at less than half the cost of pure silver inks, demonstrating the great potential
of MB-G/A inks for commercial electronic devices.

Yu-Hong Y. et al. [28] have fabricated a three-dimensional (3D) carbon-based
network using a combination of few-layer graphene (FLG) and carbon nanotubes
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(CNTs), as shown in Fig. 1.5 (a). The 3D carbon-based network was used for
electromagnetic interference (EMI) shielding application, which overcomes the
drawbacks of conventional metallic materials, such as poor durability and secondary
reflected electromagnetic waves. Through freeze-drying and composition optimization,
the results showed that the 3D-FLG/CNT composite exhibited a high EMI shielding
effect of 36 dB, as shown in Fig. 1.5 (b). Therefore, the 3D-FLG/CNT composite can
be a potential candidate material for EMI shielding.

GCNT10 FGNT10 .
(a) (b) -

Incident Wave Reflection Los 30

96 106 16 126
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Figure 1.5 (a) Schema of electromagnetic wave shielding by GNT10 and FGNT10, and (b)
electromagnetic shielding effect of graphene [28]. (c) In-plane thermal conductivity of rGO and
rGO/g-CsN4 films, and (d) temperature evolution of an rGO/g-CsNs-1 film with different
applied voltages [29]. (e) Kinetics of methylene blue adsorption and (f) adsorption isotherms
with the respective Langmuir fit on the rGO-CNC sponge and on the GAC [30].

Yanyan W. et al. [29] expands size of the graphene films by using two-
dimensional g-CsN4 as a linker to connect adjacent reduced graphene oxide (rGO)
sheets and form an in-plane rGO/g-C3N4 heterostructure. This fabricates the rGO/g-
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CsNa thin films, aiming to address the problem of degraded thermal conductivity caused
by the phonon scattering of graphene at grain boundaries. The rGO/g-C3N4 films
achieved an increased in-plane thermal conductivity of 41.2 W m™* K™%, compared to
pristine rGO, as shown in Fig. 1.5 (c). Additionally, the rGO/g-C3N4 film exhibits
excellent solar-thermal and electro-thermal conversion properties, as shown in Fig. 1.5
(d), enabling the chip to operate in an extremely cold environment. This heat dissipation
and heating capability shows its potential as a thermal management material in future
electronics.

Raphaela A. et al. [30] have developed a sponge of rGO-cellulose nanocrystals
that is capable of adsorbing both organic and inorganic ions simultaneously, which is
comparable to that of granular activated carbon (GAC), as shown in Fig. 1.5 (e). The
initial adsorption rate of methylene blue is as high as 17.0 mg gt s%, which is three
times that of the commonly used commercial GAC. Moreover, due to differences in
surface chemistry and pore structure, the adsorption of GAC can be hindered by organic
co-contamination, whereas this sponge is not, as shown in Fig. 1.5 (f). The excellent
performance of this sponge indicates great potential for future applications in treating
the co-contamination of multiple pollutants.

In spite that graphene has numerous applications, the majority of these
applications require that graphene possessing both high quality as well as large
quantities. However, due to the limitations of preparation methods, it is usually difficult
to produce graphene with both high quality and large quantities, which negatively
affects its promotion and use in practical applications. In section 1.3, the current
mainstream graphene production methods and their advantages and disadvantages will
be detailed, to illustrate the effects of different production methods on graphene quality
and yield.

1.3 Preparation methods of graphene

Professor Graphene has been successfully prepared for the first time by a team
of scientists led by A. Geim and K. Novoselov, who won the 2010 Nobel Prize in
Physics for the first time in 2010. Due to recent advancements in graphene research,
there has been arise in the development of new methods of preparing graphene in recent
years. In general, graphene may be prepared in four different ways, all of which have



their own advantages. These methods are as follows: physical exfoliation, chemical
vapor deposition (CVD), and reduction of graphene oxide [31].

1.3.1 Physical exfoliation

Through the physical exfoliation process, monolayer graphene is separated
from multilayer graphene, graphite, or carbon sources that already contain graphene
structures. In order to prepare graphene, the method mentioned previously is typically
physical exfoliation, where adhesive tape is used to exfoliate graphite monolayers from
graphene monolayers. Furthermore, there are many other physical exfoliation methods
that can also be used to produce monolayer and few-layer graphene, such as ball-mill
[32], mechanical cleavage [33], and so on [34, 35].

1.3.2 Chemical vapor deposition

The CVD technique is known for its high quality in the preparation of graphene.
This process involves heating the metal substrate to a high temperature, about 1000 °C,
and then exposing it to a vapor phase carbon source. In this case, the carbon source
material is in the vapor phase and undergoes pyrolysis, which generates carbon atoms
and allows them to be adsorbed on the surface of the substrate [36, 37]. There are two
different mechanisms that can be applied depending on the selected substrate material.
For one thing, carbon atoms that adsorb on a substrate, such as copper, are difficult to
disperse within the substrate, so they will nucleate on the surface and form graphene
[38, 39]. For another, if the substrate exhibited high hydrophilicity of carbon atoms,
such as nickel, the adsorbed carbon atoms could be dispersed into the interior area of
the substrate at high temperatures [40, 41]. In the subsequent cooling-down process,
carbon atoms were precipitated on the substrate surface and grew into graphene.

1.3.3 Reduce graphene oxide

The reduction of graphene oxide is considered to be a feasible method of
producing graphene oxide in mass quantities [42-44]. It begins with GO, which is
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obtained by oxidizing graphite, and then reducing it into rGO. In most cases, the
reduction is accomplished by using a hydrothermal method or using reducing agents,
such as hydrogen iodide and ascorbic acid [45, 46]. However, this results in rGO
containing a high density of defects, including vacancies [47, 48], which are formed
during GO production and are persisted even after reduction.

1.3.4 Graphene oxide reduced by ethanol-associated ultra-high temperature
process

Alternatively, the defect problem of rGO can be solved by high-temperature
treatment [5, 49], because rearrangement reactions take place on the carbon atoms, and
form a stable structure with a honeycomb lattice. On the other hand, this introduces a
problem with regard to the stacking structure of multilayer graphene. At high
temperatures, AB-stacked structures can be spontaneously formed, which are
thermodynamically stable structures. Because of this AB stacking structure, there is a
strong interlayer interaction between graphene layers, which results in the degradation
of the superior properties of single-layer graphene [50].

In an attempt to circumvent the mentioned issue, theoretical calculations have
shown that the properties of single-layer graphene can still be preserved when adjacent
graphene layers are randomly rotated or translated, since it has an electronic structure
similar to that of single-layer graphene [11]. It has been found through experimental
researches that randomly stacked graphene maintains an electronic structure similar to
that of single-layer graphene [51], as well as possesses superior properties in
comparison with AB-stacked graphene. Richter et al. [52] realized a high mobility of 7
x 10* cm?-V1.s7? for individual flakes of multilayer graphene with a rotationally
stacked structure, while Liu et al. [50] found that AB-stacked bilayer graphene films
exhibited a mobility of 4.4 x 10° cm?-V 1.s72,

In order to reduce the formation of AB-stacked structures during high
temperature processes, studies have shown that an ultrahigh temperature
(1500—-1800 °C) process with the association of ethanol vapor can significantly reduce
the fraction of AB-stacked structures. Ethanol vapor at high temperatures generates
carbon containing species and reactive oxygen species (hereafter called “ethanol-

derived species”), which respectively function as a carbon-supplying source and an
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etchant for unstable defective structures in GO during the reduction process. During
this process, the ethanol has to be decomposed into different species, and then it has to
undergo a series of chemical reactions in the gas phase to transform it into the desired
product [53, 54]. There has also been the successful use of this reduction method for
few-layer rGO on substrates, and high carrier mobility was achieved [55].

In spite of the benefits offered by these methods, some disadvantages of these
methods led to a lack of balance between quantity and quality. Particularly, physical
exfoliation, CVD, and epitaxial growth methods have not been able to prepare graphene
in bulk scale, while methods for chemical reduction of GO have not been able to prepare
graphene with low defect density. The ultrahigh temperature method may be useful for
repairing rGO, but at high temperatures, it forms an AB-stacked structure, which
degrades its superior properties [50]. With respect to the ethanol-associated ultrahigh
temperature process, bulk-scale graphene was only analyzed on the surface of an rGO
aggregate [55], and the internal stacking structure was not clarified. These mentioned
methods did not meet the needs of macroscopic applications of graphene. Therefore, a
novel method was eager to be developed to tackle these problems of high crystallinity,
high random stacking fraction, and bulk scale.

1.4 Amelioration of the ethanol-associated ultra-high temperature process

In section 1.3, it is known that the random-stacking fraction can be increased
by the participation of ethanol-derived specie in the ultrahigh temperature process,
compared to that of using Ar gas [50]. To improve the accessibility of ethanol-derived
specie to bulk-scale graphene, increasing the surface area and avoiding the stacking of
graphene was considered to be effective methods. In other words, the random-stacking
fraction was expected to be improved by preparing rGO as a porous structure and
adding spacers between graphene layers.
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1.4.1 Sponge rGO with porous structure prepared by freeze-drying

The preparation of a GO sponge with a highly porous structure by freeze-
drying is a viable solution for the inaccessibility problem of GO flakes [56]. The
mechanism of freeze-drying was explained in section 2.1.

GO dispersions dried by freeze-drying do not aggregate, but can be dried into
GO sponges in which GO flakes maintain separation, as in the dispersion. The GO
flakes rotate randomly in three dimensions and are less influenced by nearby GO flakes
than aggregates or thin films. As a result, the obtained GO sponges are porous and have
a large surface area, which makes them ideal for further reduction reactions, as shown
in Fig. 1.6. Contrary to the AB stacking fraction, the random stacking fraction of the
rGO sponge involves the in-plane rotation and translation of graphene layers, as well
as the out-of-plane random rotation in three dimensions.

Ethanol

(b) T\, /l \‘% } Random stacking

Random stacking

AB stacking
& J

rGO sponge rGO aggregate

Figure. 1.6 (a) Photograph of graphene sponge, which is 1x1x1 cm, and (b) the large surface

area of GO for the following ethanol-associated ultrahigh temperature process.

1.4.2 Reducing the stacking order of graphene by spacers

As well as using porous structures in the ethanol-associated ultrahigh
temperature process, other nanomaterials can be used as spacers to prevent graphene
layers from stacking, thereby reducing the interlayer interactions caused by ordered
stacking.

CNF, a natural cylindrical polymer with plenty of resources, possesses many
outstanding properties, including renewability [57], high strength, high stiffness [58-
61], and low weight [62], which makes it widely used in many areas [63-65]. (2,2,6,6-
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tetramethylpiperidin-1-yl)oxidanyl can be used to prepare CNF, which is known as the
TEMPO method. In this process, some of the groups on the surface of CNF are oxidized
to carboxyl groups, which increases its water solubility. As a result, CNF is expected
to be thoroughly mixed with GO. The material could also be transformed into inert
materials at high temperatures without reacting with GO [64, 66]. This composite
sponge, which is based upon the two-dimensional (2D) structure of graphene and the
one-dimensional (1D) structure of CNF, can be viewed as a mixed-dimensional
heterostructure in which material properties are designed by combining different
building blocks [67]. In comparison to the pure rGO sample, the rGO/CNF sample
was supposed to have a higher random stacking fraction than the pure rGO sample.

The nano-diamond (ND), a zero-dimension (0D) material, serves as a
nanospacer. It has received a many of attention for its potential applications in catalysis
[68], biosensors [69], and other fields [70]. ND is typically prepared by detonation,
followed by an oxidation process to remove impurities [71-73]. ND particles, prepared
by the detonation method, exhibited a three-layered structure. The central region of ND
consists of a cubic diamond crystal (sp3-hybridization) as the core, surrounded by
partial layers of a fullerene-like shell (sp?-hybridization) [74], as the intermediate shell
of ND. The surface layer of ND contains oxygen-containing groups, which are obtained
by the mentioned oxidation process and enhance hydrophilicity [73]. It is important to
note that ND differs from CNF in that it is a 0D material with a low aspect ratio, making
it more difficult to form micrometer-scale agglomerates [75]. Additionally, at high
temperatures, ND transforms into nested sp? carbon shells [76], known as carbon nano
onions (CNO). This CNO is an inert material and does not react with graphene when
the thermal treatment. In view of these advantages, ND appears to be a promising
candidate for use as a spacer between graphene layers in order to produce 2D/0D
mixed-dimensional heterostructures with a low stacking order. During the ethanol-
associated ultrahigh temperature process, the accessibility of ethanol-derived species in
the samples can be improved, resulting in the suppression of AB-stacked structures.

1.5 Motivation and challenges

The preparation method of graphene has different drawbacks, resulting in it
being hard to use in daily applications. Graphene produced by CVD and exfoliation
methods were limited by low yield. On the other hand, although chemical reduction and
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high-temperature methods can produce rGO with bulk scale, they still face challenges.
The chemical reduction method led to high defect density, while the high-temperature
method led to AB stacking of graphene flakes, resulting in a degradation of the excellent
properties of graphene. In contrast, the ethanol-associated ultrahigh temperature
method can produce bulk-scale graphene with high crystallinity and high random
stacking fraction.

However, one limitation of the ethanol-associated ultrahigh temperature
method is that ethanol was hard to access into the internal area of the rGO aggregates,
leading to a randomly stacked structure on the surface but AB stacked structure in the
internal area of the rGO aggregate. To address this issue, GO sponges were prepared
through freeze-drying in this study, allowing ethanol vapor to access the internal area
of the GO sponge during the ultrahigh temperature process. As a result, a high randomly
stacked fraction was achieved on both the surface and internal area of the GO sponge.

Although ethanol-associated ultrahigh temperature treatment can reduce AB
stacking fraction in both the internal and surface area of GO sponge, it can also lead to
an increase in the crystalline size in the stacking direction during the process. The
crystalline size in the stacking direction corresponds to the thickness of multilayer
graphene, as shown in Fig. 1.7, named as the L. in this research. Therefore, the random
stacking fraction can be further increased by reducing the crystalline size in the stacking
direction of graphene. In this study, the further stacking of GO flakes during ultrahigh
temperature treatment was restrained by the addition of nanospacers. Moreover, the
nanospacers made it easier for ethanol vapor to access rGO flakes with lower thickness,
which resulted in an increase in the random stacking fraction.
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AB stacking graphene Turbostratic stacking graphene Randomly stacking graphene
(bilayer) (bilayer) (multilayer)

Figure 1.7 Schematic images of (a) AB stacking graphene, (b) turbostratic stacking graphene,
and (c) randomly stacking graphene with the length of L..

Besides, graphene shows promise as an alternative material for strain sensors,
due to its excellent properties, which can overcome the limitations of conventional
metal ones. However, current graphene-based strain sensors were fabricated from
chemically rGO and suffered from low linearity and large hysteresis in sensor response
as well as high initial resistance. These issues should be caused by functional groups
and defects remaining on the rGO. Furthermore, the addition of a small amount of ND
can further enhance the sensitivity of the strain sensor.

Graphene shows promise as an alternative material for strain sensors, due to
its excellent properties, which can overcome the limitations of conventional metal ones.
However, current graphene-based strain sensors were fabricated from chemically
reduced graphene oxide and suffered from low linearity and large hysteresis in sensor
response as well as high initial resistance. These issues should be caused by functional
groups and defects remaining on the rGO.

1.6 Organization of the thesis
This thesis consists of six chapters.
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Chapter 1 first introduced monolayer graphene, the electronic structure of AB-
stacked and random-stacked graphene. Then, it presented the various applications
research of graphene, followed by the synthesis methods of graphene with their
advantages and disadvantages.

Chapter 2 expressed experimental and characterization methods. The
experiment apparatus used for sample preparation includes a lab-made vacuum drying
system for freeze-drying, an infrared radiation furnace, and two tubular electric
furnaces. The testing methods include Raman spectroscopy, scanning electron
microscopy (SEM), X-ray diffraction (XRD), and a lab-made set for testing the
performance of the strain sensor.

Chapter 3 first focused on the comparison of the random-stacking fraction of
the internal and surface area of rGO aggregates and rGO sponges treated with the
ethanol-associated ultra-high temperature process. The temperature was then reduced
to 1500 °C to increase the 1(G')/I(G) of the rGO sponge. Finally, the overall random-
stacking fraction was increased by adding CNF as a nanospacer to reduce stacking.

In Chapter 4, two types of sponges, rGO/CNF and rGO/ND, were produced,
and their random-stacking fraction was compared. The crystalline size variations in
their stacking direction were analyzed by XRD, and the changes in the first component
and the second component of the rGO flakes were analyzed. Finally, the reason for the
variation in the random-stacking fraction of the rGO/CNF and the rGO/ND was
explained.

Chapter 5 focused on the fabrication of strain sensors using the obtained rGO
and rGO/ND sponges under different reduction conditions and the performance testing
of the strain sensors. The obtained rGO sensors were compared on their linearity, initial
resistance, and hysteresis, to understand the influence of crystallinity of rGO. By
analyzing the changes in the ND concentration in rGO and rGO/ND sponges and the
thickness of rGO flakes, the reason for the sensitivity of the strain sensor changing with
the ND concentration was inferred.

In the final chapter, a summary was provided of the previous five chapters, and
a future perspective was offered based on the bulk-scale, high crystallinity, and high
random-stacking fraction of the rGO sponge.
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Chapter 2 Experimental

2.1 Experiment procedure
2.1.1 Preparation of rGO and rGO/spacer sponge

The 1 wt% GO/water dispersion was prepared from bulk graphite by a modified
Hummers' method [77]. The GO flake size was evaluated to be around 10 um by optical
microscopy. The diluted GO dispersion weight percentage was 0.8 wt%, which was
equal to that of the GO/spacer composite samples. The CNFs were prepared by the
TEMPO method and used as received from DKS Co. They featured a high aspect ratio
of 4—10 nm in diameter and 1 um in length. The GO dispersion was blended with CNFs
in water [5]. The NDs were prepared by the detonation method and used as received
from Nippon Kayaku Co. They featured an average of 5 nm in diameter. The GO
dispersion was blended with NDs in water.

Mixed with
spacer

‘l',‘. ; \
exfoliated by

oxidization
graphite

=ik
. '-“

rGO Sponge

GO/space (G-0, GCs, and GDs)

r sponge thermal treatment

Figure 2.1 Schematic illustrations of the fabrication process of the rGO sponge.
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A lab-made vacuum drying system was used for the freeze-drying process [5].
To prepare 1 cm?® cube sponges of GO and GO/spacer, the dispersion was poured into
an ice tray and then frozen using liquid nitrogen. The tray was installed in the vacuum
drying system, and its chamber was pumped for 72 hours.

The GO and composite sponges were thermally treated in ethanol/Ar under
ultra-high temperature conditions for repairing and reduction. The ultrahigh
temperature process was performed using the tubular electric furnace or the infrared
radiation furnace.

2.1.2 Preparation of strain sensor

To prepare a strain sensor, the obtained sponges were cut into 5x5x5 mm cubes.
After adding the initiator to dimethylsiloxane and stirring, the obtained PDMS was
poured into the mould and heated at 80 °C for 7 minutes, and the partially cured PDMS
film was prepared with about 35%x25%2 mm. The cut sponge, silver paste, and copper
wire were placed on the PDMS film and covered with another PDMS film, as shown in
Fig. 2.2. By pressure and further heat treatment (80 °C for 10 minutes), strain sensors
are obtained for the sensor performance testing.

Freeze- ~8mm
Seacer drying Annealing
(GDs) 1000-1500°C
Pure Ar or
Freeze-d in : Ar/ethanol
(G -1000Ar and G-0) Sponge

Go dlspersmn (G-1000Ar, G-0, and GDs)

Pre-thermally treated PDMS

80 °C for 10 min

. Copper wire \0 hadidhalbhiild /; y
‘ ‘ Q Hot-pressing : —
)
&y

Figure 2.2 Schematic illustrations of the fabrication process of the rGO strain sensor.
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2.2 Experiment apparatus

2.2.1 Mixing and freeze-drying

The preparation of rGO and rGO/spacer dispersion began with the 1 wt%
GOl/water dispersion, which was prepared from bulk graphite by a modified Hummers'
method [77] and used as received. The received GO dispersion was diluted or blended
with nanospacer in water by a blender operating at 10,000 RPM for 2 minutes, and the
target GO dispersion was obtained. The blender was made up of the electric motor and
container, as shown in Fig. 2.3 (a) and (b), respectively.

Figure 2.3 (a) Electric motors and (b) container of the blender. (c) Ice tray with 1x1x1 cm?

size.

A lab-made vacuum drying system was used for the freeze-drying process [5,
75] to prepare 1-cm® cube sponges of GO with or without spacers from the obtained
dispersion. The dispersion was poured into an ice tray, as shown in Fig. 2.3 (c), and
then frozen using a freezer or liquid nitrogen. The tray was installed in the vacuum
drying system, and its chamber was pumped for 48—72 hours. With chamber pressures
of about 100 Pa, pumping causes the water in the frozen dispersion to sublimate, leaving
the network structure as a GO or composite sponge for the following thermal treatment.
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Figure 2.4 (a) Chamber and (b) dry pump of the lab-made vacuum drying system.

Freeze-drying is a drying method in which material containing liquid is firstly
frozen below freezing point and triple phase point. Then, the solvent sublimates to
vapor and is removed under vacuum conditions. In this process, the solvent in the solid
phase sublimates directly into the gas phase. In contrast to heat drying and vacuum
drying, which cause deformation during evaporation, freeze-drying can preserve the
original structure and shape of the material. GO dried by freeze-drying can maintain
separation, as that in the dispersion.
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Figure 2.5 Mechanism of heat drying, vacuum drying, and freeze-drying. The red dot is the

triple point.
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2.2.2 Furnaces used in ultra-high temperature process

The ultra-high temperature process was conducted by an infrared radiation
furnace (SR1800G-S, THERMO RIKO Co.), and two tubular electric furnaces
(HT1500-50-32P, HEAT TECH Co. and FT-01VAC-1650, FULL-TECH Co.). Note
that the infrared radiation furnace has its ventilation system, and the two tubular electric
furnaces share the same ventilation system.

The infrared radiation furnace is a device that uses infrared radiation
technology for heating. It can rapidly heat up and reach high temperatures within a very
small area. In the furnace, the light source and the sample are placed on two foci of the
ellipsoidal reflector. The infrared light emitted by the infrared lamp is focused on other
foci of the ellipsoidal reflector, enabling the sample to quickly reach the aimed
temperatures, up to 1800 °C. The furnace also features a radiometric thermometer for
temperature measurement, with a range of 160 °C to 2000 °C and an emissivity of 0.78.

(b) — Pyrometer
Y%
7
Sample
—1 GO sponge

~_Quartz
reactor

Reflection
mirror

Heating upto
~1800°C
~

1

Ethanol Ar

Figure 2.6 (a) Infrared radiation furnace and (b) its schematic diagram of internal structure.

A lab-made ventilation system was connected to the infrared radiation furnace,
as shown in Fig. 2.7 (a) and (b). This ventilation system is able to not only control the
flow rate but also achieve gas line switching. By utilizing this ventilation system, the
feeding of carbon source can be accurately controlled within the reaction time, while
avoiding significant changes in gas flow and pressure. To clarify, during the
temperature increase in the infrared furnace, only carrier gas can be introduced into the
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reactor. The carbon source gas should only be introduced into the reactor once the
desired temperature has been reached.

c M;C X
S

Ethanol

l—~—~— Ar

Figure 2.7 (a) Ventilation system connected to the infrared radiation furnace. (b) The simplified

diagram of gas lines of the ventilation system.

Both of the tubular electric furnaces are resistance furnaces that utilize SiC as
a heater, with a maximum operating temperature of 1650 °C. The material of tubes for
the tubular furnaces is aluminum oxide. To prevent sample contamination caused by
reactions between aluminum oxide and carbon sources at high temperatures, a carbon
inner tube was used within the aluminum oxide tube in this study. Additionally, a pair
of reflectors was placed inside the aluminum oxide tube at both ends of the inner tube
to provide thermal insulation.
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Figure 2.8 Tubular electric furnaces of (a) FT-01VAC-1650 and (b) HT1500-50-32P.

Another lab-made ventilation system was utilized and connected to the tubular
electric furnaces, as shown in Fig. 2.9 (a) and (b). This ventilation system also can
control the flow rate and achieve gas line switching. By utilizing this ventilation system,
the feeding of carbon source can be accurately controlled within the reaction time, while
avoiding significant changes in gas flow and pressure.
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Figure 2.9 (a) Ventilation system connected to the tubular electric furnaces. (b) The simplified

diagram of gas lines of the ventilation system.
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2.3 Characterization
2.3.1 Raman measurement and analysis

The principle of Raman spectroscopy is based on the interaction between a
laser and a sample [78-80]. When a laser beam irradiates the sample, photons interact
with the molecules in the sample and scatter in different directions. Most of the
scattering is elastic scattering, also known as Rayleigh scattering, where the photon has
the same energy as the incident photon, as shown in Fig. 2.10 (a) [79]. However, a small
fraction of scattered photons undergo non-elastic scattering, known as Raman
scattering, which is due to the interaction between the laser and the molecules in the
sample resulting in different energies. Stokes and anti-Stokes scattering are two types
of Raman scattering, corresponding to when the energy of the scattered photon is less
than or greater than the incident photon, respectively, as shown in Fig. 2.10 (a) [79].
The frequency difference between the incident and scattered photons corresponds to the
vibrational energy of the molecules in the sample, which can be used to identify the
chemical composition of the sample.

In experiments, Raman instruments allow for laser light to be scattered from
the sample. A filter is used to separate the Raman scattering from the incident light and
Rayleigh scattering. Finally, the signal is collected by a detector for analysis, as shown
in Fig. 2.10 (d) [80]. Therefore, Raman spectroscopy can provide information on the
molecular structure and composition of a sample by measuring the energy and
wavelength of the Raman scattered light. In the case of graphene analysis, Raman
spectroscopy is capable of detecting three characteristic peaks, namely D, G, and G’
bands, as shown in Fig. 2.10 (b).

The G-band and D-band can be commonly observed around 1580 cm™ and
1350 cm™?, respectively. The former derives from the in-plane stretching mode of the
hexagonal lattice of graphene, and the latter originates from the hexagon-breathing
mode activated through the presence of lattice defects. The intensity ratio of the D-band
to the G-band, I(D)/1(G), corresponds to the defect density of graphene. Note that the
relationship between D-band intensity and defect density is classified into two different
stages depending on defect density, namely interdefect distance. In the case of a small
interdefect distance less than ~3 nm, D-band intensity decreases with increasing defect
density, named as stage 1, whereas in the case of a large interdefect distance larger than
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~3 nm, D-band intensity increases with increasing defect density, named as stage 2 [81].
Stage 1 and stage 2 can be distinguished by the broadening of D-band.

The G'-band of the graphene samples was observed around 2700 cm™ with
different sharpness and intensity. The intensity ratio of the G'-band to the G-band,
I(G")/1(G), provides information about the interlayer interactions of graphene because
the G’-band is sensitive to the layer number and stacking order of graphene. Note that
G'-band is also called 2D-band in the literature [82]. For distinction from two-
dimensional (2D), the notation G'-band was used in this paper.
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Figure 2.10 (a) Rayleigh scattering and Raman scattering [79]. (b) Typical Raman spectrum of
our graphene sample with D, G, and G’ bands. (c) Image of Raman microscopy spectrum (e)

Schematic presentation of typical Raman spectroscopy instrument [83].

The stacking order of the graphene sample can be obtained by further analysis
of the G’-band peak shape. According to Cancado et al. [84], the G'-band in the Raman
spectrum of multilayer graphene can be fitted by three Lorentzian peaks, as shown in
Fig. 2.11. The first peak was located around 2700 cm™?, which is close to the frequency
of the original G’-band of monolayer graphene. It is denoted as a G'>p component
because it is associated with a two-dimensional graphite feature in which the stacking
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order along the c-axis is low, namely a turbostratic structure or randomly stacked
structure. The two other peaks around 2680 cm™* and 2720 cm™ are denoted as G'3pa
and G's3ps components, respectively. These are related to the three-dimensional
configuration of graphite, that is, the AB-stacked structure. It should be mentioned that
the intensity of G'sps is proportional to the volume of 3D graphitic regions [8, 84]. We
employed Cancado's method to calculate the random-stacking fraction in the bulk-scale
graphene.

Intensity

1 L T
2600 2650 2700 2750 2800
Raman shift (cm™)

Figure 2.11 G'-band was fitted by three components [84].

From the intensities of the three components, the random stacking-fraction of
graphene, T, can be written as

0, — I(GIZD) X
T %] 1(Gr3pB)+1(G/2p) 100 (2.1)
where 1(G"2p) and I(G'3pg) denote the intensities of G'2p and G'3ps peaks, respectively.
For an ideal random-stacking structure of multilayer graphene, the Raman spectrum
shows single-layer graphene-like features, i.e., a strong G'2p peak and negligible G'3pa
and G'3pe peaks, which will result in a T value close to 100%.
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LabRAM HR-800 UV (Horiba Jobin Yvon), as shown in Fig. 2.10 (c), was
used in this research with an excitation laser wavelength of 532 nm, power of 1 mW,

and spot size of 1 um.

2.3.2 Scanning electron microscope

SEM is a characterization technique that utilizes the interaction between
electrons and the sample (specimen). The working principle is started with emitting of
the electron from an electron gun, which is then focused to a size ranging from
nanometers to micrometers by a condenser lens, as shown in Fig 2.12 (a). When the
electron beam hits the sample surface, it interacts with the atoms on the surface of the
sample (specimen), resulting in various signals, including secondary electrons,
backscattered electrons, Auger electrons, and characteristic X-rays. Among these
signals, secondary electrons can reflect the surface topography of the sample
(specimen), as shown in Fig 2.12 (b). These signals are detected by a detector and
converted into image signals based on signal type and electron energy. SEM images
were taken by VE-8800 (Keyence), as shown in Fig 2.12 (c), at an acceleration voltage
of 15 kV and a working distance of about 33 mm.
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Figure 2.12 (a) Schematic diagram of SEM. (b) Interactions between the electron beam and
specimen [85]. (c) The SEM, VE-8800, was used in this research.

2.3.3 X-ray diffraction

XRD is a powerful technique used for studying the structure of materials by
analyzing the diffraction of X-rays from the atomic planes within the material. X-rays
are generated by directing high-speed electrons at a metal target. The appearance of
diffraction peaks in XRD is based on Bragg's equation, which relates the angle of
incidence of X-rays on a crystal to the spacing between crystal planes. In other words,
the layer distances (doo2) of graphene can be calculated by Bragg's equation:

d=-"2 (2.2)

" 2sin8

where n, d, 6, and 4 denote the diffraction order, the layer distance, the glancing angle,
and the wavelength, respectively. When X-rays interact with the crystal, they scatter
and interfere with one another, producing diffraction patterns. The strong peak can be
observed when Bragg's equation is satisfied while the scattered waves from adjacent
atomic planes constructively interfere.
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The L. can represent the crystalline size in any crystallographic direction, while in
this study, the focus was specifically on the crystalline size of graphene in the stacking
direction. Henceforth, Lc exclusively referred to the crystalline size in the stacking
direction of graphene.

The L can be obtained by the following method. On the surface of crystallites,
there is typically some degree of distortion that deviates from the ideal lattice structure.
This distortion is more obvious in smaller crystalline sizes due to the larger surface area.
When X-rays are directed at powder samples of small crystallites, these distortions
result in a broadening of the diffraction pattern. In simple terms, the width of the
diffraction pattern is influenced by the size of the crystalline, with smaller crystalline
yielding broader diffraction patterns. Consequently, by analyzing the extent of
broadening in the diffraction patterns, the average crystalline size was determined by
Scherrer's equation as follows:

_ KA
¢ Bcos@

(2.3)

where K denotes the shape factor, which was 0.9 [86]; 5, 8, and A denotes the FWHM
of the 002 peak, the glancing angle, and the wavelength, respectively. The applicability
of Scherrer's equation is 3—100 nm [87].

The XRD measurements were conducted using Ultima IV (Rigaku Co.) and
SmartLab (Rigaku Co.) via a standard Cu-Ka source having A = 1.5406 nm, with 40
kV and 40 mA. The accuracy of XRD measurement was confirmed by measuring
silicon powders and detecting Si 111 peak at 28.4°. The scanning speed from 10 to 20°
was 0.5°/min.
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Figure 2.13 (a) Schematic representation of Bragg's law conditions [88]. (b) Typical XRD
patterns of our sample. Instruments of XRD of (c) Ultima IV and (d) SmartLab. (e) Si sample

holder for XRD measurements

2.3.4 Strain sensor performance testing with the four-wire method

The sensor performance was tested with a lab-made measuring device, as
shown in Fig. 2.14 (a). The device consisted of two parts: the sensor operation part and
the resistance measurement part. The sensor operation part consisted mainly of a
stepping motor and its control unit, while the resistance measurement part was
implemented by a DC voltage-current source/monitor (ADC 6241A). The contact
resistance was evaluated by comparing the initial resistance of GDs obtained using both
the two-wire and four-wire methods, as well as the comparison of sensor performance
of G-0 evaluated separately using both methods, as shown in Fig. 2.14 (b) and (c). It
should be noted that the two-wire method was exclusively used for this evaluation,
whereas the four-wire method was employed for all other samples to ensure accurate
measurements by minimizing the influence of contact resistance between the wires and
the strain sensor. Measured parameters to evaluate the sensor performance are denoted
as follows. Lo and Ro are the initial length and resistance of a sponge sample without
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deformation, and AL and AR are the difference of the length and the resistance between
initial and operating conditions, respectively. AL/Lo and AR/Ro are the relative variation
of length and resistance and were utilized for the evaluation of the sensor performance.
Before the stretching process, Ro was measured. In the stretching process, the sample
was stretched up to 40% of AL/Lo. The stretching process had five steps. Each step
consists of 8% stretching in length (AL/Lo), pausing for 2 s to stabilize possible delay
of the deformation, and measurement of the resistance for strain sensing. After five
steps of the stretching processes were completed, the sensor was operated to reverse
direction for releasing the strain with the same step interval as the stretching process.
The resistance at each step in the releasing process was measured and compared with
the resistance for the stretching process to evaluate the hysteresis in the sensor operation.
Thus, AR of each step can be obtained, and the ARmax Was measured at the maximum
of the AL/Lo (40%). The stretching and releasing processes were repeated ten times to
obtain the averaged AR/Ro. In this study, the sensitivity of the strain sensor is evaluated
by GF, which is defined as GF = (AR/Ro)/(AL/Lo). The linearity is obtained by the
adjusted coefficient of determination of the linear regression of GF. The adjusted
coefficient of determination is a statistical metric used to evaluate the accuracy of a
model. In the strain sensor operation, the proportional relationship between AR/Ro and
AL/Lg indicates the sensor response with high linearity, which corresponds to improved
accuracy of the measured value.

| 2-vire o 2-wire
vire 150%+
l e (C) °[ = 4-wire /,'!
100% .2
z
. < 50% p ’g
] ’ i
st e, . ,8 GF(2-wire)=4.66
0, z N
B 0% ° GF(4-wire)=4.48
0% 5% 10%_ 15% 20% 0% 20% 40%
ND Concentration (wt %) ALL,

Figure 2.14 (a) Lab-made measurement set-up for strain sensor, (b) the initial resistance
obtained by the two-wire and four-wire method, (c) Typical result of strain sensor performance

testing, and the sensor performance obtained by the two-wire and four-wire method.

31



Chapter 3: Bulk-scale synthesis of randomly stacked

graphene with high crystallinity

3.1 Background

Graphene possesses numerous excellent properties, such as high carrier
mobility, electrochemical performance [1], optical transparency, thermal conductivity
[3], and mechanical strength [4]. These properties are attributed to the unique electronic
structure derived from a one-atom-thick honeycomb lattice of single-layer graphene.
Due to these excellent properties, graphene and graphene-containing materials have
been studied extensively toward applications in electronics [89-91], electrode materials
[15-18, 92], etc. One problem is that the thinness and small volume of a single-layer
graphene flake limits the electrical, mechanical, and other performances. Thus, bulk-
scale graphene, which is an aggregate composed of plenty of graphene flakes, is
required for various daily applications [93], such as pressure sensors [13, 14] and
battery electrodes [15-18, 37]. The preparation of high-quality bulk-scale graphene is a
critical issue for practical applications.

The production of bulk-scale graphene starting from GO is a promising
approach due to mass-production compatibility and structure controllability. In this
production process, GO flakes are dispersed in solution through the functionalization
of bulk graphite with oxygen-containing groups. GO is then reduced into rGO. The
most common approach for reduction is a hydro-thermal method or a chemical method
[45, 46], but these do not address the defect issue, such as vacancy. Alternatively, a
high-temperature treatment method can produce rGO with the highest crystallinity [49].
However, the stacking structure of multilayer graphene is problematic. The
thermodynamically favorable AB-stacked structure of multilayer graphene is formed
during the reduction of GO at high-temperature. A strong interlayer interaction in AB-
stacked multilayer graphene causes its electronic structure to deviate from that of
single-layer graphene, degrading the superior properties [50]. On the other hand,
theoretical calculations have predicted that randomly stacked graphene, where adjacent
graphene layers are randomly rotated or translated, can preserve the properties of
single-layer graphene because it has an electronic structure similar to that of single-
layer graphene [11]. Experimental studies have confirmed that randomly stacked
graphene keeps a single-layer-like electronic structure [51] and has superior properties
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compared to AB-stacked graphene. Richter et al. [52] realized a high mobility of 7 x
10* cm? V.57 for individual flakes of multilayer graphene with a rotationally stacked
structure, while Liu et al. [50] found that AB-stacked bilayer graphene films exhibited
a mobility of 4.4 x 10° cm? V"1.s7%, The development of fabrication methods for bulk-
scale graphene with controlled interlayer stacking is crucial to realize graphene-based
applications in numerous fields.

The previous research produced graphene with a high fraction of the randomly
stacked structure from GO aggregates by ultrahigh temperature reduction under an
ethanol vapor supply [54]. At ultrahigh temperature, ethanol is decomposed into
different species, and further chemical reactions in the gas phase occur [53]. Reaction
products containing carbon atoms and OH groups (hereafter called as “ethanol-derived
species”) mainly act as carbon sources and etchants, respectively. This reduction
method has also been utilized for few-layer rGO on substrates and achieved a high
carrier mobility [55]. However, the analysis of the bulk-scale graphene was limited to
the outer surface of a GO aggregate [54], and the stacking structure of the internal area
was not clarified. The repairing process and the formation of a randomly stacked
structure should be limited to the surface area of the GO aggregates because the ethanol-
derived species cannot enter the internal area of dense samples.

Accessibility of ethanol-derived species to GO flakes should be a critical factor
for the successful formation of a randomly stacked structure induced by ethanol-
mediated reduction of GO. The preparation of a GO sponge with a highly porous
structure by freeze-drying is a potential solution for the inaccessibility problem of GO
flakes [56]. Freeze-drying is a method by which liquid-containing materials are frozen
below the freezing point, and the solvent is sublimated into a vapor and removed under
a vacuum. The original structure and shape of the material are maintained because the
solvent in the solid phase is sublimated directly into the gas phase. Instead of
aggregation, the GO dispersion can be dried into a GO sponge where GO flakes
maintain separation similar to the dispersion. It should be mentioned that GO flakes
were randomly rotated in three dimensions, which was less impacted by nearby GO
flakes compared to aggregate or film samples. The as-prepared GO sponge has a porous
structure with a large surface area, which is suitable for further reduction reactions.

Besides inhibiting AB-stacked structure formation during the reduction
process, the addition of other materials as spacers may effectively prevent graphene
layers from stacking physically. Spacers must be chemically inert or transformed into
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inert materials at high temperature to prevent reactions between GO and spacers.
Additionally, the spacers must be water soluble to promote molecular-level mixing of
GO and the spacers. CNF fulfills these requirements for spacers. CNF is a natural
cylindrical polymer with plenty of resources, renewability [57], high strength, high
stiffness [58-61], and low weight [13, 62], which makes it widely used in many areas
[63, 65, 94]. CNF can be prepared by (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl,
which is known as the TEMPO method. CNF possesses a high aspect ratio of 4-10 nm
in diameter and 1 um in length [57], which is suitable for intercalation into the GO
interlayers in a dispersion before reduction. The water-solubility was improved by
carboxylate groups on CNF [64, 95]. These effects make CNF a promising candidate
as a spacer for graphene.

Herein a method was proposed, which combined freeze-drying and an
ultrahigh temperature process to produce bulk-scale graphene to tackle property
degradation due to the strong interlayer interaction in AB-stacked structure. This
method can repair and reduce GO on the bulk scale and realize a high random-stacking
fraction, which should preserve the properties of single-layer graphene. A GO sponge
prepared by freeze-drying of a GO dispersion presents a larger surface area than a GO
aggregate. An increase in the accessible area of the GO sponge by ethanol vapor
contributes to a high crystallinity and high fractions of random stacking. Additionally,
this study provides an approach to further decrease the AB-stacked structure fraction of
a graphene sponge utilizing CNF. CNF serves as a spacer that intercalates between the
graphene layers to prevent stacking where the graphene layer contact directly (direct
stacking). This rGO/CNF sponge features a low defect density, large surface area,
reduced interlayer stacking, and bulk-scale production compatibility, increasing its
potential applicability.

3.2 Experimental section

3.2.1 Preparation of rGO sponge

Fig. 3.1 schematically illustrates the fabrication process of bulk-scale graphene
samples. GO was prepared from graphite by a modified Hummers' method [77]. The
obtained GO dispersion was 1 wt% in water solvent, and the flake size of GO was about
10 um (observed by optical microscopy). The following freeze-drying process was
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carried out by a lab-made vacuum drying system to prepare a GO sponge. A GO
dispersion was added into an ice tray and shaped into a 1-cm?® cube. It was then frozen
in a freezer at —10 °C overnight, followed by pumping for 48 hours. Under the condition
of chamber pressures of about 100 Pa, pumping sublimated the water in the frozen GO
dispersion, leaving the GO network structure as a GO sponge. Then the GO sponge was
thermally treated in ethanol/Ar gas under ultrahigh temperature conditions for repair
and reduction. Instead of the solar furnace used in our previous study [54], the ultrahigh
temperature process was performed at 1800 or 1650 °C using an infrared radiation
furnace (SR1800G-S, THERMO RIKO Co.) or at 1500 °C using a tubular electric
furnace (FT-01VAC-1650, FULL-TECH Co.). Both of the furnaces were connected to
vacuum pumps to maintain low pressure. We introduced 20 sccm of Ar under the total
pressure of 26.6 Pa during temperature rise. After reaching the set temperature, the
thermal treatment was conducted at ultrahigh temperature with flowing 100 sccm of Ar
and 0.3 sccm of ethanol under the pressure of 106.6 Pa. The obtained samples, which
were named GS-Et1800, GS-Et1650, and GS-Et1500, respectively, were cut by a cutter
to characterize the stacking structure of the internal area by Raman spectroscopy. The
surface of GS-Et1800, named GS-Et1800-surf, was also characterized by Raman
spectroscopy for comparison with the internal area. GS-Ar1800 was prepared by the
same procedure at 1800 °C without ethanol vapor (100 sccm of Ar under the total
pressure of 106.6 Pa), and GS-Ar1800-surf was readied for Raman spectroscopy. The
measurement condition of Raman spectroscopy will be stated in the following section.

© Ethanol
Chemical exfoliation —
> _—\. Graphene
/ > oxide (GO)
Single-layer GO Cellulose
Graphite 9 y % nanofiber (CNF)
Thermal treatment in ethanol | 1500-1800°C
Natural Freeze- +CNF
drying drying Freeze-drying
Dense aggregate Porous sponge Spacing-enhanced sponge

Random stacking only near surface  Random stacking everywhere Direct stacking prevented

Figure 3.1 Schematic illustrations of the bulk-scale graphene fabrication process. GO aggregate,
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GO sponge, and GO/CNF sponge are prepared from a GO dispersion by natural drying, freeze-
drying, and freeze-drying with the addition of CNF, respectively. GO samples with different
morphologies are then reduced into rGO by ethanol-associated reduction under ultrahigh

temperature conditions [5].

3.2.2 Preparation of rGO aggregates

For comparison with the porous GO sponge samples, GO aggregates were
prepared by naturally drying a GO dispersion and a subsequent thermal treatment for
repair and reduction in an infrared radiation furnace in Ar gas or ethanol/Ar gas at
1800 °C [54], named GA-Ar1800 and GA-Et1800, respectively. The inside of GA-
Et1800 was examined by Raman spectroscopy after cleaving with adhesive tape to
remove the surface part. The surface parts of the aggregate samples were also
characterized (GA-Ar1800-surf and GA-Et1800-surf).

3.2.3 Preparation of a composite sponge of reduced graphene oxide and cellulose
nanofiber

CNF was prepared by the TEMPO method and used as received from DKS Co.
[57]. It featured a high aspect ratio of 4—10 nm in diameter and 1 pum in length. The GO
dispersion was blended with CNF in a mixer for 2 min at 10000 rpm and frozen in a
freezer at —10 °C overnight, followed by pumping for 2 days under chamber pressures
of about 100 Pa. The total mass fraction of the dispersion was 1 wt% with a mass ratio
of GO: CNF = 4:6. The obtained GO/CNF sponges were thermally treated for repair
and reduction at 1500 °C in ethanol/Ar gas. This composite sponge was named GCS-
Et1500.

A CNF sponge without GO was also prepared for comparison. CNF was
blended with water in a mixer for 2 min at 10000 rpm and frozen in a freezer at —10 °C
overnight, followed by pumping for 2 days. The total mass fraction of dispersion was
1 wt%. The obtained CNF sponges were thermally treated for repair and reduction at
1500 °C in ethanol/Ar gas. This CNF sponge was named CS-Et1500.
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3.2.4 Characterization

Raman spectra were obtained by LabRAM HR-800 UV (Horiba Jobin Yvon)
with an excitation laser wavelength of 532 nm, power of 1 mW, and spot size of 1 um.
The Raman spectra of GA-Et1800, GA-Et1800-surf, GS-Ar1800-surf, GS-Ar1800, GS-
Et1800-surf, GS-Et1800, and GS-Et1650 were obtained by averaging spectra measured
at five random spots. Raman spectra of GS-Et1500 and GCS-Et1500 were averaged for
100 random spots. Note that the ratios of I(D)/I1(G) and I(G")/I(G) was obtained by
averaged spectra, so there was no standard deviation as there was only one ratio value
per sample. The fraction of the randomly stacked structure was calculated by G’-band
fitting since the G’-band is sensitive to structural changes that are vertical to the
graphene plane [84, 96]. The G'-band profile was composed of several peaks
originating from both randomly stacked and AB-stacked structures [84]. Note that G'-
band is also called 2D-band in the literature [82]. For distinction from two-dimensional
(2D), the notation G'’-band was used in this paper. Details of the fitting process are
described in the next section. Images of scanning electron microscopy (SEM) were
taken by VE-8800 (Keyence) at an acceleration voltage of 15 kV and a working
distance of about 33 mm.

3.3 Results and discussion

3.3.1 Effect of accessibility of ethanol-derived species on the random-stacking
fraction of graphene

The Raman spectra of the as-prepared rGO sponge and aggregate samples were
measured with an exposure time and accumulation of 15 s and 10 times, respectively
(Fig. 3.2(a)). The G-band and D-band of these samples were observed around 1580
cm™t and 1350 cm™?, respectively. The former derives from the in-plane stretching
mode of the hexagonal lattice of graphene, and the latter originates from the hexagon-
breathing mode activated through the presence of lattice defects [97]. The intensity ratio
of the D-band to the G-band, I(D)/1(G), which corresponds to the defect density of
graphene, ranged 0.09—0.37. Note that the relationship between D-band intensity and
defect density is classified into two different stages depending on defect density,
namely interdefect distance. In the case of a small interdefect distance less than ~3 nm,
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D-band intensity decreases with increasing defect density, named as stage 1, whereas
in the case of a large interdefect distance larger than ~3 nm, D-band intensity increases
with increasing defect density, named as stage 2 [81]. Stage 1 and stage 2 can be
distinguished by the broadening of D-band. The full width at half maximum of the D-
band of our samples ranged 35-59 cm™, indicating that they were on stage 2 [47, 98].
The narrow D-band shapes and the low I(D)/I(G) ratios confirm that the present
graphene samples have much lower defect density than rGO obtained by chemical
reduction [81] or annealing in ethanol at ~1000 °C [99-101]. It should be noted that the
rGO formed by chemical reduction dose not proceed to stage 2 but remains in stage 1.
The result indicates the ultrahigh temperature process is effective in producing highly
crystalline graphene. SEM images showed a dense and flat structure of the aggregate
sample, while a porous structure and folds were observed on the thermo-treated rGO
sponge (Figs. 3.2 (b) and (c)), confirming that freeze-drying successfully forms a high
surface area structure. The porous structure and folds indicate that it may be difficult to
grow an additional layer of graphene. SEM image of the GO sponge was not taken,
because the functional groups of GO are easy to cross-link, resulting in deformation of
the porous structure and aggregation of pore walls when the GO sponge was cut in a
similar manner to that of the rGO sponge. Note that the D band originates from both
edge area and point defect [102], which will be analyzed in details in a future work.

The I(D)/1(G) ratios for the surface area of ethanol-treated aggregate samples
(GA-Et1800-surf) and sponge samples (GS-Et1800-surf) indicated similarly low defect
densities (I(D)/1(G) of 0.09 and 0.14, respectively (Fig. 3.2 (a)). The internal area of the
aggregate sample and sponge sample under the ethanol condition (GA-Et1800 and GS-
Et1800, 0.32 and 0.36), and the surface area of aggregate samples and sponge samples
under the Ar gas condition (GA-Ar1800-surf and GS-Ar1800-surf, 0.37 and 0.26)
showed relatively high 1(D)/I(G) ratios compared with the surface of the samples
treated under ethanol condition (GA-Et1800-surf and GS-Et1800-surf). These results
indicated that the behavior of defect healing depends mainly on the accessibility of
ethanol-derived species to GO instead of its morphology.
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Figure 3.2 (a) Raman spectra of GA-Et1800-surf, GA-Et1800, GA-Ar1800-surf, GS-Et1800-
surf, GS-Et1800, and GS-Ar1800-surf. D-band, G-band, and G'-band are observed at ~1350
cm?, 1580 cm?, and 2700 cm™, respectively. Intensity ratios of D-band to G-band, I(D)/I(G),
G’-band to G-band, I(G')/I(G), and random-stacking ratio, T, obtained from the G’-band
analysis are displayed to the right of the corresponding spectra. (b, c) SEM images of (b) GA-
Et1800-surf and (c) GS-Et1800 [5].
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The G'-band of the graphene samples was observed around 2700 cm™ with
different sharpness and intensity (Fig. 3.2 (a)). The intensity ratio of the G’-band to the
G-band, I1(G")/1(G), provides information about the interlayer interactions of graphene
because the G'-band is sensitive to the layer number and stacking order of graphene [9,
103, 104]. Higher I(G")/1(G) ratios were observed in GA-Et1800-surf, GS-Et1800-surf,
and GS-Et1800, indicating a smaller interaction between graphene layers. GA-Et1800
and GA-Ar1800-surf displayed low I(G")/I1(G) ratios, suggesting a stronger coupling
between adjacent graphene layers, while GS-Ar1800-surf showed a moderate 1(G")/1(G)
ratio. This was attributed to the fact that rGO layers have a stronger tendency to form
an AB-stacked structure in the aggregate shape, even crumples were located on rGO
layers. On the other hand, a sponge shape provides a high fraction of the randomly
stacked structure with a weak interaction between the graphene layers.
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Figure 3.3 G'-band fitting of (a) GA-Et1800-surf, (b) GA-Et1800, (c) GA-Et1800-surf, (d) GS-
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Et1800-surf, (e) GS-Et1800, and (f) GS-Arl1800-surf, which provides randomly stacked
structure ratio, T. Black open circles denote the measured spectra. Blue dashed-dotted curves
denote the G’2pa components originating from the randomly stacked structure of graphene,
while the two green dashed curves denote the G'spa and G'sps components derived from the

AB-stacked structure. Red solid curves are the sum of the blue and green curves [5].

Via stacking order analysis based on the G'-band [84], as noticed in section
2.3.1, GA-Et1800-surf, GS-Et1800-surf, and GS-Et1800 displayed high T values of
79%, 80%, and 78%, respectively (Fig. 3.3). By contrast, GA-Et1800 showed a low T
value of 40%, that is, it had a high AB-stacking fraction. Although AB-stacking is a
thermodynamically stable structure, the superior properties originating from single-
layer graphene are degraded. The high random-stacking fractions of GA-Et1800-surf,
GS-Et1800-surf, and GS-Et1800 indicated that the formation of AB-stacked structure
was effectively suppressed, which will be explained in detail in the subsequent
paragraph. As shown in Fig. 3.2 (b), the rGO aggregate possessed a dense structure,
making the internal area inaccessible for the ethanol-derived species. Relatively low T
indicates preferential formation of AB stacking structure under Ar environment, even
rGO layers were deformed by crumple naturally induced for stacked GO layers. The
apparent difference between the surface and internal area of the aggregate samples
(GA-Et1800-surf and GA-Et1800, Figs. 3.3 (a) and (b)) indicated that, as expected, the
formation of a randomly stacked structure is restrained on the surface and does not
occur in the internal area of the aggregate. It should be mentioned that the intensity of
G'3ps is directly proportional to the volume of 3D graphitic regions, and the overall
intensity from 2D and 3D graphitic regions is proportional to (G'spg + G'2p) since the
intensity ratio of G’spg to G'spa is constant (I(G'spg)/I(G'spa)~2) [8, 84]. On the other
hand, both the surface and internal areas of the sponge samples (GS-Et1800-surf and
GS-Et1800, Figs. 3.3 (d) and (e)) showed similarly high fractions of the randomly
stacked structure. These results confirmed that the sponge structure provides a higher
exposed area of GO flakes for ethanol-derived species, allowing the randomly stacked
structure to form even on the inside. For comparison between GA-Et1800 and GS-
Et1800, the surface areas (Figs. 3. 3 (a) and (d)) showed a similar result, while the
internal area of the sponge sample (GS-Et1800, Fig. 3.3 (e)) had a higher random-
stacking fraction under the same reaction conditions. It should be noted that the porous
morphology of the GO sponge was not a sufficient factor to obtain high random-
stacking fractions. GA-Ar1800-surf and GS-Ar1800 (Figs. 3.3 (a) and (d)), which were
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processed with only Ar instead of ethanol/Ar, showed low random-stacking fractions,
34% and 29%, respectively. Thus, the remarkable result of GS-Et1800 was attributed
to the effect of ethanol-derived species in the high temperature treatment as well as the
accessible surface obtained by the porous structure of the GO sponge. Cooperation
between the porous structure, ethanol-derived species, and ultrahigh temperature
contributed to the formation of bulk-scale graphene with high crystallinity and high
random-stacking fraction.

The formation mechanism of randomly stacked graphene by the ethanol-
associated ultrahigh temperature process is discussed by the energy diagram, as shown
in Fig 3.4. The GO containing various functional groups constructs a random stacking
structure in bulk scale instead of ordered AB stacking in graphite and usual multi-layer
graphene because of relatively weak interaction between GO flakes. In this work,
graphene in bulk scale was synthesized from GO by the thermal process at high
temperature. During the high-temperature process, the functional groups of GO were
dissociated and desorbed subsequently from the GO surface, leaving randomly oriented
graphene with large numbers of vacancy defects and dangling bonds. Considering GO
samples treated under only inert gas, the formed graphene with the vacancy and
dangling bonds becomes in a metastable state but remains higher energy level.
Consequently, the activation energy barrier to the thermodynamically stable AB
stacking [105] is relatively low enough to overcome by thermal excitation around
1800 °C, resulting in the structural transformation from random stacking to AB stacking,
and the low randomly stacking fraction of GA-Et1800, GA-Ar1800-surf, and GS-
Ar1800-surf. On the other hand, in the case of the thermal process with ethanol addition
(GS-Et1800 and GA-Et1800-surf), decomposed ethanol provides reactive species
containing carbon and oxygen, which effectively repair the vacancies with dangling
bonds and topological defects in reduced GO [54, 99]. The reduced defect density
causes the formed graphene with random stacking to fall into the metastable state with
a very stable energy level. Consequently, the activation energy barrier to the ordered
AB stacking becomes too high to get over by the thermal process at 1800 °C or below,
resulting in the formation of turbostratic graphene with low defect density. In this case,
the formation of AB-stacked structures showed effective suppression, as indicated by
the stacking order analysis results obtained in GA-Et1800-surf, GS-Et1800-surf, and
GS-Et1800. It should be noted that the turbostratic graphene formation will be limited
for the thermal process under 2000 °C since the turbostratic graphene with random
stacking will also turn into the most stable AB stacking graphene [84] by thermal
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excitation above 2000 °C as the result of overcoming the activation barrier. It should
also be pointed out that the rGO treated in pure Ar (e.g., GS-Ar1800-surf) possesses
higher defect density and a higher fraction of AB stacking compared with GO treated
in the ethanol environment (e.g., GS-Et1800-surf) according to the results of Raman
analysis in Fig. 2 (a). This result means defects remaining after the thermal process at
1800 °C should not hinder the transition to AB-stacking but may assist the process,
possibly due to a lower energy barrier for the rearrangement of the chemical bonds.
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Figure 3.4 Energy diagram for the formation of graphene with random stacking from graphene

oxide by the thermal process [5].

3.3.2 Effect of process temperature on the random-stacking fraction of graphene
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Figure 3.5 (a) Raman spectra of GS-Et1800, GS-Et1650, GS-Et1500, and GS-Et1500 with the
highest 1(G')/I(G) ratio. Characteristic ratios are indicated to the right of the corresponding
spectra. (b) SEM image of GS-Et1500. (c—e) G'-band fitting of (¢) GS-Et1650, (d) GS-Et1500,
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and (e) GS-Et1500 with the highest I1(G")/I(G) ratio. Random-stacking fraction, T, is denoted in
the graphs [5].

Multilayer graphene tended to form an AB-stacked structure under a higher
temperature process, leading to a higher interlayer interaction and lower G'-band [84,
105]. We tried to decrease the AB-stacking fraction by restraining the movement of the
graphene flakes. Reducing the process temperature to 1650 °C or 1500 °C (GS-Et1650
and GS-Et1500) was attempted to increase the fraction of random stacking. Raman
spectra of GS-Et1500 were measured with 5 s of exposure time and 5 times for
accumulation at each of the 100 spots. The 1(D)/I(G) ratios of GS-Et1650 and GS-
Et1500 were 0.18 and 0.53, while the I(G")/1(G) ratios were 0.77 and 1.2, respectively
(Fig. 3.5 (a)). The low I(D)/I(G) ratio of GS-Et1650 displayed a similar low defect
density as the 1800 °C sample (GS-Et1800-surf). By contrast, GS-Et1500 showed a
high I(D)/I(G) ratio, indicating relatively low crystallinity. The 1(G")/I(G) ratio of GS-
Et1650 was close to that of the 1800 °C sample (GS-Et1800), suggesting that GS-
Et1650 had a similar interlayer interaction with GS-Et1800. The I(G")/1(G) ratio of GS-
Et1500 was higher than those of GS-Et1650 and GS-Et1800, revealing less coupling
between the graphene layers. The I(G')/I(G) and I(D)/I(G) exhibit a certain fluctuation
for each measurement point, as shown in Fig. 3.6. It should be noted that the highest
I(G")/1(G) ratio of 2.3 was observed at a measurement spot of GS-Et1500 (Fig. 3.5 (a),
bottom). The SEM image confirmed that the sponge maintained a porous structure after
1500 °C treatment (Fig. 3.5 (b)), which is similar to that of GS-Et1800 (Fig. 3.2 (¢)).
Analysis of the G'-band of GS-Et1650, GS-Et1500, and GS-Et1500 with the highest
I(G")/1(G) ratio showed that the random-stacking fractions were 76%, 80%, and 85%,
respectively (Figs. 3.5 (c—€)). The random-stacking fraction increased as the reaction
temperature decreased. The high random-stacking fraction and the highest G' band of
GS-Et1500 suggested that the sample under the reaction condition was far from
crossing the energy barrier for AB-stacked structure and preserved a more randomly
stacked structure at 1500 °C.

As shown in Fig 3.6, the majority of the data points are located within the
ranges of 0.9-1.6 for I1(G")/1(G) and 0.45-0.65 for I(D)/I(G). The standard deviations
of I(G")/1(G) and I(D)/1(G) are 0.1 and 0.27, respectively. The origin of the variation is
attributed to the spatially different morphology of the sponge structure formed during
the freeze-drying process. While the porous morphology assists the ethanol-mediated
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defect healing, locally aggregated graphene in some regions might be less healed.
Therefore, a further enhancement of uniformity is possible by improving the forming
process of the sponge structure.
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Figure 3.6 Distribution of I(D)/I(G) and I(G")/I(G) for each measurement spot of the GS-Et1500.
[5].

3.3.3 Increase of the random-stacking fraction of graphene by the addition of CNF
as a spacer

We investigated the impact of a spacer to physically prevent graphene from
stacking on the interlayer interaction in bulk-scale graphene. Because a high 1(G")/1(G)
was achieved in GS-Et1500, the same treatment condition was employed in this
experiment. Based on the advantages of CNF, it was added as a spacer into bulk-scale
graphene (GCS-Et1500). The Raman spectra of GCS-Et1500 were measured with 5 s
of exposure time and 5 times for accumulation at each of the 100 spots. A pure CNF
sponge (CS-Et1500) was prepared as the control using the same mixing, freeze-drying,
and thermal treatment conditions. The Raman spectra of CS-Et1500 were measured
with 5 s of exposure time and 5 times for accumulation at each of the 30 spots. As
shown in Fig. 3.7 (a), the I(D)/1(G) ratio of GCS-Et1500 was 0.60, while the I(G)/I(G)
ratio was 0.86. CS-Et1500 showed 1.32 of I1(D)/I(G) and 0.26 of I(G")/I(G). The SEM
image of GCS-Et1500 suggested that the sponge also maintained a porous structure
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(Fig. 3.7 (b)), which was very similar to the sponge samples treated in ethanol, such as
that of GS-Et1800 (Fig. 3.2 (b)). The CNF structure was not observed by SEM because
it was altered through graphitization during the ultrahigh temperature process. The
SEM image of the GO/CNF sponge was not taken due to the cross-linking of functional
groups, which is the same reason mentioned earlier. By adding CNF as a spacer, GCS-
Et1500 showed a higher I(D)/I(G) and a lower 1(G")/1(G) than the sample without CNF
(GS-Et1500). This high D-band intensity was attributed to the graphitization of CNF
and the formation of amorphous carbon. The G’-band of GCS-Et1500 was analyzed to
investigate the stacking order of the composite sponge of graphene and CNF by the
analysis procedure described in section 3.3.1 [84]. As shown in Fig. 3.7 (¢), the obtained
T value was 93%. It should be noted that the T value here does not simply correspond
to the fraction of the randomly stacked structure but indicates the fraction of two-
dimensional graphene, which includes randomly stacked graphene and non-stacked
graphene separated by the spacer. The high occupation of the two-dimensional
graphite-originating peak for GCS-Et1500 indicated that the addition of CNF further
suppressed the formation of the AB-stacked structure. It should be emphasized that the
T value of GCS-Et1500, 93%, significantly surpassed that of GS-Et1500, 80%. This
result implied that inserting CNF physically prevented the direct stacking of the
graphene layers.
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Figure 3.7 (a) Raman spectra of GS-Et1500 and GCS-Et1500. Characteristic ratios are indicated
to the right of the corresponding spectra. (b) SEM image of GCS-Et1500. (¢) G’-band fitting of
GCS-Et1500. (d) Distribution of I(D)/I(G) and I(G')/I(G) for each measurement spot of the
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GCS-Et1500 (red dot) and CS-Et1500 (hollow square). (e) Schematic images of three different
situations of GCS-Et1500, indicating stacked graphene (region 1), graphene intercalated with
CNF (region 2), and aggregate of CNF (region 3) [5].

The spatial variation of the GCS-Et1500 sample was investigated. The
I(G")/1(G) and I(D)/1(G) ratios of each measurement spot of GCS-Et1500 are plotted in
Fig. 3.7 (d). Most of the Raman results were located at the grey oval circle (region 1),
but some Raman results of GCS-Et1500 with a high 1(G")/I(G) (region 2) or a low
I(D)/1(G) (region 3) were observed outside region 1. As schematically illustrated in Fig.
3.7 (e), this result can be explained as follows. As for region 2 in Fig. 3.7 (d), CNF was
perfectly dispersed and played the spacer role well. After the ultrahigh temperature
process, CNF was changed into graphite material [106] and remained between graphene
layers. Graphene layers were physically separated by the graphitic material, so that
interlayer interactions were suppressed. Thus, 1(G")/I(G) was high. However, region 1
showed lower 1(G")/I(G) since CNF was insufficient in these spots of the sample,
resulting in directly stacked graphene. Stacked graphene was also measured by X-ray
diffraction (Fig. 3.8). Similar to that of GS-Et1500 (Fig. 3.6), these two results were
mainly attributed to the graphene in the sponge. Additionally, due to the formation of
CNF aggregates, region 3 exhibited a high I(D)/I(G) ratio and low 1(G")/I(G) ratio,
which was comparable to the pure CNF sample (CS-Et1500). The high defect density
and strong interlayer interaction were features of graphitized CNF. Improving the
dispersion of CNF should realize a more uniform formation of bulk-scale graphene with
a low interlayer interaction.
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Figure 3.8 (a) XRD result of GS-Et1500 and GCS-Et1500. (b) Schematic structure of GCS-
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Et1500 [5].

XRD measurement was conducted on GS-Et1500 and GCS-Et1500 (Fig. 3.8
(a)). 002 peak from GS-Et1500 and GCS-Et1500 were observed. K value of turbostratic
graphene was 0.9 on the c-axis [86]. The average layer distances of GS-Et1500 and
GCS-Et1500 were 0.342 nm and 0.343 nm, which were larger spacing than that of
graphite (0.335 nm). GCS-Et1500 showed larger layer distances and smaller crystallite
sizes on the c-axis, indicating that CNF was intercalated between graphene layers. The
nanostructure of our sample can be schematically depicted in Fig. 3.8 (b), in which
graphene layers are not individually separated by CNF, but small stacks of graphene
are separated by CNF.

3.4 Conclusion

By freeze-drying a GO dispersion and an ethanol-mediated reduction at
ultrahigh temperature, a graphene sponge with a high random-stacking fraction for both
surface and internal areas was realized. This feature is in sharp contrast to GO aggregate
samples, where the formation of AB stacking cannot be suppressed in the internal area.
The high random-stacking fraction in internal regions is attributed to the increased
accessible area of the porous graphene sponge for ethanol-derived species. We
optimized the reduction conditions and confirmed that the strong and sharp G’-band
from graphene sponge is reduced at 1500 °C, which is indicative of a weak interlayer
interaction. Additionally, CNF was introduced as a spacer into a GO sponge to separate
the graphene layers and to avoid direct stacking. The blending of CNF with the GO
dispersion further reduces the AB-stacked fraction. Although there is still room to
improve mixing to achieve a higher 1(G")/1(G) ratio and homogeneity, the proposed
scheme prevents strong interlayer stacking in bulk-scale graphene. Consequently, it
should realize the scalable production of high-performance bulk-scale graphene in
which the superior properties of single-layer graphene are effectively preserved.
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Chapter 4: Stacking order reduction in multilayer

graphene by inserting nanospacers

4.1 Background

Graphene has attracted wide attention as a two-dimensional (2D) material for its
various excellent properties, such as high carrier mobility, electrochemical performance
[1], optical transparency [2], thermal conductivity [107], and mechanical strength [6].
Many of these properties are attributed to the unique electronic structure derived from
a one-atom-thick honeycomb lattice of single-layer graphene. However, the electrical,
mechanical, and other performances were limited by the thinness and small volume of
a single-layer graphene flake. Thus, scaling up high-quality graphene toward bulk-scale,
which is composed of plenty of graphene flakes [108], is necessary for practical
applications [13-18, 93].

Considering mass-production compatibility and structure controllability, a
promising approach for producing bulk-scale graphene is beginning with GO and then
reducing it into rGO. Hydro-thermal or chemical methods are the most common
approaches for reduction [45, 46]. However, they produce rGO that suffers from a high
density of defects that remain in reduction, such as vacancy. Alternatively, the defect
problem can be solved by high temperature treatment of GO [49], while it brings about
a problem regarding the stacking structure of multilayer graphene. The
thermodynamically stable AB-stacked structure [50] is spontaneously formed at high
temperature, which causes a strong interlayer interaction between graphene layers and
results in degradation of the superior properties of single-layer graphene. Conversely,
theoretical calculations have predicted that randomly stacked graphene, where each
layer is vertically stacked and randomly rotated, can preserve the electronic band
structure similar to that of single-layer ones [11]. This is due to the smaller interactions
between adjacent graphene layers. Compared to AB-stacked graphene, randomly
stacked graphene possesses superior properties for maintaining a single-layer-like
electronic structure; this has been confirmed in experimental studies [51, 109, 110].
AB-stacked bilayer graphene and individual flakes of rotationally stacked multilayer
graphene indicate carrier mobility of 4.4 x 103cm?V 1.stand 7 x 10* cm? vV 1.s 1 [52],
respectively. The development of randomly stacked graphene manufacturing methods
is essential for the realization of daily applications of graphene.

51



Due to the unique reaction pathway, the random-stacking structure of graphene
is effectively maintained by adding ethanol vapor during the high-temperature
treatment of GO [54]. Ethanol vapor at high temperatures generates carbon atoms and
OH radicals (hereafter called “ethanol-derived species”), which respectively function
as a carbon source and an etchant during the reduction process. They can provide
efficient defect healing for GO without causing intense stacking order rearrangement.
High carrier mobility was achieved by utilizing this reduction method for few-layer
rGO on substrates [100]. However, this method faced the following problem: the
repairing and formation of randomly stacked structures were limited to the surface
region when preparing bulk-scale graphene. Preparing GO with a porous structure
before the ethanol-associated ultrahigh temperature process resolved this issue [5].
Such graphene sponge was prepared via freeze-drying of GO dispersion and the
ethanol-associated thermal treatment. According to the Raman spectra analysis, both
the internal and surface regions of graphene reached ~80% of the random-stacking
fraction. To further improve the random-stacking fraction of rGO, we conducted a
preliminary experiment on adding CNF as a spacer [5]. This spacer aims to physically
prevent the direct layer stacking of graphene. In addition to the previously mentioned
randomly stacked graphene structure, inserting the spacer between graphene layers is
expected to reduce the strong interlayer interaction caused by ordered stacking. Also,
the accessibility of ethanol-derived species in the samples can be improved during the
thermal treatment, which suppresses the formation of AB stacking. Choosing the spacer
was based on the fact that CNF has high water solubility and could transform into inert
materials at high temperatures without reacting with GO [64, 66]. Considering the 2D
structure of graphene and the one-dimensional (1D) structure of CNF, this composite
sponge can be regarded as a 2D/1D mixed-dimensional heterostructure, where the
material property is designed with the combination of different building blocks [67].
The rGO/CNF sample indicated a higher random stacking fraction than the pure rGO
sample. However, the mechanism of stacking order reduction in the multilayer
graphene remained unclear. Thus, a systematic study on spacer concentration and the
change in stacking structure along the process sequence is necessary for understanding
the stacking mechanism and further controlling the stacking order of graphene.

Another spacer candidate is ND, a zero-dimension (0D) material attracting
wide attention for its potential applications in catalysis [68], bio-sensor [69], and so on
[70]. The detonation method is wildly used in the industrial preparation of ND. It is
followed by an oxidation process that removes impurities on the surface [71-73]. ND
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particles prepared by the detonation method possess a three-layered structure. In the
inner region of ND, a core and an intermediate shell are made up of a cubic diamond
crystal (sp3-hybridization) and the partial layer of a fullerene-like shell (sp?-
hybridization) [74], respectively. The surface layer of ND has oxygen-containing
groups, and the mentioned oxidation process can enhance hydrophilicity [73]. Because
both ND and GO show a negative Zeta charge, a stable mixed dispersion with
electrostatic repulsion is expected. In contrast to the 1D structure of CNF, ND is a 0D
material with a low aspect ratio, making the formation of the micrometer-scale
agglomerates more difficult. Additionally, ND transforms into a carbon nano onion,
that is the nested sp? carbon shells, at high temperature [76], which is inert and does not
react with graphene during the thermal treatment. These advantages make ND a
promising candidate as a spacer for graphene to produce 2D/0D mixed-dimensional
heterostructures with a low stacking order.

In this chapter, we propose a method of reducing the stacking order in
multilayer graphene using nanomaterials with different dimensions as spacers. CNFs
or NDs with varied concentrations were added to the GO dispersion, which is the
precursor of the GO sponge. After the freeze-drying and ethanol-associated thermal
treatment, the bulk-scale multilayer graphene sponge was obtained. The stacking
structures of the graphene samples were examined with Raman spectroscopy and XRD.
The random-stacking fraction of the samples was evaluated by G’-band analysis of
Raman spectra. The result indicated a remarkable decrease in the stacking order of
graphene with a low concentration of spacer. Then, to investigate the periodic structure
of the graphene samples, the XRD analysis was utilized to evaluate the crystalline size
to the stacking direction as well as the layer distance. We found that the crystalline size
decreased drastically with the small amount of spacers and then decreased gradually
with the increase in the spacer concentration. The gradual change in the stacking order
was analyzed in detail with a two-component model. Furthermore, the XRD analysis
on the pre-thermal treatment samples confirmed that the layer number of stacked
graphene was effectively suppressed by the spacers during the treatment. ND provided
lower graphene stacking order than CNF, which was explained by the fact that the
former was less aggregated in the samples. To sum up, inserting nanospacers, especially
NDs with high concentrations, can effectively reduce the stacking order in multilayer
graphene.
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4.2 Experiment section
4.2.1 Preparation of GO, GO/CNF, and GO/ND dispersion

The 1 wt% GO/water dispersion was prepared from bulk graphite by a modified
Hummers' method [77]. The GO flake size was evaluated to be around 10 um by optical
microscopy. The diluted GO dispersion weight percentage was 0.8 wt%, which was
equal to that of the GO/spacer composite samples.

The CNFs were prepared by the TEMPO method and used as received from DKS
Co. They featured a high aspect ratio of 4-10 nm in diameter and 1 pum in length. The
GO dispersion was blended with CNFs in water [5]. The GO mass fraction of the
dispersion was fixed at 0.8 wt%, while the CNF mass fraction varied between 0.01,
0.02, 0.05, 0.1, and 0.2 wt%.

The NDs were prepared by the detonation method and used as received from
Nippon Kayaku Co. They featured an average of 5 nm in diameter. The GO dispersion
was blended with NDs in water. The GO mass fraction of the dispersion was fixed at
0.8 wt%, while the ND mass fraction varied between 0.01, 0.02, 0.05, 0.1, and 0.2 wt%.

4.2.2 Preparation of GO, GO/CNF, and GO/ND Sponges by freeze-drying

A lab-made vacuum drying system was used for the freeze-drying process [5].
To prepare 1 cm?® cube sponges of GO with or without spacers, the dispersion was
poured into an ice tray and then frozen using liquid nitrogen. The tray was installed in
the vacuum drying system, and its chamber was pumped for 72 hours. Pumping causes
the water in the frozen dispersion to sublimate, leaving the network structure as a GO
or composite sponge for the following thermal treatment. The sponges of 0.8 wt% GO,
0.8 wt% GO mixed with 0.01 wt% CNF, and 0.8 wt% GO mixed with 0.01 wt% ND
were used for the XRD analysis without the thermal treatment, respectively labeled as
GO, GO/CNF, and GO/ND.
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4.2.3 Thermal treatment

The GO and composite sponges were thermally treated in ethanol/Ar under
ultra-high temperature conditions for repairing and reduction. The ultrahigh
temperature process was performed at 1500 °C using a tubular electric furnace
(HT1500-50-32P, HEAT TECH Co.). Its chamber was maintained at low pressure via
a vacuum pump. During the temperature rise, 20 sccm of Ar was introduced under a
total pressure of 34.7 Pa. After reaching the set temperature, the thermal treatment was
conducted by flowing 98 sccm of Ar and 2 sccm of ethanol under a total pressure of
133 Pa. The obtained rGO sample from pure GO was called as G-0, while those from
GO mixed with 0.01 wt%, 0.02 wt%, 0.05 wt%, 0.1, and 0.2 wt% of CNFs (NDs) were
named GC-1, GC-2, GC-3, GC-4, and GC-5 (GD-1, GD-2, GD-3, GD-4, and GD-5),
respectively. Additionally, a pure GO sponge was prepared by using an infrared
radiation furnace (SR1800G-S, THERMO RIKO Co.) at 1800 °C under an Ar
environment as reported in our previous study [5], and the sample was named as G-
1800-Ar and used as a reference.

4.2.4 Characterization

The obtained samples were ground in a mortar and characterized by Raman
spectroscopy and XRD. Raman spectra were obtained by LabRAM HR-800 UV
(Horiba Jobin Yvon) with an excitation laser wavelength of 532 nm, power of 1 mW,
and a spot size of ~0.7 um. They were obtained at 20 random spots for each sample,
and the ratios of I(D)/I(G) and I(G’)/I(G) were calculated by each individual spectrum.
Then, the spectra were averaged for further stacking analysis. The G’-band is sensitive
to the vertically changed structure of the graphene plane. Thus, the volume fraction of
a randomly stacked structure can be analyzed by G’-band fitting [84, 96]. The G’-band
profile is the sum of several peaks originating from both random-stacked and AB-
stacked structures. Note that in the literature, the G'-band is also represented as the 2D-
band [82]. To distinguish this Raman band from two-dimensional (2D), the G’-band
notation was used in this paper. Details of the fitting process are described in the next
section and in our previous paper [5]. The XRD measurements for the G-0, GC, and
GD series samples were conducted using Ultima IV (Rigaku Co.) via a standard Cu-Ka
source having A = 1.5406 nm, with 40 kV and 40 mA. The accuracy of XRD
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measurement was confirmed by measuring silicon powders and detecting Si 111 peak
at 28.4°. The measurements for the samples without thermal treatments (GO, GO/CNF,
and GO/ND) were conducted by SmartLab (Rigaku Co.) using a standard Cu-Ka source
of A = 1.5406 nm, with 40 kV and 40 mA. The scanning speed from 10 to 20° was
0.5°/min. To evaluate the ordered structures of stacked GO and rGO with and without
spacers, the XRD patterns were analyzed by Bragg's and Scherrer's equations. SEM
images were taken by VE-8800 (Keyence) at an acceleration voltage of 15 kV. Samples
before grinding were used for the SEM observation.

4.3 Raman analysis of stacked graphene with spacer
4.3.1 Raman analysis of stacked graphene with CNFs

The structure of the rGO sponge with CNFs as spacers was evaluated by Raman
spectroscopy. The Raman spectra of the GC-1, GC-2, GC-3, GC-4, GC-5, and the
control group samples, G-0 and G-1800-Ar, were measured as shown in Fig. 4.1(a).
The G-band was observed at around 1580 cm™, while the D-band was around 1350
cm L. The G-band derives from the in-plane stretching mode of the hexagonal lattice of
graphene, and the D-band originates from the hexagon-breathing mode activated by the
presence of lattice defects [97]. The intensity ratio of the D-band to the G-band,
I(D)/1(G), corresponds to the defect density of graphene [97]. Additionally, the G’-band
of the samples was observed at around 2700 cm™* with varying peak shape and intensity.
Because the G'-band is sensitive to the layer number and stacking order of graphene [9,
103, 104], the intensity ratio of the G’-band to the G-band, I(G")/I(G), provides
information related to the interlayer interactions of graphene.

The I(D)/1(G) and 1(G")/I(G) ratios of the samples are plotted against the CNF
concentration in Fig. 4.1 (b). The I(D)/I(G) ratios of the GC series samples ranged
between 0.81-0.88, while that of G-0 was 0.57. The relationship between the D-band
intensity and the defect density was classified into two different stages depending on
the latter, namely the inter-defect distance [81]. In the case of a distance larger than ~3
nm, the D-band intensity increases with the increase in defect density; this is called
stage 1. Whereas in the case of an inter-defect distance less than ~3 nm, the intensity
decreases with the increase in defect density; this is named stage 2 [81]. Stages 1 and 2
can be distinguished by the broadening of the D-band. Our samples were in stage 1
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because the full width at half maximum (FWHM) of the D-band ranged between 60—70
cm 147, 98]. Compared to G-0, GC series samples demonstrated a higher 1(D)/I(G)
ratio, indicating that they featured a higher defect density. This increase in D-band
intensity was attributed to the change in the structural restoration of GO induced by
adding CNFs. The I(D)/1(G) ratios of the GC series samples were almost constant while
the CNF concentration varied, indicating that amorphous carbon formed by incomplete
graphitization of CNF did not strongly influence the increase in D-band intensity.
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Figure 4.1(a) Raman spectra of the GC series samples, G-0, and G-1800-Ar. (b) Intensity ratios
of D-band to G-band, I(D)/I(G), and G’-band to G-band, I1(G")/I(G), plotted against the CNF
weight percentage (G-0 and GC series samples). Filled squares denote the I(D)/1(G) ratio, and
open circles denote the I(G")/I(G) ratio [75].

The 1(G')/I(G) ratios of the GC series samples (0.45-0.49) were lower than
that of G-0 (0.64), and their dependence on the mass fraction of CNF exhibited an
opposite trend of I1(D)/1(G). This implies that the increase of defects led to a decrease
in the G'-band intensity when the stacking order remained unchanged [111]; thus, the
simple comparison of the 1(G')/I(G) ratio was not suitable for evaluating the stacking
order of graphene. Actually, the G'-band was observed to shift slightly to a lower
frequency by ~7 cm™ after adding the spacer, corresponding to the increase of the
randomly stacking fraction as shown by further analysis of the G’-band described below.
To investigate the stacking order of multilayer graphene with CNFs, further analysis on
the G'-band was conducted as follows.
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As conducted in our previous research, the stacking order of graphene in the
bulk-scale samples was evaluated by analyzing the peak shape of the G'-band [5].
According to the research of Cangado et al. [84] and formula (2.1), the fraction of
random-stacking structure in the bulk-scale graphene can be calculated. Note that A.
Mohapatra et al. [112] provided a new method based on the strong and constant
intensity of 1(G') for graphene with 100% randomly stacking fraction. This method
should be very reliable for defect-free graphene. However, it is not suitable for our
research using defective graphene as samples because the 1(G') decreases for the
increasing defects [113], leading to overestimating the volume of the AB-stacking
structure.

Via the stacking order analysis based on the G’-band shape, the control group
sample, G-1800-Ar, showed a low T value of 40% [5], as shown in Fig. 4.2 (g). This
result indicates the preferential formation of a thermodynamically stable AB-stacking
structure at high temperatures without the introduction of ethanol. Another control
group, G-0, showed a moderate T value of 75% (Fig. 4.2 (a)), which confirms the
ethanol effect on suppressing the formation of the AB-stacking structure [5, 54, 55]. By
adding CNFs, GC-1 showed a T value of 87% (Fig. 4.2 (b)), which is higher than that
of the spacer-less graphene sample, G-0, obtained with identical high-temperature
treatment. Other GC samples (GC-2, GC-3, GC-4, and GC-5) also displayed similar T
values, as shown in Fig. 4.2 (c-f), ranging between 85%—-90% (Fig. 4.2 (h)). This
concluded that the majority of the graphene structures of the GC samples were
constructed from randomly stacking layers. The T values of GC series samples did not
greatly differ when the CNF concentration increased, which requires further analysis to
understand the mechanism of determining random-stacking fractions. Note that
although the stacking order can be featured by the G’-band analysis, the thickness of
multilayer graphene, which composes the sponges remains unknown using the Raman
spectra. Note that the G’ band underwent broadening because of the randomly stacked
structure, resulting in varying intensities around 2250 cm™. Thus, the evaluation of
graphene stacking order using XRD analysis will be given in Section 4.4.1.
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Figure 4.2 (a-g) G'-band fitting of (a) G-0, (b) GC-1, (c) GC-2, (d) GC-3, (e) GC-4, (f) GC-5,
and (g) G-1800-Ar, which provides the randomly stacked structure ratio, T. Black open circles

denote the measured spectra. Blue dashed-dotted curves denote the G’.p components
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originating from the randomly stacked structure of graphene, while the two green dashed curves
denote the G'spa and G'sps components derived from the AB-stacked structure. Red solid curves
are the sum of the blue and green curves. (h) Random stacking fraction of samples with different
weight percentages of CNF. Filled squares denote the random-stacking fraction of the GC series

samples and G-0. The open circle denotes that of G-1800-Ar [75].

4.3.2 Raman analysis of stacked graphene with NDs

Since the ND particles possess a smaller diameter and lower dimensionality
than those of CNF, a more effective insertion of ND is expected. Therefore, this study
attempted to improve the T value of graphene by changing the spacer material to ND.
The Raman spectra of GD-1, GD-2, GD-3, GD-4, and GD-5 were measured and plotted
with the control groups, G-0, and G-1800-Avr, in Fig. 4.3(a). The G-band was observed
to be around 1580 cm™2, while the D-band was around 1350 cm™2. The I(D)/I(G) ratios
of the GD series samples ranged between 0.42—-0.65 (Fig. 4.3 (b)). Our samples were
on stage 1 because the FWHMs of the D-bands ranged between 50-90 cm ™ [47, 98].
The G'-band of the samples was observed to be around 2700 cm™ with varying peak
shape and intensity. The I(G')/I(G) ratios of GD series samples ranged between
0.45-0.72.
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Figure 4.3 (a) Raman spectra of the GD series samples, G-0, and G-1800-Ar. (b) The intensity
ratios of D-band to G-band, I(D)/1(G), and G'-band to G-band, I(G')/I(G), plotted against the
ND weight percentage (G-0 and GD series samples). Filled squares denote the 1(D)/I(G) ratio,
and open circles denote the 1(G')/I(G) ratio [75].
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The G-0 and GD series samples demonstrated similar I1(D)/I(G) and I(G')/I(G)
ratios with small fluctuations, indicating that the GD series samples featured a
comparably low defect density with G-0. This similar D-band intensity indicated that
NDs did not significantly hinder the reduction process nor transform into substances
that show a strong D-band. Similarly to the GCs, a slight decrease in the G'-band
frequency for the GD samples was observed after adding the spacer. To understand the
stacking order, further analysis on the G'-band was conducted as follows.
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Figure 4.4 (a-e) G'-band fitting of (a) GD-1, (b) GD-2, (c) GD-3, (d) GD-4, and (e) GD-5, which
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provides the randomly stacked structure ratio, T. Black open circles denote the measured
spectra. Blue dashed-dotted curves denote the G’2p components originating from the randomly
stacked structure of graphene, while the two green dashed curves denote the G’spa and G'sps
components derived from the AB-stacked structure. Red solid curves are the sum of the blue
and green curves. (f) Random stacking fraction of samples with different weight percentages
of ND. Filled squares denote the random-stacking fraction of the GD series samples and G-0.
The open circle denotes that of G-1800-Ar [75].

Via the stacking order analysis based on the G'-band shape [84], GD-1 showed
a T value of 89% (Fig. 4.4 (a)), which is higher than that of the spacer-less graphene
sample, G-0. Other GD samples (GD-2, GD-3, GD-4, and GD-5) also displayed high T
values ranging between 89%-95% (Fig. 4.4 (b-f)). Varying intensities around 2250
cm* were observed as a result of the broadening of the G’ band caused by the randomly
stacked structure. Similar to the GC samples, this result concluded that most of the GD
samples were constructed from the graphene layers with randomly stacking structures.
Compared to that of the GC series samples, the GD ones showed an even higher T value.
This indicates that NDs should be highly effective compared with CNFs when it comes
to decreasing the stacking order of multilayer graphene. The T values of the GD samples
did not differ largely when the ND concentration increased. The details of the stacking
structure variations will be further discussed by combining the result of the XRD
analysis in Section 4.4.2.

4.4 X-ray diffraction analysis of stacked graphene with spacers
4.4.1 X-ray diffraction analysis of stacked graphene with CNFs

Fig. 4.5 (a) shows the XRD patterns measured from the CNF-incorporated rGO
sponges (GC series) and pure rGO sponge (G-0). The 002 peak derives from the
periodicity of the graphene layer in the stacking direction. The 002 peak position
indicates the layer distance of the samples, while the FWHM of the 002 peak
corresponds to the crystalline size in the stacking direction. The 002 peak position of
G-0 was at 26.2°, and its FWHM was 0.85°. These values were obtained by fitting the
peak with a pseudo-Voigt function, which is commonly used for XRD analysis of
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graphite [114]. This is because the broadening peak is composed of two major profiles:
size broadening and strain broadening, which can be fitted using the Lorentzian and
Gaussian functions, respectively [115, 116]. The pseudo-Voigt function is an
appropriate candidate as it is a linear combination of Gaussian and Lorentzian functions
[117]. The peak positions and the FWHM of the 002 peaks from the GC series samples
ranged between 25.9°-26.0° and 1.52°-1.74°, respectively.
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Figure 4.5 (a) XRD patterns of the GC series samples and G-0. The 002 peaks of graphene are
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observed at ~ 26°. (b) Fitting of the GC-1 002 peaks. Black open circles denote the measured
XRD patterns. Blue dashed-dotted curves denote the fitting curve with a single pseudo-Voigt
function [114]. Deconvolution of the 002 peaks of (c) GC-2, (d) GC-3, (e) GC-4, and (f) GC-5
into two components. Black open circles denote the measured XRD patterns. Blue dashed-
dotted curves denote the first components originating from the stacked structure of graphene
possessing the same dogz and L. as GC-1, while the green dashed curves denote the second
components derived from the one possessing the same doo2 as GC-1 but smaller L. Red solid
curves are the sum of the blue and green ones. Ratios of the first component areas over the total

peak area, Acc-1, are displayed [75].

According to the formula (2.2), the doo2 0of G-0 was 0.340 nm, while that of
GC-1, GC-2, GC-3, GC-4, and GC-5 ranged between 0.342—0.343 nm. Compared to
G-0, GC samples showed larger layer distances in the stacking direction, indicating that
the addition of CNFs enlarged the layer distance of stacked graphene. This slight
increase indicates a decrease in the layer number of graphene; this is because the layer
number and distance are directly correlated [118]. Note that doo2 of bulk graphite is
0.335 nm, according to references [119, 120], while that of a typically stacked rGO is
about 0.341 nm [121]. The details of the layer number will be discussed later.

The L, the crystalline size in the stacking direction, was analyzed from the 002
peak of XRD patterns of the GC series samples and G-0, as shown in Fig. 4.6 (a). The
L¢ values analyzed from XRD for G-0 and GC samples were 9.50 nm, and 4.63-5.29
nm, indicating the suitability of Scherrer's equation to these samples [87]. By adding
CNFs as a spacer material, L decreased with the increase in CNF concentration. This
was particularly clear in the comparison between G-0 and GC-1. Even when a little
amount of CNF (actually, the smallest in this experiment) was added, the fraction of
the random stacking structure significantly increased from 75% to about 85% (Fig. 4.1
(9)), whereas L rapidly decreased from 9.50 to 5.29 nm. This indicates that CNFs
contribute to the crystalline size reduction due to their role as a spacer between layers.
By dividing L¢ by doo2, a characteristic layer number of stacked graphene, which is
active for XRD measurement, can be obtained. The characteristic layer number of G-0
and GC-1 was calculated to be about 28 and 15 layers, respectively, indicating that the
stacking of graphene layers is suppressed by the addition of CNFs.

It should be mentioned that the 002 peak fitting with only a single pseudo-
Voigt function resulted in a relatively high residential error of 18—25% for GC-2 to GC-
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5, while G-0 and GC-1 displayed a low error of 13% and 16%, respectively, as shown
in Fig. 4.6 (c). The large errors indicate that the high CNF concentration samples have
large structural variation and cannot be represented by a single component of
periodically stacked graphene. Considering the drastic decrease of L. with the small
number of CNFs and its following gradual decrease with the increase in CNFs, it is
expected that the spacer will first separate stacked graphene into thin components and
then make them even thinner with the increase in CNF concentration. Thus, for
simplicity of the analysis, this study assumes that stacked graphene can be mainly
classified into two components based on thickness, namely the first and the second ones.
The first component is regarded as the main component formed by adding a small
number of CNFs, and the second component is formed by increasing the CNF fraction.
We conducted the peak fitting of the 002 peak with two pseudo-Voigt functions, as
described in detail later, and found that the residential error of GC-2 to GC-5 was
significantly reduced to 9-13%, as shown in Fig. 4.6 (c). This confirms the
effectiveness of the two peak deconvolution and the validity of the assumption.

Since all GC series samples showed 002 peak at similar 26 angles, this study
considered that the first and second components of each sample maintained the same
layer distance. Thus, both the 20 angle of the first and second component were fixed to
their original values obtained by the single component fitting. The FWHM of the first
component was fixed to that of GC-1 such that its L. was identical to that of GC-1. To
evaluate the relative abundance of the first component, Acc-1 was obtained by taking
the ratio of its area over the total peak area.

This analysis was applied to the XRD patterns of the GC series samples, except
for GC-1. The fitting results are shown in Fig. 3(c-f). Acc-1 decreased from 88% to 56%,
for GC-2 and GC-5, respectively. The change in L of the second component and Agc-1
are shown in Fig. 4.6 (a) and (b), respectively. This tendency indicates that by
increasing the CNF concentration, the formation of the first component was restrained,
while that of the second was enhanced. It should be noticed that Raman signals reflect
whole portions of samples, and the analysis of G’-band indicates that the fraction of
randomly stacking graphene is almost constant for the samples with the addition of the
spacer, as shown in Fig. 4.2 (f) and Fig. 4.4 (f). This result should allow us to assume
that both of the first and the second components possess the same fraction of the
randomly stacking graphene.
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Based on the XRD fitting results, it can be inferred that the stacking process
of graphene with the addition of CNFs can be regarded as a two-step process. In the
first one, the GO aggregates to the first component size, and the low concentration of
CNF restrained the further aggregation between the first components, leading to a
decreased L of GC-1, which is about half of that of G-0. As a result, the accessible
region for the ethanol-derived species, where the formation of AB-stacking is
suppressed, is increased, explaining why the T value of GC-1 increases compared to
that of G-0. If the spacer concentration is high, the second step will occur
simultaneously. In this process, the spacer physically restrains the formation of the first
component, especially in high CNF concentrations. The GO flakes are formed into the
second component with fewer layers. Therefore, the CNF concentration strongly affects
the second component fraction.
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Figure 4.6 (a) L. of different CNF concentration samples (Filled black square, G-0, and GC
series samples). Blue open squares with dashed-dotted lines denote the L. of the first
components, while green open circles with dashed lines denote the second components. (b) Acc-
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samples with different spacer weight percentages of CNF. Black-filled squares with solid lines
denote the residential error of one component fitting, while the red open circles with dash lines

denote the residential error of two components fitting [75].

4.4.2 X-ray diffraction analysis of stacked graphene with NDs

The XRD patterns of the GD sponges and G-0 as the control group are shown
in Fig. 4.7 (a). The 002 peak positions of the GD sponges ranged between 25.9°—26.0°.
The FWHM of the peaks ranged from 1.27° to 1.82°. During fitting, this study also
found that the residential error of GD-2 to GD-5 could be reduced from 10-15% to
7-10% by using the two-peak fitting in a similar manner to the one used with the GC
samples(Fig. 4.8 (c)).

Using Bragg's equation (2.2), the calculated doo2 values of GD-1, GD-2, GD-
3, GD-4, and GD-5 ranged between 0.342—0.344 nm. Compared to G-0, GD samples
showed a larger layer distance in the stacking direction. The observed expansion of doo2
implies that ND decreased the layer number since graphene with smaller layer numbers
had a larger layer distance [118].

By adding NDs as a spacer material, L. decreased with the increase in ND
concentration (Fig. 4.8(a)). The L¢ [87] of the GD samples ranged 4.43—-6.31 nm. This
was particularly manifest in the comparison between G-0 and GD-1. When the smallest
amount of NDs was added, the fraction of the random stacking structure increased
significantly from 75% to around 95% (Fig. 4.4 (f)), whereas L. rapidly fell from 9.50
to 6.31 nm. This indicates that NDs contribute to the size reduction of ordered structures
of stacked graphene, presumably due to their function as spacers between layers. By
dividing L¢ by doo2, the characteristic layer number of the GD samples was calculated
to be around 18 layers.
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Figure 4.7. (a) XRD patterns of the GD series samples and G-0. The 002 peaks of graphene are
observed at ~ 26°. (b) Fitting of the GD-1 002 peaks. Black open circles denote the measured

XRD patterns. Blue dashed-dotted curves denote the fitting curve with a single pseudo-Voigt
function [114]. Deconvolution of the 002 peaks of (¢) GD-2, (d) GD-3, (¢) GD-4, and (f) GD-

5 into two components. Black open circles denote the measured XRD patterns. Blue dashed-

dotted curves denote the first components originating from the stacked structure of graphene

possessing the same doo2 and Lc as GD-1, while the green dashed curves denote the second

components derived from the stacked structure of graphene possessing the same doo. as GD-1
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but smaller L. Red solid curves are the sum of the blue and green ones. The ratios of the first

component areas over the total peak area, Acp-1, are displayed [75].

The analysis method based on two components, distinguished by their
thicknesses, was applied for the XRD patterns of the GD series samples, except for GD-
1. After fitting, the area fraction of the first component, Agp-1, was obtained using the
ratio of the first component area to the total peak area. The fitting results are shown in
Fig. 4.7 (c-f). The first component fraction, Acp-1, decreased from 81% to 25%, for GD-
2 and GD-5, respectively. The change in L¢ of the second component and Agc-1 are
shown in Fig. 4.8 (a) and (b), respectively. This tendency indicates that by increasing
the ND concentration, the formation of the first component was restrained, while the
second component was enhanced.
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Figure 4.8 (a) L. of different ND concentration samples (Filled black squares, G-0, and GD
series samples). Blue open squares with dashed-dotted lines denote the L. of the first
components, while the green open circles with dashed lines denote the second components. (b)

Acp-1 plotted against the ND weight percentage. (¢) Residential error in XRD peak analysis of
69



samples with different spacer weight percentages of ND. Black-filled squares with solid lines
denote the residential error of one component fitting, while the red open circles with dash lines

denote the residential error of two components fitting [75].

The fitting results of XRD indicate that the process of the stacking order
change in the ND-incorporated samples can be understood similarly to the case of CNFs,
which was described in Section 4.3. In addition, compared with GC samples, GD ones
demonstrated a low Agp-1, indicating that GD possessed a higher efficiency in
restraining the formation of the first component. The reason for the decreased
restraining efficiency of CNF will be discussed in the following section.

It should be mentioned that XRD and Raman spectroscopy provides
information on different portion of samples. Since diffraction occurs only from periodic
structures of samples, XRD can evaluate crystalline structures but cannot detect un-
periodic structures, including amorphous structures and graphene separated by spacers.
On the other hand, Raman signals reflect whole portions of samples in each
measurement spot. Note that the smaller measurement area of Raman spectroscopy was
compensated by the measurement at multiple spots. We characterized the random
stacking ratio of whole samples by Raman spectroscopy and utilized XRD for the deep
analysis of relatively thick periodic portions of samples, including AB-stacked
graphene whose formation should be suppressed. This evaluation scheme is effective
for investigating the stacking order of bulk-scale graphene. Selected area electron
diffraction (SAED) provides direct information on the structure of turbostratic graphene,
such as twist angle [122]. However, SAED is not capable of measuring our sample, a
three-dimensional graphene sponge, since SAED can only be utilized for a thin sample.
We would prepare a graphene thin film with twisted stacking and adequate thickness
for SAED observation in future research.

4.5 Mechanism of stacking order change with nanospacers

By comparing G-0 with GC-1 and GD-1, this study found that L. decreased to
almost half after adding spacers. To find out in which process the change in stacking
happened, XRD measurements of the sponge samples were conducted before thermal
treatment (GO, GO/CNF, and GO/ND). Fig. 4.9 shows the XRD pattern observed from
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the sponge prepared by freeze-drying the dispersions of the GO, GO/CNF, and GO/ND,
in which the 002 peaks were located at 12.3°, 12.0°, and 11.1°, and their FWHM were
evaluated to be 0.75°, 0.75° and 0.63°. The 002 peaks from GO/CNF and GO/ND
shifted to lower angles, compared to that of GO. These shifts should be caused by the
difference in the pH values for the dispersions [123]. The pH values for the dispersions
of GO, GO/CNF, and GO/ND measured before freeze-drying were 2.6, 2.9, and 3.5.
The oxygen functional groups on the GO flakes showed increased repulsion due to a
negative charge with pH increasing [123], leading to the larger layer distance for a
higher pH value. The doo2 and L can be evaluated by applying Bragg's and Scherrer's
equations, (2.2) and (2.3), with the observed FWHM and 002 peak angles. Obtained
values of the doo2 for GO, GO/CNF, and GO/ND were 0.72, 0.74, and 0.80 nm, and
those of L¢ [87] were 10.55, 10.62, and 12.45 nm. The doo2 of the pre-thermal treatment
samples were larger than that of the corresponding ones with thermal treatment due to
the oxygen-containing groups in GO [124].

From doo2 and L., the characteristic layer numbers of these samples were
calculated as ~14, 15, and 16 layers, respectively. This indicates that the stacking
number of GO layers before the thermal treatment does not significantly differ even
after adding spacers. The layer number is comparable to that of the GC (~15) and GD
(~18) series samples but is about half of that of G-0 (~28). Thus, it can be inferred that
in the case without spacers, the layer number of stacked graphene increased during the
thermal treatment, probably due to the merge of the stacked GO units originally
separated by void gaps. In contrast, the layer number was preserved during the thermal
process in the case of the spacer addition. This represents the role of the spacers in
suppressing the graphene stacking during the thermal treatment by physically
separating the stacked GO units.
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Figure 4.9 XRD patterns of GO, GO/CNF, and GO/ND [75].
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SEM images of the GC-5, GC-3, GC-1, G-0, GD-5, GD-3, and GD-1showed
porous structures of graphene sponges (Fig. 4.10 and Fig. 4.11), confirming that freeze-
drying successfully formed a high surface-area structure preserved even after the
thermal treatments at high temperature. Particles of around 10 um in size were observed
on GC-5 and GC-3 (Fig. 4.10 (a-f)), while none were to be seen on GC-1, GD-5, GD-
3, GD-1, and G-0 (Fig. 4.10 (g-1) and Fig. 4.11 (a-i)). This indicates that part of the
CNF was aggregated into the particles in high concentration, obstructing it from playing
a spacer role in the GO composite. Thus, the CNF results in less contribution to the
stacking order reduction in the following process at high concentration. On the other
hand, no ND aggregate was observed, indicating that ND continued to work as a spacer
even in high concentrations.

Figure 4.10 SEM images of (a-c) GC-5, (d-f) GC-3, (g-i) GC-1, and (j-I) G-0 with different

magnifications [75].
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Figure 4.11 SEM images of (a-c) GD-5, (d-f) GD-3, and (g-i) GD-1 with different

magnifications [75].
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fraction T, and the first and the second component fractions versus the spacer concentration are
indicated at the top of the panel. The solid curve donates the L. The dotted curve donates the
random-stacking fraction. The dash-dot-dotted curve and dash-dotted curve donate the first-
and second component fractions, respectively. The mechanism diagram is located below the
curve graph. Itis divided into three stages from left to right: a graphene sponge without spacers,
one with a 0.01 wt% spacer concentration, and one with a higher spacer concentration,
respectively. Each stage is further divided into three steps of the sample preparation process
from top to bottom: (i) dispersion after mixing, (ii) the GO sponge after freeze-drying, and (iii)
the rGO sponge after the thermal treatment, respectively. For high spacer concentrations, the

CNF was aggregated, whereas the ND was not largely aggregated [75].

Based on the results and the above discussion, this study summarized the
stacking order reduction mechanism in multilayer graphene by inserting nanospacers
in Fig. 4.12. The change in stacking order is divided into three stages and three steps
depending on the concentration of spacers and the process. In the first stage (Fig. 4.12,
left), without adding any spaces at step (i), the pure graphene sponge showed a large L¢
of 9.50 nm and a relatively low T value of 75%. This was due to the further stacking of
the GO flakes, having about 15 layers at step (ii) that compose the GO sponge, into the
rGO, having about 28 layers, during the ultrahigh temperature process at step (iii). Thus,
the formation of AB stacking cannot be prevented in the internal region of thick
graphene, where ethanol-derived species [5, 54] cannot access, resulting in a relatively
low T value. In the second stage (Fig. 4.12, middle), a small amount of ND and CNF
was added as a spacer at step (i). Lc was reduced to 5.29 and 6.31 nm for CNF and ND,
respectively. This was because the added spacers prevented the stacking increase during
the thermal process of step (iii) and produced the first component, which is thinner than
the ones without spacers. This is also supported by the preservation of the characteristic
layer numbers before and after the thermal treatment for the spacer-inserted samples.
Due to the very thin layer (~15) of the first components, the ethanol-derived species
can access the surfaces of each graphene flake, resulting in the formation of random-
stacking graphene. Actually, according to the G'-band analysis on the Raman spectra,
the T value increased to 85% and 89% for CNF and ND, respectively. In the third stage
(Fig. 4.12, right), with the increase in spacer concentration at step (i), the T value did
not vary from that of the second stage and remained almost constant. However, L
gradually decreased at step (iii). The two-component analysis of XRD indicated that
the formation of the first component was restrained, while the second one began to form.
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The second component fraction was increased, resulting in the decrease of Lc. X. He,
et al. repaired the graphene layer structure with 6-nm-thickness by CHa in graphene
foam, and K. Kanishka, et al. proved that after ethanol-assisted thermo-treatment, the
turbostratic stacking fraction of rGO on substrates reduced to about 80% when the
thickness increased to 3.5 nm [125, 126]. Therefore, the accessible length for the
substrate-free sponges is approximately 6 nm. Accordingly, the T value for the GC and
GD samples did not change significantly, because the whole part of these samples, in
which the thickness of the first and second components is not more than 6 nm, is within
the accessible region for the ethanol-derived species.

4.6 Conclusion

The bulk-scale multilayer graphene sponge with ND or CNF spacers was
obtained by freeze-drying and an ethanol-associated thermal treatment. Raman
spectroscopy indicated a sudden increase in the random-stacking fraction by the
addition of the spacers. According to the XRD analysis, the composite GO/spacer
sponges before the thermal treatment possessed characteristic layer numbers
comparable to those of the composite rGO/spacer sponges after the treatment, while the
layer number of the pure rGO sponge was twice as large as that of the pure GO sponge.
As a result, the accessible region for the ethanol-derived species of multilayer graphene
increased after adding the spacers. Consequently, the random stacking fraction
increased compared to the pure rGO sponge. The two-component analysis of XRD
revealed that the graphene component with a smaller crystalline size was increased with
increasing the spacer concentration, indicating that spacers can restrain the formation
of the relatively thick component. Compared to the CNF-incorporated samples, the ND-
incorporated ones showed a lower fraction of the thick component, indicating the
effectiveness of ND as a spacer. Some particles were observed in the SEM image of the
sample with a high CNF concentration, indicating that CNFs agglomerated in a high
concentration and were unable to act as a spacer. The results proved that inserting
nanospacers, especially NDs with high concentrations, can effectively reduce the
stacking order in multilayer graphene. The controlled formation of 2D/1D and 2D/0D
mixed-dimensional heterostructures is expected to preserve the superior properties of
monolayer graphene in bulk scale, such as electric conductivity and flexibility, in bulk
scale. These practically-available properties will pave the way for macroscopic

75



applications, for example, electrode materials in battery [15, 16] and supercapacitor [17,
18], and piezoresistive sensor [13, 14] for wearable devices.
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Chapter 5: Performance enhancement of strain sensor

using graphene with nanospacer insertion

5.1 Background

Strain sensors are devices aiming to convert changes in length into resistance
signals [127], which are being explored in various potential applications, such as
automated logistics transportation [128], autonomous driving [129], and human motion
monitoring [130, 131]. The conventional strain sensors obtain resistance signals
through a mechanism that involves resistance increase achieved by reducing the cross-
sectional area of the internal metal wire when stretching. However, this mechanism
results in low sensitivity and insufficient operating range [132-134], making them
incapable of meeting the demands of the applications in the future. Researchers have
studied nanomaterials as strain sensor material [135], including graphene [136-138],
carbon black particles [139, 140], metal nanostructures [141, 142], and polymer
nanofibers [143]. Unlike the metal wire with low stretchability in conventional stain
sensors, nanomaterials offer high stretchability [144, 145] since they exist as individual
components which can be easily separated, addressing the issue of a narrow operating
range. Notably, graphene-based material [136-138] was supposed to be an ideal
candidate for strain sensors due to the excellent properties of monolayer graphene, such
as mechanical strength, surface area, and electric conductivity [6].

However, the recently reported graphene-based strain sensors suffer from
some issues, including low linearity [146, 147], large hysteresis [148], and high initial
resistance [149, 150], which restrict their practical application [151]. These issues arise
due to the requirement of bulk-scale graphene in the fabrication of strain sensors.
Typically bulk-scale graphene is produced through the reduction of graphene oxide
(GO), where reducing chemical agents or hydrothermal treatment in an autoclave was
employed. The graphene fabrication by chemical reduction of GO introduces the
inevitable problems of the high defect density and functional group remaining on the
prepared reduced GO (rGO)[45], which can result in the mentioned issues. The low
linearity, the most serious issue, should be attributed to the remaining functional groups
[147, 151], because they provide undesirable cross-linking between rGO flakes [152].
The sensor response is evaluated by variation of electrical resistance for rGO samples
and is dominated by the contact area between the rGO flakes in the sensor device. The
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cross-linking should cause non-linear deformation of rGO flakes on the strain sensor
operation, leading to poor linearity in the sensor response of the relation between the
resistance and device length. The large hysteresis, the second serious issue, should be
due to the low mechanical strength, originating from the high defect density in the rGO
[4, 6]. The low mechanical strength of rGO flakes leads to inefficient stress
transmission on rGO flakes [132, 153]. This deviation from elastic deformation causes
fluctuations in the contact area between rGO flakes during strain sensor operation.
Accordingly, the resistance incompletely responds to deformation, and larger hysteresis
should be observed from strain sensors with rGO with low crystallinity. The high initial
resistance, the third serious issue, is also caused by the high defect density of rGO [154,
155], which is the resistance of strain sensor without deformation. Therefore, a higher
applied voltage is required for strain sensing, as strain sensors are typically read by
measuring the current at a constant voltage. Accordingly, the issues of low linearity,
large hysteresis, and high initial resistance can be solved by utilizing highly crystalline
rGO with low defect density and a reduced number of functional groups. Bulk-scale
rGO with high crystallinity can be obtained through our previous study [5, 75],
including freeze-drying and ethanol-associated ultra-high temperature process.
Additionally, the random-stacking structure of rGO can also be achieved and is
expected to exhibit high conductivity due to reduced interaction between rGO layers
compared with AB-stacked graphene [55, 109]. It has been proved that the randomly
stacked structure of rGO can achieve excellent properties similar to those of monolayer
graphene, surpassing those of the AB-stacked structure [55, 109].

Moreover, we propose a novel strategy to further enhance the sensitivity.
Compared to conventional metal-based strain sensors, rGO exists as individual flakes
in graphene-based strain sensors, which can effectively separate by stretching operation.
To further reduce the interaction between rGO flakes and enhance the sensor sensitivity,
nano-diamonds (NDs) were added as a nanospacer between rGO flakes to physically
prevent stacking and effectively separate the rGO flakes during the sensor operation.
The ND is made up of an inner layer of a cubic diamond crystal (sp*-hybridization) and
a surface layer of oxygen-containing groups [73, 74]. Notably, while graphene is a two-
dimensional (2D) material, ND is a zero-dimension (0D) material. The ND is
transformed into carbon nano-onion (CNO) [76] by thermal treatment at more than
1000 °C, which can facilitate the separation of rGO flakes [156, 157]. It should be noted
that the CNO can form a conductive path for current in sensor devices since it is
composed of sp?-hybridization and is highly conductive [158]. This combination of
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graphene and the ND forms resilient 2D/OD mixed-dimensional heterostructures,
effectively reducing the contact area between rGO flakes and yielding a higher
resistance difference during sensor operation. Accordingly, the composite of rGO with
ND as nanospacer was examined in this study for promising material to enhance the
sensitivity of strain sensors.

In this study, to achieve low linearity, large hysteresis, and high initial
resistance in graphene-based strain sensor, we used the freeze-drying and the ethanol-
associated ultra-high temperature process to improve the crystallinity of rGO.
Moreover, to ameliorate the sensitivity of the strain sensor, we investigated the effect
of ND addition on reducing the interaction between rGO flakes. Also, we constructed
a model to understand the unexpected trends of the resistance of strain sensors with
increasing ND concentration. The strain sensor possessing high linearity, high
sensitivity, and low initial resistance will pave the way for utilization, such as human
motion detection and automated logistics transportation.

5.2 Experiment design

Fig. 5.1 shows the fabrication process of strain sensors from rGO. GO
dispersion (1 wt%) was prepared using a modified Hummers' method [77]. The size of
the GO flakes was measured to be approximately 10 um by optical microscopy. The
NDs were prepared using the detonation method, which had an average diameter of 5
nm by atomic force microscopy. The water dispersion of NDs with 1 wt% was applied
as received from Nippon Kayaku Co. The sponges of GO and GO/ND were prepared
by blending and freeze-drying as stated in our former research [75].
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Figure 5.1 Process of rGO strain sensor preparation.

The GO and composite sponges were reduced and repaired under ultra-high
temperature conditions with pure Ar or ethanol/Ar [5, 75]. We used a tubular electric
furnace (HT1500-50-32P, HEAT TECH Co.) to conduct the ultra-high temperature
process at 1000 °C or 1500 °C, with a vacuum pump keeping the chamber at low
pressure. The rGO sample was prepared from GO sponge without ND under the
condition of pure Ar at 1000 °C and with ethanol/Ar at 1500 °C, named as G-1000Ar
and G-0, respectively. The GO/ND sponge samples were treated at 1500 °C with
ethanol/Ar, and are named as GD-1, GD-2, GD-3, GD-4, and GD-5 according to the
concentration of mixed ND for 0.01 wt%, 0.02 wt%, 0.05 wt%, 0.1 wt%, and 0.2 wt%,
respectively. The series of the samples is also called GDs.

To prepare a strain sensor, the obtained G-1000Ar, G-0, and GDs sponges were
cut into 5 mm x5 mm x5 mm cubes. The dimethylsiloxane was mixed with the initiator.
This mixture was poured into the mold and heated at 80 °C for 7 min, and the partially
polymerized polydimethylsiloxane (PDMS) film was obtained with about 35 mm x25
mm %2 mm. The cut sponge(G-1000Ar, G-0, or GDs), silver paste, and copper wire
were placed on the PDMS film, and covered with another PDMS film, as shown in Fig.
5.1. By applying pressure and further heat treatment (66 kPa and 80 °C for 10 min),
strain sensors were obtained to be ready for the operation.

Raman spectra were obtained by LabRAM HR-800 UV (Horiba Jobin Yvon)
with a 532 nm wavelength for the excitation laser, | mW power, and ~0.7 um of spot
size. All the Raman results are obtained by averaging the data measured from 20
random spots. The sensor performance was tested with a lab-made measuring device,
as shown in Fig. 2.14 (a). The device consisted of two parts: the sensor operation part
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and the resistance measurement part. The sensor operation part consisted mainly of a
stepping motor and its control unit, while the resistance measurement part was
implemented by a DC voltage-current source/monitor (ADC 6241A). The contact
resistance was evaluated by comparing the initial resistance of GDs obtained using both
the two-wire and four-wire methods, as well as the comparison of sensor performance
of G-0 evaluated separately using both methods, as shown in Fig. 2.14 (b) and (c). It
should be noted that the two-wire method was exclusively used for this evaluation,
whereas the four-wire method was employed for all other samples to ensure accurate
measurements by minimizing the influence of contact resistance between the wires and
the strain sensor. Measured parameters to evaluate the sensor performance are denoted
as follows. Lo and Ro are the initial length and resistance of a sponge sample without
deformation, and AL and AR are the difference of the length and the resistance between
initial and operating conditions, respectively. AL/Lo and AR/Ro are the relative variation
of length and resistance and were utilized for the evaluation of the sensor performance.
Before the stretching process, Ro was measured. In the stretching process, the sample
was stretched up to 40% of AL/Lo. The stretching process had five steps. Each step
consists of 8% stretching in length (AL/Lo), pausing for 2 s to stabilize possible delay
of the deformation, and measurement of the resistance for strain sensing. After five
steps of the stretching processes were completed, the sensor was operated to reverse
direction for releasing the strain with the same step interval as the stretching process.
The resistance at each step in the releasing process was measured and compared with
the resistance for the stretching process to evaluate the hysteresis in the sensor operation.
Thus, AR of each step can be obtained, and the ARmax Was measured at the maximum
of the AL/Lo (40%). The stretching and releasing processes were repeated ten times to
obtain the averaged AR/Ro. In this study, the sensitivity of the strain sensor is evaluated
by GF, which is defined as GF = (AR/Ro)/(AL/Lo). The linearity is obtained by the
adjusted coefficient of determination of the linear regression of GF. The adjusted
coefficient of determination is a statistical metric used to evaluate the accuracy of a
model. In the strain sensor operation, the proportional relationship between AR/Ro and
AL/Lg indicates the sensor response with high linearity, which corresponds to improved
accuracy of the measured value.
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5.3 Result and discussion
5.3.1 Sensor performance impacted by the crystallinity of reduced graphene oxide

To confirm the impact of rGO crystallinity on sensor performance, rGO
samples of G-1000Ar and G-0 prepared by the thermal process at 1000 °C and 1500 °C
were examined. No spacer material was incorporated in these samples for simplicity.
The Raman spectra of G-0[75] and G-1000Ar had been measured for the evaluation of
crystallinity, as indicated in Fig. 5.2 (a). The intensity ratio of the D-band to the G-band
I(D)/1(G) corresponded to the defect density in graphene [97]. Fig. 5.2 (b) and (c)
showed the observed sensor response from these samples, and the Ro and the analyzed
GF were plotted in Fig. 5.2 (d).
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Figure 5.2 (a) Raman spectra of G-1000Ar and G-0. Sensor operation of (b) G-1000Ar and (c)
G-0 during the sensor operation process. (d) RO and GF of G-1000Ar and G-0.

Much lower 1(D)/1(G) was observed from G-0 compared with G-1000Ar,
indicating a lower defect density of G-0, where stronger mechanical strength should be
expected due to high crystallinity. The D’-band observed at 1620 cm™ for G-1000Ar
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also indicates a high defect density [159]. As for the linearity of the sensor response,
both G-0 and G-1000Ar were observed to exhibit higher linearity compared with the
previous reports [148]. This response preferable for sensor operation might be
originated from the thermal process at high temperature, which causes the improved
crystallinity and the removal of the functional groups, resulting in the reduction of
cross-linking between rGO layers. Relatively small hysteresis was observed from both
G-1000Ar and G-0, as seen in Fig. 5.2 (b) and (c). A closer inspection of the differences
revealed that G-1000Ar showed slightly larger hysteresis than that of G-0. This might
be due to the decreased mechanical strength [4, 6] caused by the lower crystallinity for
G-1000Ar, which shows higher I(D)/I(G) in the Raman spectrum. The rGO flakes with
higher defect density could not perfectly follow the strain during the sensor operation
because of the unstable connection of rGO layers. Hence, slight hysteresis of the
resistance was observed from G-1000Ar. On the other hand, G-0 exhibited higher
crystallinity due to the ethanol-associated ultra-high temperature process and is
expected to provide higher mechanical strength. Accordingly, the rGO flakes with
lower defect density could be deformed elastically, and the connection of the rGO flake
should be stable and similar for the stretching and releasing operation of the sensor.
Hence, smaller hysteresis of the resistance was observed from G-0. Higher crystallinity
also affected the initial resistance Ro significantly. As shown in Fig. 5.2 (d), Ro
decreased from 7.70 Q for G-1000Ar to 2.25 Q for G-0, indicating improved
conductance of rGO with lower defect density. The sensitivity of the strain sensor was
evaluated by GF, which was obtained by the analysis of AR/Ro and AL/Lg. Contrary to
expectation, as shown in Fig. 5.2 (d), the GF of G-0 was a similar value (~3.7) to that
of G-1000Ar in spite of the large difference of their crystallinity and significant
decrease of Ro for G-0. This unexpected result might be caused by coordinated variation
of AR and Ro, suggesting that the AR should be enlarged for achieving higher sensitivity.

As achieved for G-0, better linearity, smaller hysteresis, and lower Ro will be
expected for samples with higher crystallinity. Therefore, the condition of 1500 °C and
Ar/ethanol gas was employed in the following study. In order to enhance AR during
sensor operation and the sensitivity (GF), we attempted to improve the separation of
rGO flakes by reducing their interaction with the addition of ND.
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5.3.2 Sensor performances change with different ND concentrations

Composite of rGO and various concentrations of ND was fabricated in the
sponge form and was used for sensor operation after structural analysis by Raman
spectroscopy. The Raman spectra and their 1(D)/1(G) analysis for G-0 and GDs samples
were already reported in our former work [75] and were shown again as Fig 5.3 (a) and
(b). The Raman result showed that the I(D)/I(G) ratios of the GDs samples ranged
between 0.42-0.65, which were close to that of G-0 and lower than that of G-1000Ar.
This means that the defect density of GDs and G-0 are quite comparable. The
relationship between AR/Ro and AL/Lo evaluated during the sensor operation was
indicated in Fig. 3 (c-g) for from GD-1 to GD-5, respectively. As indicated in Fig. 5.3
(h), the Ro values from G-0 and GDs were almost constant and did not virtually depend
on the ND concentration, ranging between 2.23-3.02 Q. On the other hand, the ARmax
increased from 2.75 to 7.37 Q by adding a relatively lower concentration of ND (0.01—
0.02 wt%), and then decreased to about 3.47 Q by adding a relatively higher
concentration of ND more than 0.02 wt%. The dependence of the linearity and GF on
ND concentration were plotted in Fig. 5.3 (i), where high linearity ranging mostly
between 0.92 to 0.98 was observed for G-0 and GDs. The hysteresis for AR/Ro—AL/Lo
relationship in stretching and releasing operation was negligibly small for GDs,
indicating that structural deformation by the stretching and releasing process should be
very stable. Unusual behavior of GF was observed for the increase of ND concentration.
The GF suddenly increased from 3.8 (G-0) to 6.6 (GD-1) by adding a small amount of
ND. The increase of GF, however, became maximum at 0.01 wt% of ND (GD-1), and
the GF gradually decreased to 4.4 by adding a higher concentration of ND. As
summarized in Fig. 5.3 (j), the sensor performance obtained from GD-1 surpassed that
of the reported value in previous studies.
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Figure 5.3 (a) Raman spectra of GDs and G-0. (b) I(D)/I(G) ratio of G-1000Ar, G-0, and GDs.
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Sensor operation of (¢) GD-1, (d) GD-2, (e) GD-3, (f) GD-4, and (g) GD-5 during the stretching
and releasing process. (h) Ro and AR against spacer concentration. (i) GF and linearity against
spacer concentration. (j) Other previous studies of linearity and sensitivity on graphene-based
strain sensors [139, 160-166].

5.3.3 Mechanism of sensor performances change

For the sensor performances with different ND concentrations, the Ro showed
similar values regardless of ND addition, while the ARmax first reached the peak after
adding ND and subsequently decreased with increasing ND concentration (Fig. 5.3 (h)).
To understand the trends of the Ro and the ARmax Observed in our experiment, we
constructed a model that simplifies the structure of the rGO sponge. In this model, the
resistance of the rGO sponge was considered as the combined resistance of identical
unit components that were connected in series and parallel, as shown in Fig. 5.4 (a).
We define a pair of multilayer rGO flakes as the unit component of G-0, as shown in
Fig. 5.4 (b), and that of GDs will be explained later. This model was based on the
assumptions that the sponge was homogenously composed of numerous rGO flakes and
that the change in the resistance of the sponge at stretching was determined only by the
change in contact resistance between rGO flakes, while the resistance of a single rGO
flake remained constant. We employ the intrinsic resistance of a single rGO flake (Ri),
the contact resistance between two rGO flakes at releasing (Rc), and the difference in
the contact resistance at stretching (ARc). The resistances of G-0 and GDs were denoted
with suffixes, such as Ri(G-0) and Ri(GD). The Rj is determined by resistivity, cross-
sectional area, and length of rGO flakes. As we assumed that the rGO flakes possessed
the same resistivity and flake size, the Ri depends only on the rGO flake thickness. In
our previous work,[75] the rGO flake thickness of G-0 is evaluated to be twice that of
GDs (~10 nm and ~5 nm, respectively), suggesting that 2Ri(G-0) = Ri(GD). Meanwhile,
the R is determined by the contact area between two rGO flakes. The resistance of the
unit component of G-0 at the initial state is 2Ri(G-0)+R¢(G-0) (Fig. 5.4 (b)). Because
the total amount of rGO was the same for G-0 and GDs and the thickness was half for
GDs, the number of rGO flakes in GDs was twice that of G-0. Thus, we defined two
pairs of rGO flakes connected in parallel as the unit component of GDs, as shown in
Fig. 5.4 (c), so that the numbers of unit components were the same for G-0 and GDs.
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Accordingly, the resistance of the unit component of GDs at the initial state is expressed

as (2Ri(GD)+R«(GD))/2.
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the strain sensors during stretching and releasing, Lo and Lo+AL, respectively, were shown on
the left side.

Based on the model, we explained the experimental result that the Ro exhibited
a similar value in G-0 and GDs. Because the rGO sponges, G-0 and GDs, were
isotopically composed of the same number of each unit component, their resistances Ro
were proportional to the resistances of the corresponding unit components. From the
definitions of the unit components and the relation of Ri(G-0) and Ri(GD) as discussed
above, the resistances of the unit components of G-0 and GDs can be expressed as
2Ri(G-0)+R(G-0) and 2Ri(G-0)+Rc(GD)/2, respectively. Moreover, regarding Rc, our
previous study [167] has revealed that the non-contact area and contact area of rGO
flakes possess similar sheet resistance, which is consistent with other studies [168, 169].
This indicates that the Rc was much smaller than the Ri for the rGO flakes with high
crystallinity and that the contribution of the R to the Ro was negligibly small compared
with that of the Ri. Consequently, the Ro of both G-0 and GDs was approximated as
2Ri(G-0), which can explain the comparable values of the Ro for G-0 and GDs.

We then discussed the variation of ARmax With the ND concentration based on
the model. The resistance of the unit component of G-0 at stretching is expressed as
2Ri(G-0)+R(G-0)+ARc(G-0), as shown in Fig. 5.4 (d). Considering the change from the
released state to the stretched state, ARmax(G-0) was proportional to AR¢c.0) at the
highest strain (length was LotAL). Similarly, ARmax(GD) was proportional to
ARc(GD)/2. Thus, the AR with different ND concentration should be considered for
explaining the trend of ARmax. In our experiment, the ARmax firstly reached a peak at a
low spacer concentration, and then it decreased with further increasing spacer
concentration (Fig. 5.3 (h)). Thus, the variation of ARmax Was divided into three stages
depending on the ND concentration, as shown in Fig. 5.4 (e). In stage I, the AR of the
pure rGO sample (G-0) indicated a certain positive value because of the decreased
contact area for the separation of the rGO flakes during stretching. In stage 11, by adding
a small amount of ND (GD-1 and GD-2), much higher AR was obtained after stretching
than that of stage I. The steeper decrease in the contact area of the rGO flakes in GDs,
than that of G-0, was attributed to the annealed ND, which can facilitate the separation
of rGO flakes [156, 157]. Thus, the sample of stage II achieved the highest AR and,
accordingly, the highest ARmax because of the low contact area and the least conductive
path of annealed ND compared to those of other samples. In stage III, the AR decreased
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with further increasing the ND concentration. From the diameter of the annealed ND
and the thickness of the rGO flakes, we calculated the occupation of the projected area
of annealed ND on the rGO flake to be about 23% in GD-5, as shown in Appendix A.
The high occupation of the projected area by annealed ND (CNO), which was
electrically conductive, can provide additional conductive paths, even between
separated rGO flakes during stretching. This brought about decreases in AR and then
in ARmax in stage III. Consequently, the ARmax reached a peak at a low spacer
concentration and decreased when the spacer concentration was further increased.

5.4 Conclusion

In this study, high linearity, small hysteresis, and low Ro were achieved in the
rGO strain sensor, by realizing the high crystallinity in the rGO sponge via ethanol-
associated ultra-high temperature process. The Ro decreased from 7.7 Q to 2.25 Q for
the increase in the crystallinity. Then, the sensitivity of the strain sensor was further
improved by the addition of ND, because the annealed ND can facilitate the separation
of rGO flakes during stretching. After adding ND, the GF first increased from 3.7 (G-
0) to 6.6 (GD-1), but it decreased to 4.4 (GD-5) for a further increase in ND
concentration. The behavior of ARmax and Ro of G-0 and GDs were understood by
analyzing the R; and the Rc under stretching or releasing based on the structural model.
Accordingly, by increasing the crystallinity and adding a low concentration of ND, the
strain sensor can achieve high linearity, small hysteresis, and low Ro, as well as
improved GF, making it a promising candidate for future applications, such as human
motion detection and automated logistics transportation.
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Appendix A: The occupation of the projected area of annealed ND on the rGO
flake

5nm

Figure 5.6 (a) The occupation of the projected area of annealed ND on the 5-nm-thickness rGO

flake of GD-5. (b) The assumption of ND possessed a square lattice arrangement.

The GD-5 sample was prepared by incorporating 0.8 wt% of GO, 0.2 wt% ND,
and 99% water. For a 1-cm® sponge, the mass of ND was 0.002 g, and the mass of GO
was 0.008 g. Considering the respective densities of GO and ND, which are 0.00216
g/mm? and 0.00352 g/mm?, the volumes of GO and ND (V(GO) and V(ND)) can be
calculated as follows:

V(GO) = 0.008/0.00216 = 3.70 mm® = 3.7 x 10% nm3 (5.1)
V(ND) = 0.002/0.00352 = 0.568 mm? = 0.568 x 10% nm? (5.2)

For a single ND particle with a diameter of 5 nm, which was observed by atomic force
microscope, its volume (V(1-ND)) can be determined using the formula for the volume
of a sphere:

V(1-ND) = 4/3 x 3.14 x 2.53 = 65.4 nm? (5.3)

By dividing the V(ND) by the V(1-ND), the number of ND particles (n(ND)) in the
sample can be calculated:

n(ND) = 0.568 x 10% nm?/ 65.4 nm® = 8.69 x 10% (5.4)

Next, the size of graphene, s(GO), with a thickness of 5 nm can be determined by
dividing V(GO) by the thickness, as shown in Fig. 5.6 (a):
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$(GO) =3.70 x 10%* nm3/ 5 nm = 7.41 x 10% nm? (5.5)

To calculate the area of graphene that accommodates a single ND particle, A(ND), the
s(GO) is divided by the n(ND):

A(ND) = 7.41 x 10% nm?/ 8.69 x 103 = 85.3 nm? (5.6)

Furthermore, assuming that the ND possessed a square lattice arrangement, the distance
between two ND particles, d(ND), can be obtained by taking the square root of the
A(ND), as shown in Fig. 5.6 (b):

d(ND) =(85.3 nm?) = 9.23 nm (5.7)

Similarly, the d(ND) and the occupation of the projected area of annealed ND on the
rGO flake for GD-1, GD-2, GD-3, GD-4, and GD-5 can be obtained. The d(ND) was
41.3, 29.2, 18.5, 13.1, and 9.23 nm, while the occupation of the projected area of
annealed ND was 1.2, 2.3, 5.7, 11.4, and 23.0% for GD-1, GD-2, GD-3, GD-4, and
GD-5, respectively. Accordingly, the occupation of the projected area of annealed ND
on the rGO flake was obtained.
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Chapter 6 Conclusion

To fully utilize the high performance of graphene in macroscopic devices, it is
necessary to form randomly stacked graphene instead of AB-stacked graphene in bulk
scale. This is because the strong interlayer interaction of AB-stacked graphene can
degrade the superior properties of monolayer graphene. However, conventional
methods to obtain bulk-scale graphene suffer from a low crystallinity and/or the
formation of a thermodynamically stable AB-stacked structure. To address this problem,
the freeze-drying and ethanol-associated ultrahigh temperature processes were
employed in this dissertation. Moreover, to further improve the randomly stacking
fraction, CNF and ND played the nanospacer role in restraining the stacking during the
ultrahigh temperature process. Lastly, the rGO and the rGO/ND sponge were employed
as strain sensors to overcome the limitations of sensitivity (about 2) and strain test range
(about 5%) of conventional sensors.

In chapter 3 of this dissertation, by freeze-drying of GO dispersion and an
ethanol-associated reduction at ultrahigh temperature, a graphene sponge with a high
random-stacking fraction for both surface and internal areas was realized. This feature
is in sharp contrast to GO aggregate samples, where the formation of AB stacking
cannot be suppressed in the internal area. The high random-stacking fraction in internal
regions is attributed to the increased accessible area of the porous graphene sponge for
ethanol-derived species. We optimized the reduction conditions and confirmed that the
strong and sharp G'’-band from graphene sponge is reduced at 1500 °C, which is
indicative of a weak interlayer interaction. Additionally, CNF was introduced as a
spacer into a GO sponge to separate the graphene layers and to avoid direct stacking.
The blending of CNF with the GO dispersion further reduces the AB-stacked fraction.
Although there is still room to improve mixing to achieve a higher 1(G")/1(G) ratio and
homogeneity, the proposed scheme prevents strong interlayer stacking in bulk-scale
graphene. Consequently, it should realize the scalable production of high-performance
bulk-scale graphene in which the superior properties of single-layer graphene are
effectively preserved.

Chapter 4 began with the bulk-scale multilayer graphene sponge with ND or
CNF spacers prepared by freeze-drying and an ethanol-associated thermal treatment.
Raman spectroscopy indicated a sudden increase in the random-stacking fraction by the
addition of the spacers. According to the XRD analysis, the composite GO/spacer
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sponges before the thermal treatment possessed characteristic layer numbers
comparable to those of the composite rGO/spacer sponges after the treatment, while the
layer number of the pure rGO sponge was twice as large as that of the pure GO sponge.
As a result, the accessible region for the ethanol-derived species of multilayer graphene
increased after adding the spacers. Consequently, the random stacking fraction
increased compared to the pure rGO sponge. The two-component analysis of XRD
revealed that the graphene component with a smaller crystalline size was increased with
increasing the spacer concentration, indicating that spacers can restrain the formation
of the relatively thick component. Compared to the CNF-incorporated samples, the ND-
incorporated ones showed a lower fraction of the thick component, indicating the
effectiveness of ND as a spacer. Some particles were observed in the SEM image of the
sample with a high CNF concentration, indicating that CNFs agglomerated in a high
concentration and were unable to act as a spacer. The results proved that inserting
nanospacers, especially NDs with high concentrations, can effectively reduce the
stacking order in multilayer graphene. The controlled formation of 2D/1D and 2D/0D
mixed-dimensional heterostructures is expected to preserve the superior properties of
monolayer graphene in bulk scale, such as electric conductivity and flexibility, in bulk
scale.

In chapter 5, high linearity, small hysteresis, and low Ro were achieved in the
rGO strain sensor, by realizing the high crystallinity in the rGO sponge via the ethanol-
associated ultra-high temperature process. The Ro decreased from 7.7 Q to 2.25 Q for
the increase in the crystallinity. Then, the sensitivity of the strain sensor was further
improved by the addition of ND, because the annealed ND can facilitate the separation
of rGO flakes during stretching. After adding ND, the GF first increased from 3.7 (G-
0) to 6.6 (GD-1), but it decreased to 4.4 (GD-5) for a further increase in ND
concentration. The behavior of ARmax and Ro of G-0 and GDs were understood by
analyzing the R; and the Rc under stretching or releasing based on the structural model.
Accordingly, by increasing the crystallinity and adding a low concentration of ND, the
strain sensor can achieve high linearity, small hysteresis, and low Ro, as well as
improved GF, making it a promising candidate for future applications, such as human
motion detection and automated logistics transportation.

By using the mentioned procedure, this study achieved the production of bulk-
scale graphene with high crystallinity and a high randomly stacking ratio. Therefore,
the obtained graphene is expected to possess excellent electrical and mechanical
properties. In addition to the bulk-scale production of this rGO, the potential will be
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increasingly explored, particularly in batteries, supercapacitors, conductive ink,
shielding effect, organic contaminant removal, and so on.
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