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Abstract

The discovery of new form of low-dimension carbon materials (graphene, carbon nanotube)
with exceptional electrical properties, such as high conductivity and high charge mobility, has
revolutionized the electronics industry by dramatically expanding the potential applications of
these types of materials. Graphene and carbon nanotube (CNT) have high electrical
conductivity in the case of a single layer/wall. However, when they were used in material that
has an applying physical force, the conductivity get drastically decreased. Although, the
carbonaceous material still has low conductivity when compared to the other electrical
conductors. Thus, the rational design and development of new form of carbon material with
high performance are still challenging.

At the molecular scale, there is a possibly new form of nitrogen in carbon framework, the
cationic nitrogen (N), which is not much concentrated in the literature. The cationic nitrogen-
doped carbon (CN—C) can maintain planarity and crystalline is manifested. The carbon atom
has 4 valence electrons which are generally arranged in a planar hexagonal structure with sp’
hybridization. However, that sp> cannot maintain planarity when a heteroatom, such as nitrogen
atom which has five valence electrons, was introduced to carbon plane. To avoid this, it requires
a species with 4 valence electrons, for examples, cationic nitrogen (N*) and anionic boron (B"),
doped to carbon plane to maintain planarity with good crystallinity.

Solution plasma (SP) is an experimental tool successfully developed by our group. SP is a
cold plasma in a gas at atmospheric pressure, outcoming from the liquid that surrounds the
discharge. SP process provides a synthesis of nanocarbon and hetero-nanocarbon materials via
the CH activation. For example, the nitrogen-doped carbon can be easily obtained by the SP

produced in nitrogen-containing organic solvent. However, the synthesis of CN—C has not been




reported. In this context, we investigated methods to synthesize CN-C without thermal

treatment in order to develop high-performance carbon with high electrical properties using SP.

Chapter 2, cationic nitrogen-containing functional groups functionalized few-layer graphene
sheets (f-FLG) were synthesized through a new method called SP in an ionic liquid, from
graphite at ambient temperature and atmospheric pressure. Graphene sheets synthesis is now
challenging in material science field which trendy need a new, fast and simple way. In this paper
we are presenting an alternative method with those challenges by using graphite submerges in
an ionic liquid then discharging with a bi-polar pulse. CN-functionalized graphene sheets were
then obtained. With this method, the graphite was peeled into graphene sheets simultaneously
cooperated with CN-functionalization. The nitrogen content was found to be 7.7 at%. The
structural properties and nitrogen content of synthesized sample was then confirmed by
characterizations of X-ray diffraction (XRD), Raman spectroscopy, Transmission Electron
Microscopy (TEM), Field emission scanning electron microscopy (FE-SEM), Fourier

transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS).

Chapter 3, reveals that cationic nitrogen-doped graphene (CN-G) was successfully
synthesized at the high-repetition frequency with mixture of ionic liquid (IL) / organic solution
(OS) as precursor for carbon and nitrogen source. Furthermore, the few-layer structure was
confirmed by the 2D band in the Raman spectrum, as well as the morphological images from
TEM. XPS analysis confirmed that the synthesized few-layer graphene including 13.4 at%
nitrogen where the nitrogen atoms were introduced at the edge or defect site of graphene sheet
at the same time that graphene sheets were synthesized by SP. Electrical measurements
indicated that CN—G exhibits p-type semiconducting behavior, indicating that the alternative

doping can effectively control the electrical properties of graphene. Our discovery will provide




a new experimental example of CN-G and promote research and application of CN-G.

Chapter 4, CN-C and CN-C wrapping single-wall carbon nanotubes (CN-C@SWCNT)
were synthesized using SP which was done at ambient temperature and atmospheric pressure,
in the gas resulted from the surrounding liquid. Reactive species produced from SP results in
the formation of cationic-doped nitrogen entirely wrapping over SWCNT. The evidence of
cationic nitrogen was confirmed by Raman spectroscopy, electron diffraction (ED), and XPS.
Characterization of CN—C@SWCNT shows a high electric conductivity and uniform wrapping
of CN—C on SWCNT. CN-C@SWCNT synthesized by SP has high electrical conductivity of
120 S ecm™!, which is exhibits p-type semiconducting behavior with high carrier concentration
of 4.6 x 10* cm™. The high electrical conductivity is due to nitrogen cationic from CN-C
material wrapping the surface of SWCNT and SWCNT acting as conductive bridges among

CN-C domains.

In this study, SP successfully synthesized a new carbonaceous material with outstandingly
high electrical properties. These high electrical properties were attributed by synergistic effect
by maintaining planarity and crystallinity via doping cationic nitrogen on CN—C materials. The
cationic nitrogen atom on basal plane contributed an increasing in electrical conductivity which
is beneficial for electrochemical devices, such as capacitors, solar cells, lithium-based batteries
and the next-generation batteries that needed to be placed on the electrode side with high
electrical conductivity. To accomplish these tasks, we design a new carbon material containing

cationic nitrogen via SP.
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Chapter 1 — General introduction

1.1. Low-dimensional carbon materials

In 1985, Fullerene, a carbon in form of a soccer ball combined with 60 carbon atoms, was
first discovered. Then the carbon nanotubes (CNTs) was produced by Professor lijima of Japan
in 1991, followed by researchers from the UK, Geim and Novoselov, who succeeded in
obtaining graphene from graphite using scotch tape and won the Nobel Prize. In recent decades,
many studies on carbon allotropes have been very active. The allotropic forms of carbon were
shown in Figure 1.1. Graphene has been attracting much attention, and also carbon nanotubes,
because of their excellent electrical, physical and thermal properties.'

Graphene was defined by the word “graphite” and the suffix “ene” which indicates the
chemical bonding state of carbon atoms, and is named graphene.’ In other words, graphene is
a sheet of graphite in a pencil lead that was thinly peeled with a layer thickness of 0.2 nm.
Graphene has very good electrical, mechanical, thermal and optical properties. It has a charge
mobility up to 100 times greater than silicon and an allowable current density up to 100 times
higher than copper. It also has the highest thermal conductivity among carbon materials.*” In
addition, chemical functionalization is possible, thus controlling the chemical properties can be
done and can be applied to various materials. Moreover, it has greater transparency and
flexibility than the conventional indium tin oxide (ITO), which is used as a transparent electrode
material, and is attracting attention as a new material to change the paradigm of existing
semiconductor and display information technology.®’

There are many ways to make graphene with such excellent properties, but there are two
major ways called Top-down method, for producing graphene from graphite, and bottom-up

method for chemically synthesizing graphene from carbon source.
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Figure 1.1. Allotropes of carbon; fullerene, carbon nanotubes graphene and graphite.

1.2 Graphene production method
There are two main methods of manufacturing graphene. The first is a top-down method for
producing graphene from graphite, and the second is a bottom-up method for chemically

synthesizing graphene from a carbon source (Figure 1.2).

1.2.1 Top-down Methods

The mechanical exfoliation is a method that mechanically separate graphene from graphite
by using the adhesive force of scotch tape.®” Graphite / Graphite intercalation compounds can
be dispersed in solution through oxidation to graphite oxide. Then graphite oxide was exfoliated
by ultrasonication to form graphene oxide (GO) and then was reduced to form reduced graphene
oxide (rGO) which has lower electrical conductivity than graphite oxide.

Graphene, obtained by peeling of graphite, has an excellent crystallinity and also high
conductivity, few defects and low production efficiency. This is not good enough in practical
applications. Moreover, there is a possibility of contamination with organic impurities, and it is
difficult to control the number of graphene layers. The GO and rGO are generally prepared by
the Hummer’s method, which oxidizes graphite to graphene. This method produces multi-layer

graphene of several hundred nanometers to micrometers in size. Graphene flakes, which can
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produce large quantities at low cost, can be applied to fillers, coatings, conductive inks and
energy storage devices which is not necessary to be high purity. Thus, flake-type graphenes
which have different sizes and contaminations are not suitable for applications in transparent

flexible electrodes.

- Mechanical peeling from graphite -

The commonly known scotch tape peeling method was invented by Novoselov and Geim
professor in 2004. It separates graphene from graphite stacks by using adhesive force of tape.’
When you first remove the tape, the several layers of graphene sheet will come off. In order to
obtain a few amounts of single-layered and double-layered graphene, it is necessary to repeat
the operation of peeling off the tape. Then graphene is transferred to the desired target substrate

and can be obtained by removing the adhesive component using a solvent such as acetone.

- Chemical exfoliation method -

The chemical exfoliation method is a separation of graphene layers by oxidizing graphite
with strong acid.'®'" The graphite oxide layers are dispersing in solution while the solvent is
inserted between graphite layers making the gap between them far apart. Then GO reduced to
rGO by reduction. This method can simply produce a lot of graphene for massive use
applications. However, graphene obtained from this method has some defects and oxygen-
containing functional groups which were left after reduction from oxidation of strong acids (eg,

nitric acid (HNO3), sulfuric acid (H2SO4)).

- Non-oxidative exfoliation -
A method designed to maintain the physical and electrical properties of graphene is to form
graphene without defects and functional groups formed in the production of rGO through

chemical exfoliation.'>"® It is a method of inducing intercalation of graphite by using ionic
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material and organic solvent, dispersing it, and separating single layer graphene by layer
separation of dispersed solution by ultracentrifugation method. Although the above method is
for forming high-quality graphene. However, it could get only a low yield of graphene which
is the major drawback of this method. Thus, graphite peeling method is chosen to be a
commercial method because of its massive producibility, and many researches are being

focused on the mass production at present.

- Exfoliation of graphite in ionic liquid (IL) -

IL are presenting in a liquid state below 100 °C as the material, such as a salt consisting of
ionic bond of cations and anions'*. IL are called as green solvents and under consideration as
an environmentally friendly solvent because they could exist as a stable liquid solution at high
temperatures and their vapor pressure is almost close to zero. High dielectric constant of the IL
are helping to block the stacking interaction that caused by Van der Waals interactions and
effectively disperse the nanomaterials. With IL assistance, various methods have been
employed, to successfully peel and disperse graphene sheet into the IL and IL mixtures, such
as; mechanical, chemical, microwave, hydrothermal, electrochemical, and sonication
techniques."

IL has been known to be an intercalation material for the spaces between graphene sheets.
Aida et al. were successful to fabricate the graphene sheets from graphite by using a heated
IL.'® Although microwave assisted method, which facilitated the intercalation and exfoliation
of graphite oxide or expansion of graphite, have been reported.'”'® We use the Ionic liquid that
is mainly used for nitrogen-doped carbon synthesis, which is a process involving graphite
peeling and nitrogen doping at the same time. The results showed that after microwave PF6-
based IL, the graphite layers were peeling off and the peeling efficiency of graphene was

decreased as the surface tension of IL shifted away from 40 mJ m™."?




Chapter 1 - General Introduction

1.2.2 Bottom-up Methods

Graphene can be formed by chemical vapor deposition (CVD) or epitaxial growth and grown
from a carbon source. This method can control the number of layers and growth factors of
graphene by using various kinds of substrates. In particular, the CVD synthesis method enables
large-area, high-quality, and high-purity graphene production, which enables the mass

production.

- Chemical vapor deposition (CVD) synthesis method -

In recent years, the CVD synthesis method is widely used to mass-produce high-quality
graphene films. The CVD is a bottom-up method in which graphene directly grow on a substrate
using a carbon source such as methane.'*' Large-area single-layer graphene grown on catalytic
metal foils, primarily nickel or copper, can be transferred to the target substrate of interest. The
synthesized graphene has higher crystallinity and electrical conductivity than general CVD
graphene, but it has a problem that it is difficult to be commercially used due to the restriction

of large-area synthesis and relatively expensive materials.

- Epitaxial growth method -

The epitaxial growth method is a production of graphene by heat-treating materials such as
silicon carbide (SiC) containing carbon source at high temperature.”*** Graphene is formed as
the carbon contained in the crystal grows along the grain surface at high temperature. The
epitaxial growth method has a disadvantage that is relatively inferior in electrical characteristics

to other synthetic methods and difficult to produce.
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Figure 1.2. Quality versus cost for graphene synthesis techniques.

1.3 Doping Graphene

Graphene has a good electrical conductivity; however it has a unique energy band without
bandgap, and research is being conducted to control electrical properties. In general, to use
graphene as a semiconducting device, such as a transistor, it is necessary to open the bandgap
or to improve the electrical characteristics by an appropriate method. Doping of heteroatom to
material is known to be an effective way to modify the electrical properties of carbon
materials.?* There are two major types of doping which are p-type and n-type. The former, p-
type, is a way to add an atom, which has lone pair electron that could be donated, to the carbon
framework. This makes excessive electron in graphene layer which increases conductivity.
Moreover, the Fermi level moves up and the work function decreases as well. The latter, n-type
doping, is an atom provided a hole to the graphene layer. It increases conductivity and the Fermi
level moves downwards resulting decrease in work function.””> Amine-based materials are
known to be effective dopants for N-doping graphene,”*?® and NO,* and tetrafluoro-

tetracyanoquinodimethane (F4-TCNQ) are known to strongly p-dope graphene.*® The graphene

10
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whose electrical properties are changed by changing holes or number of electrons can be used

as materials of various fields.

- Various nitrogen-bonding configurations in the graphene -

Ab-initio molecular orbital calculations confirmed the catalytic activity of the cationic
nitrogen inside the basal plane of carbon layers, considering the Stone-Wales defect and
curvature effect of the carbon sheet.*! Density functional theory calculation demonstrated that
among different nitrogen dopants of carbon as pyridinic, pyrrolic, and graphitic types, the last
one creates the most active sites for electrocatalysis.*>

The various types of nitrogen-bonding states observed in the carbon materials are shown in
Figure 1.3. The most frequently noted types are pyridinic (N-6),*** pyrrolic (N-5 (1))*>*® and
quaternary (N-Q (1))*’** nitrogen-bonding states. Others include amino (N-5 (2))***° and
pyridinic oxidized (N-X)*'** nitrogen-bonding states. The quaternary or graphitic (N-Q (1)) and
cationic (N-Q (2))*** nitrogen-bonding states are found in X-Q distinctions with similar XPS
binding energies.

The graphitic nitrogen as dopant originates from the substitution of a tertiary carbon by a
nitrogen atom, which becomes a cation changing the local charge density, and this cationic
nitrogen plays an important role in the formation of the electron structure of sp*-carbon (2D).*
In addition, the graphitic nitrogen is also converted into stable quaternary nitrogen, but when
the quaternary nitrogen is introduced, it cannot maintain the planarity. Therefore, planarity can

be obtained by doping cationic nitrogen.’'

11
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O N-Q (2) N-6

Figure 1.3. Various types of nitrogen-bonding configurations in the carbon structure

1.4. Graphene production via Solution plasma (SP)

There are some problems regarding the synthesis process of a significant amount of graphene.
The peeling of HOPG by an adhesive tape and ball milling of graphite provide disordered stacks
among layers although the number of layers was reduced.*® The liquid—phase exfoliation of
graphite in organic solvents with high surface tension, in IL, in ammonia, by using shear mixing
and high-speed centrifugation, and the density differentiation in surfactants in various
combinations with water are the most spread methods for a high-yield production of graphene
sheets.*”! Unfortunately, these processes need multiple and more complex steps rather than

graphene synthesis.

- Top-down via SP
We found a novel synthesis method for graphene sheets by erosion of graphite electrodes in
SP.% SP is a non-equilibrium discharge at atmospheric pressure in the gas coming from the

solution surrounding plasma. In the plasma field, high-energy electrons and activated species

12
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such as H «, OH -, and carbon radicals depending on the solution used, can initiate and

conduct plasma chemical reactions. The electron impact and especially ion collisions with the
carbon electrodes produce erosion and generate graphene sheets. The chemical compounds
from the liquid, transferred into the gas phase plasma, are dissociated by SP and form free
radicals which are very active species. These activated or decomposed species can react with

the electrons in the 7~bond of graphite to form high molecular weight nanocarbon.>®

- Bottom-up via SP

Recently, a SP for the synthesis of heteroatom-doped carbon has been reported. SP can
produce hetero carbon with excellent electrical properties due to direct polymerization of liquid
material and can design ideal high-performance carbon. In fact, it is possible to construct the
heteroatom-doped carbon through a SP to synthesize carbon containing substantial heteroatoms,
as mentioned above.

Plasma generation in a liquid medium containing carbon and a heteroatom precursor
simultaneously induces dissociation and recombination with heteroatom insertion of the
precursor. In other words, the molecule of precursor affects the formation of graphene through
dissociation and recombination, and also during dissociates to form free radicals and bind
electrons at the z-bond of the graphene. During this process, the dissociated nitrogen atoms
interact and replace the carbon atoms of graphene sheet during growth and formation to form
nitrogen doped graphene sheet. As a result, the heteroatom-doped graphene can be synthesized
in one-step process. For example, the nitrogen-doped graphene sheets can be easily obtained

by the SP produced in pyrrolidine, 2-pyrrolidone and N-methyl-2-pyrrolidone.>**®

1.5. Object and outline of the thesis
Essential factors of graphene manufacturing method evaluation; high content of nitrogen,

selectivity towards few-layer graphene, structural integrity of graphene and processing time. So

13
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far, there is no methods to satisfy all essential factors. The purpose of this study is to develop a
high content nitrogen doped carbon material with simultaneously doping cationic nitrogen
while satisfying all conditions at a high level.

Therefore, in this study, we investigated methods to improve the electrical properties without
prior thermal treatment in order to produce cationic nitrogen doped high-performance carbon
materials using SP. The work we have described is summarized in the Figure 1.4. We
developed a new type of CN—C material using top-down and button-up methods using IL and
SP. The study was carried out as follows.

In chapter 2, f-FLG sheets were synthesized through SP from graphite. The mechanism of
FLG synthesis by the induced electron exchange in graphene flakes and the IL via SP were
discussed.

In chapter 3, CN-G were successfully synthesized via SP in a mixture of ionic liquids (IL) /
organic solution (OS) at room temperature. A detailed study on the change of properties of CN—
G by cationic nitrogen was discussed.

In chapter 4, CN—C@SWCNT were synthesized via SP using an aniline aqueous solution
with the SWCNT dispersion. A detailed study of the properties of CN—C and CN-C@SWCNT
and the effects of cationic nitrogen was discussed.

Finally, chapter 5, it is a summary of all chapters.

14
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The cation-anion combinations of ILs, coupled with their carbon-
rich nature, make them potential candidates for carbonaceous
precursors with the following merits.

Figure 1.4. lonic liquids (ILs) as novel precursors for carbon materials.
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2.1. Introduction

Graphene is an attractive two-dimensional carbon material because of its excellent electrical,
thermal, mechanical, and optical properties.' It has extensively been used in solar cells, energy
storage assembly, fuel cells, capacitors, and electronic and sensing devices.”’ However,
graphene in real systems does not retain the above-mentioned excellent properties because of
the surrounding materials, such as the substrate or electrode.

Few-layer graphene is expected to be a more attractive material as the electrical conductivity
of graphene is marginally retained in few-layer graphene, although the thermal conductivity
drastically decreases. Thus, previous studies have indicated that the electronic band dispersion
near the Fermi level in few-layer graphene does not strongly depend on the number of layers
and stacking geometry.®® On the other hand, the thermal conductivity of few-layer graphene
decreases with the increase in the layer number of graphene, i.e., from two to four layers. Hence,
few-layer graphene is expected to be used in ultrafast transistor electrodes and transparent
electrodes with heat-shielding function.'® For these, few-layer graphene has a potential of
sensible material which outperforms graphene properties in the material system. Moreover, the
functional groups in few-layer graphene provide additional possibilities to tune the properties''
and improve the dispersion in solutions and the anti-oxidation characteristic.'*'?

Several methods for fabricating graphene from graphite have been reported. To do this,
the peeling force must be greater than the van der Waals attractive force between the layers.
Thus, certain forms of energy, including heat, ultrasonication (US), torque in centrifugation,

supply graphite in an organic solvent, a solution with ionic liquid (IL), or a surfactant.14 These
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methods can be categorized into three strategies. The first strategy involves cleavage by a
mechanically induced shear force. Graphene has frequently been peeled using an adhesive tape
or ball milling by this method.">'® However, this approach is limited by low production
throughput. The second strategy concerns in an increase of the steric hindrance via the
introduction of oxidized functional groups such as hydroxyl groups into graphite using
chemical, mechanochemical, and physical treatment.'”'® However, a disordered structure is
obtained because graphene bearing the oxidized functional groups must be reduced again using
reducing agents. The third strategy involves chemical weakening of the van der Waals attraction
force using a solution and a solute. This method means the chemical peeling of graphite in
solutions with specific surface energy which is suitable to fabricate graphene.'”?' Recent
studies based on the third strategy have realized high-yield, high-purity graphene. However,
this method is only appropriate for the fabrication of graphene, not few-layer graphene.

Solution plasma (SP) represents a non-equilibrium discharge in the gas originating from the
solution surrounding plasma. The SP process using tungsten electrodes in an organic solution
permits the fabrication of nanocarbon materials via CH activation.”? During this procedure, the
transfer of electrons between SP and the solution plays a key role in the synthesis of nanocarbon
materials. Another SP process with carbon electrodes in an aqueous solution permits the easy
fabrication of multilayer-stacked graphene and hetero-graphene via the exfoliation process of
electrodes. The principal mechanism in this experiment was the collisions of the energetic ions
produced in SP with the graphite electrodes. During the electrode exfoliation, the number of
graphene layers was difficult to control, and the throughput was small.*®

In this study, a new strategy for cationic nitrogen-containing functional groups functionalized
few-layer graphene (f-FLG) with synthesis from graphite was proposed. First, an IL, 1-ethyl-
3-methylimidazolium dicyanamide (EMIM-DCA), and graphite flakes were mixed with water
and processed by SP where an exchange of electrons between SP and graphite flakes takes
place. The fabrication process can realize a high-throughput of f-FLG. The results indicated

that SP serves as an effective field for the exchange of electrons between plasma and graphite
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flakes via the IL, affording a considerable amount of f~FLG. The peeling mechanism was
explained using a potential and kinetic energy diagram comprising electron excitation
temperature (7.), density of states (DOS) for bulk graphite and its subsurface, and ionization
potential (/p) and electron affinity (£4) of EMIM-DCA in water, which were estimated by ab
initio molecular orbital (MO) calculations, cyclic voltammetry (CV), optical emission

spectroscopy (OES), and past study results based on band calculations.?

2.2. Experimental procedures
2.2.1 Solution preparation and peeling process.

Figure 2.1 shows the experimental procedure. First, as-received graphite flakes were added
to an aqueous solution containing IL. Second, the graphite flakes were treated by SP or US,
followed by filtration of the solutions and drying the products. Finally, the obtained samples
were dispersed in N,N-dimethylformamide (DMF), and f-FLG was separated from the
supernatant solution by centrifugation. f-FLG was characterized by X-ray diffraction (XRD),
transmission electron microscopy (TEM) combined with selected-area electron diffraction
(SAED), field emission scanning electron microscopy (FE-SEM), Raman spectroscopy, and
Fourier transform infrared (FTIR) spectroscopy. Detailed conditions for material preparation

and evaluation are described in the following sections.
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Figure 2.1. Experimental procedures of fabricating f-FLG from graphite flakes in an aqueous

solution containing IL by SP.
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EMIM-DCA (98.0% purity, Sigma-Aldrich) was used as the IL. Distilled water with an
electrical conductivity of 0.055 uS cm™ was obtained from a distillation apparatus (Aquarius
RFD250NB, Advantec). The concentration of EMIM-DCA in water was adjusted to 10 wt%.
A 50 mL aqueous solution of EMIM-DCA containing 200 mg of graphite (synthetic graphite
flakes with a smaller diameter than 20 um purchased from Sigma-Aldrich) was prepared. The
final conductivity of the solution was 3.25 mS cm™.

Figure 2.2a shows the schematic of an SP reactor system. Tungsten electrodes (99.9% purity,
Nilaco) with a diameter of 1 mm were shielded using an insulating ceramic tube and placed in
the solution within a glass vessel. The electrode gap distance was adjusted at 1.0 + 0.1 mm. A
bipolar pulsed power supply (MPP-HV04, KURITA Seisakusho) was used to generate the SP.
The voltage applied between the electrodes was about 1 kV at a repetition frequency of 100
kHz and a pulse width of 1.0 ps. Figure 2.2b shows the voltage and current waveforms
generated between the electrodes during the SP in the solution used for f-FLG synthesis. The
current and voltage waveforms were recorded using a high-voltage probe (P6015A, Tektronix)
and a current probe (model 6595, Pearson Electronics), respectively, on an oscilloscope
(DS1202CA, RIGOL).

A US bath (US-102, SND Co., Ltd.) operated at an oscillation frequency of 38 kHz and a
power of 0.1 kW was also utilized as a source of energy to peel graphite flakes in a 10 wt%
EMIM-DCA aqueous solution containing 200 mg graphite flakes. The products obtained by
SP- and US-graphite flakes treated in EMIM-DCA aqueous solutions were analyzed and
compared.

The processing time for all experiments was maintained at 30 min. The excess of EMIM-
DCA was separated from the SP- and US-treated solutions by filtration using a
polytetrafluoroethylene membrane with an average pore size of 0.1 um (JVWP04700, Merck
Millipore). Furthermore, the filter-trapped graphite flakes and f-FLG product were rinsed with
distilled water and dried in an oven at 85 °C for 12 h. The dried product (50 mg) was dispersed

in 50 mL DMF after a sonication treatment during one hour. The concentration of
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(a) Experimental setup for SP (b) Typical waveforms of voltage and current
between electrodes during SP
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Figure 2.2. Solution plasma setup for the synthesis of f-FLG: (a) SP reactor system and (b)
waveforms of voltage and current between electrodes. The maximum peak voltage applied
between the electrodes was about 1 kV at a repetition frequency of 100 kHz and a pulse width

of 1.0 ps. The corresponding maximum current was about 2.8 A.
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Table 2.1. Total energies, Ip, and £4 of molecules in water at pH 7.

Adiabatic Transition

Net Charges Multiplicity Te (eV) Ir(eV) Ex(eV)

+2 Doublet —7942.882711

EMIM +1 Singlet ~7949.380194 6.50 0.61
0 Doublet —7949.990780

DCA -1 Singlet -5549.795614 5.28 0.85
0 Doublet -5544.514817
+3 Doublet —15900.34054

EMIM dimer ~ +2 Triplet -15896.43032 4.88 3.91

(4.47)* (3.49)*

+1 Doublet -15891.54700

Te: total energy; Ie: first ionization energy; Ea: electron affinity.
*: The values were estimated at pH 7.
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the dispersed material in water was same as that in DMF, i.e., 1 mg/mL. Only the f-FLG was
extracted in 50% proportion from the supernatant solution by centrifugation at 4000 rpm for 30

min.

2.2.2 Characterization

XRD (SmartLab, Rigaku) measurements were carried out using Cu Ka X-ray source (with a
wavelength of 0.154 nm filtered by a Ni foil) to examine the stacked structure of graphite flakes,
treated graphite flakes, and f-FLG. The XRD system was operated at 45 kV and 200 mA. For
data acquisition, the 2@ angle was changed from 10° to 90° with a scan speed of 3° min™' and
a step size of 0.02°. High-purity semiconductor-grade silicon (eleven 9s, TOKUYAMA) was
used as an internal standard for the correlation of the 2 & angle in XRD. The standard deviation
was calculated using five different measurements.

X-ray photoelectron spectroscopy (XPS) (PHI 5000 VersaProbe 1I, ULVAC-PHI)
measurements were carried out using a Mg Ka X-ray source with an energy of 1253.6 eV.
Survey-scan XPS spectra were recorded from 0 to 1100 eV at a pass energy of 47 eV and an
acquisition step of 0.5 eV. Narrow-scan spectra for the analysis of C 1s, N 1s, and O 1s were
recorded at a pass energy of 12 eV and an acquisition step of 0.1 eV. The compensation of the
charge-up was performed using a neutralization gun.

FTIR (Nicolet 8700, Thermo Fisher Scientific) spectra were recorded by the KBr method.
KBr pellets were prepared by mixing the sample with KBr (sample : KBr weight ratio = 1 :
200). The spectrum was collected by averaging 64 scans, with a resolution of 4 cm™', in the
wavenumber range from 1000 to 4000 cm ™.

TEM (JEM-2500SE, JEOL, with an accelerating voltage of 200 kV) and SAED (same
acceleration voltage and a camera length of 300 cm) analyses were performed to observe the
as-received graphite flakes and the f-FLG obtained from the supernatant after centrifugation.
FE-SEM images were recorded on an S-4800 instrument (HITACHI High-Technologies) at an

accelerating voltage of 10 kV, a probe current of 5 uA, and a working distance of 9.6 mm.
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Raman spectroscopy (NRS-100, JASCO, with a laser excitation wavelength of 532.5 nm)
was utilized to estimate the number of layers. The sample was prepared by casting a few drops
of the supernatant on Si (100) wafer and drying it. The Raman microscope used a high
magnification objective lens of 100X. The spectra were recorded in the wavenumber range of
1000-3000 cm™' by averaging five acquisitions at an exposure time of 10 s at ambient
temperature. Plasma OES has been collected with a spectrometer (USB4000, Ocean Optics) in
the wavelength range of 280-900 nm.

To examine the EMIM-DCA electrochemical window at pH 7, the /p and £, of EMIM-DCA
in water were estimated on the basis of the adiabatic transition by ab initio MO calculations
with UB3LYP/6-311++g (2d, p), including the solvent effect, in a self-consistent reaction field

polarizable continuum model (SCRF / PCM). All calculations were carried out using the

Gaussian 09 program code.?* I» and E4 were calculated by equations 1 and 2, respectively:*>*°
Ip=E (A" —E(A) (1)
E/=EA)-EA) 2)

where E (A"), E (A"), and E (A) represent the energies of the cation, anion, and neutral state of
molecule A, respectively. Table 2.1 summarizes the total energies, /p, and £4 of molecules in
water at pH 7. Moreover, the electrochemical window from ab initio MO calculations was
validated by CV measurements performed in two different solutions: an aqueous solution
containing 0.5 M Na,SO4 and 10 wt% EMIM-DCA. The electrochemical cell with three
electrodes (a Pt working electrode, a Pt wire as a counter electrode, and an Ag / AgCl electrode
used as the reference) was connected to a potentiostat with a function generator (HZ5000,

Hokuto Denko) to carry out the CV measurements.
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2.3. Results and discussion

Figure 2.3a shows the XRD patterns of the SP- and US-treated EMIM-DCA aqueous
solution, SP- and US-treated distilled water, and as-received graphite flakes. The peaks
observed at 26 = 26.46° corresponding to the 002 diffraction was related to the layer-by-layer
graphite structures. No peak shifts were detected in all cases, indicating that the distance
between the layers does not change and that intercalation and expansion do not occur. The ratios
(2646 / Ig42) between the peak intensities at 26.46° (graphite 002) and 28.42° (silicon 111)
corresponded to the crystallite size along the c-axis (L.) (as explained in Figure 2.4) and was
related to the number of layers. The Ix46/ 2542 ratio was normalized to the ratio of the as-
received graphite flakes to silicon. Figure 2.3b shows the l»6.46/ 2342 ratios of the SP- and US-
treated EMIM-DCA aqueous solution, SP- and US-treated distilled water, and as-received
graphite flakes. After the treatment of graphite flakes in distilled water using SP and US, the
leas | Isar ratios slightly decreased to 0.85—0.9. For the US-treated EMIM-DCA aqueous
solution, the 646/ 284> ratio decreased to about 0.80. Furthermore, the ratio for the SP-treated
EMIM-DCA aqueous solution notably decreased to 0.34 compared with that observed for the
as-received graphite flakes. The decreased /x6.46/ I2s 42 ratio implied a reduction in the crystallite
size L. of the layered graphite structure and can be related to the peeling of graphite.*'*” Hence,
the SP-treated EMIM-DCA aqueous solution can enhance the peeling of graphite flakes. L. was
evaluated from Scherrer’s equation which provides the average crystallite size perpendicular to
the layered graphite structure. Figure 2.3b shows L. for all samples. The L. of SP-treated
EMIM-DCA was 26 £+ 1 nm which is a smaller value than that of the as-received graphite flakes,
i.e., 39 £ 1 nm. The decrease in the average crystallite size was related to the peeling of graphite
and the f-FLG formation.

To confirm the f-FLG synthesis, the XRD pattern of a low-molecular-weight product
extracted from SP-treated EMIM-DCA is shown in Figure 2.5. The 002 diffraction peak
indicated an interlayer spacing of 0.340 nm (26 = 26.20 + 0.2°) and L. of 5 £ 0.25 nm from

peak broadening demonstrating that the obtained f-FLG comprises less than approximativel5
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layers. This value was overestimated because the XRD powder sample led to an increase in the
apparent number of layers.

Figure 2.6a shows the Raman spectra of the graphite flakes, the US-treated EMIM-DCA
aqueous solution, and the SP-treated EMIM-DCA aqueous solution. Three main bands were
observed at 1300-1350 cm™' (D band), 1580-1620 cm™' (G band), and 26802700 cm™' (2D
band).”® The D band (1340 cm™') corresponds to the edges and defects of the graphite
structure.”’ The estimated in-plane crystallite size (L,) values for the graphite flakes and
products were low. In fact, the sizes of the graphite flakes and the obtained products derived
from the Raman spectra® of the samples ranged from 60 to 100 nm. The 2D band depends on
electron-phonon coupling, indicating that the position and the full width of half maximum
(FWHM) are related to the number of layers. The 2D band of the f-FLG product extracted from
the SP-treated EMIM-DCA aqueous solution was stronger than that of the US-treated EMIM-
DCA aqueous solution and graphite flakes. The result indicated that the number of layers of the
product obtained from the SP-treated EMIM-DCA aqueous solution is less than those in the
graphite flakes and US-treated EMIM-DCA aqueous solution. The lrp/ I intensity ratios of the
graphite flakes, US-treated EMIM-DCA aqueous solution, and SP-treated EMIM-DCA
aqueous solution were 0.41, 0.52, and 0.84, respectively, as shown in Figure 2.6a. From these
bp/ I ratios, the approximate number of graphene layers in the sample can be estimated.*'-**
Thus, for the SP-treated EMIM-DCA aqueous solution, the Ip / Ig ratio is 0.84, with a
calculated FWHM of 62 cm ™', indicating that f-FLG comprises three layers (Figure 2.6b).*'*
The 2D band of the SP-treated EMIM-DCA aqueous solution was higher than 2D bands of US-
treated EMIM-DCA aqueous solution and graphite flakes and shifted to lower Raman
frequency, which means negative charge impurities on the synthesized f-FLG which might be

due to the CN groups attached to the edges of graphene.*
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element.

31



Chapter 2 - Synthesis of Few-Layer Graphene by Peeling Graphite Flakes via Electron

Exchange in Solution Plasma

d002

v

Figure 2.4. The average crystallite size along c-axis (L) and the crystallite size along the basal

plane (Lo)

100
Q . 80 Diffraction Graphite 002
T dsgaoe 0.340 + 0.002 nm
f-FLG ‘“ g 26.20 0.2

— 60 .

g

g 40-

L)

=

£ .

O 0 T T T T T T T T v T T
24 25 2% 27 28 29 30

Figure 2.5. XRD pattern and d spacing calculated from the 002 diffraction peak for the product
extracted by centrifugation from the SP-treated EMIM-DCA aqueous solution on Si (100)
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Figure 2.6. Raman spectra of (a) as-received graphite flakes, products extracted from SP-, US-
treated EMIM-DCA aqueous solution (f-FLG and MLG), and the corresponding />p/ I ratios;
and (b) FWHM of f-FLG sample fitted with six Lorentzians corresponding to three graphene

layers.
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Figure 2.7a-2.7d shows the TEM and SAED images of (a) graphite flakes, (b) the f-FLG
products extracted from the US-treated EMIM-DCA aqueous solution, and (c), (d) the f-FLG
products extracted from the SP-treated EMIM-DCA aqueous solution. The TEM image shown
in Figure 2.7a was dark compared with those of the other samples because of the largest sample
thickness. The corresponding SAED pattern showed spots of polycrystalline and turbostratic
graphite crystallized in P63 / mmc space group. The TEM image in Figure 2.7b was bright
compared with that of the graphite flakes, indicating that the US-treated EMIM-DCA aqueous
solution facilitates the peeling of graphite flakes and the formation of the MLG. Also, the
corresponding SAED pattern showed spots of polycrystalline and turbostratic graphite. A
similar SAED pattern was observed for the as-received graphite flakes. On the contrary, the
TEM images of f-FLG from Figure 2.7¢ and 2.7d showed a significantly increased brightness
compared with those of the as-received graphite flakes and the US-treated EMIM-DCA.
Moreover, the honeycomb structures of graphene were easily identified in the high-resolution
TEM images. The SAED patterns along the [001] zone axis also showed spots of single-
crystalline f-FLG on three circles: six spots with a sixfold axis on an inner circle, corresponding
to the {100} plane of graphene, six spots on an intermediate circle, corresponding to the {110}
plane, and six spots on an outer circle, corresponding to the {200} plane. The diffraction
intensity of 100, /100, was approximately the same as /)19, indicating the monolayer graphene
(Figure 2.7¢). In Figure 2.7d, the SAED image showed six spots and six rotated spots on an
inner circle, and six spots and six rotated spots on an intermediate circle. This rotation indicated
that the geometry of layers was disordered. The intensity of the spots on the outer circle, /1o,
was around two times stronger than that of the spots on the inner circle, /100, indicating that the
number of layers is more than two.** Moreover, the third circle was not observed under the
same SAED operation conditions, implying that the number of layers was greater than that
shown in Figure 2.7c. These results indicated that the obtained product mainly comprises f-

FLG, although graphene structure was also observed.
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Figure 2.7. TEM images and SAED patterns of (a) as-received graphite flakes, (b) US-treated
EMIM-DCA aqueous solution, (c) sample 1 of the SP-treated EMIM-DCA aqueous solution,
and (d) sample 2 of the SP-treated EMIM-DCA aqueous solution. The SAED pattern
corresponds to the marked circle area of the low-resolution images of (a), (b), (c), and (d). In

the SAED pattern, the inset shows the intensity profile plots along the dotted line.
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Figure 2.8. SEM images of (a) as-received graphite flakes and (b) f-FLG; the average size of

f-FLG was approximately 20 um.
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Figure 2.9. XPS spectra of SP-treated in EMIM-DCA, US-treated in EMIM-DCA and as-
received graphite flakes; (a) wide survey spectra and the corresponding elemental composition;
(b) narrow spectra of C 1s with deconvolution and peaks assignments; the XPS spectrum of the
SP-treated in EMIM-DCA and graphite flakes contains the peaks sp>-C at 284.5eV (C1), sp*-C
at 285.5 eV (C2), C-0O at 286.5 eV (C3), C=0 at 288.0 eV (C4), and C-N at 296.0 eV (C5). (c)
narrow spectra of N 1s with deconvolution and peaks assignments; the XPS spectrum of the
EMIM DCA sample contains the peaks N1 (398.0 eV), N2 (399.2 eV) and N3 (401.6 eV); the
XPS spectrum of SP-treated in EMIM-DCA sample contains the peaks N1' (398.2 eV), N2
(399.4¢V),N3" (401.8eV), N4" (400.4 eV), and N5" (403.8 V). The black solid line represents
the raw data, and the colored lines are the deconvoluted peaks; (d) chemical structures
corresponding to EMIM DCA and SP-treated in EMIM-DCA material together with each

component of the C 1s and N 1s spectra.
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To confirm the morphology and size of the f-FLG, SEM images were recorded. Figure 2.8
shows the SEM images of (a) graphite flakes and (b) f-FLG extracted from the SP-treated
EMIM-DCA aqueous solution. The average diameters of graphite flakes and f-FLG were
approximately 20 = 7.5 pm, confirming that f-FLG can be formed from graphite flakes by the
peeling process.

A C 1s peak (283-290 eV), O 1s peak (529-535 eV), and N 1s peak (394406 e¢V) (Figure
2.9) were observed in the XPS wide-scan spectra of the products extracted from SP-treated
EMIM-DCA aqueous solution, the US-treated EMIM-DCA aqueous solution, and graphite
flakes. The N 1s peak was observed only in the product extracted from the SP-treated EMIM-
DCA aqueous solution. From the XPS survey spectra, the total nitrogen and oxygen contents
were estimated at 7.7 and 5.1 at%, respectively. The appearance of the N 1s peak indicated that
f-FLG was functionalized with cationic nitrogen-containing functional groups.

The FTIR spectra of graphite flakes, a mixture of graphite flakes and EMIM-DCA, and the
product extracted from the SP-treated EMIM-DCA aqueous solution were recorded to identify
the functional groups added to f-FLG. Bands were observed at 1631 and 1585 c¢cm’,
corresponding to the skeletal vibrations of aromatic C=C bonds in graphite (Figure 2.10a).%
Figure 2.10b shows the FTIR spectrum of the graphite flake / EMIM-DCA mixture. Bands
were observed at 2237, 2198, and 2139 cm™', corresponding to the stretching vibrations of the
C=N bonds in the DCA anion.***® Also, bands were observed at 2237, 2198, and 2139 cm !,
corresponding to the antisymmetric (C—N) and symmetric (C—N) stretching vibrations,
symmetric C=N stretching, and antisymmetric C=N stretching, respectively.’” The C=N and
C=C stretching vibrations of the imidazole groups were observed at 1630 and 1572 cm ',
respectively, which overlapped with the aromatic C=C stretching vibration from graphite.*®
Also the bands at 1313 and 1171 cm ™! corresponded to the C—N and C—-N—C bending vibrations
of the imidazole groups, respectively, and the bands observed at 3104 and 3151 cm™
corresponded to the C—H vibrations of the imidazole groups.*® Broad bands at 2256 and 2206

cm ' and a sharp peak at 2150 cm™', corresponding to the C=N stretching vibrations of the
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nitrile group, were observed in the spectrum of the product obtained from SP (Figure 2.10c).*!
Compared with those observed for graphite, the intensities of the bands observed at 2256 and
2206 cm™' in the spectrum of the EMIM-DCA mixture relatively decreased; on the other hand,
the peak at 2150 cm!, corresponding to the asymmetric C=N vibration, became sharp,
indicating that SP decomposed dicyanamide, and the C=N functional group was added to f-
FLG, i.e., f-FLG with CN. Compared with the FTIR spectra of graphite or the EMIM-DCA
mixture and f-FLG with CN, the intensity of the C=N/C=C bond, corresponding to the
stretching vibrations at 1628 cm™', increased, and the intensity of the C=C bond, corresponding
to the stretching vibrations at 1576 cm™', decreased. The bands observed at 1331 and 1169 cm™
also confirmed the presence of the C—N stretching vibrations of aromatic amine groups and the
stretching vibrations of amine groups, respectively.” The extremely high reactivity at the edges
of the f-FLG determines that the functional groups were attached to these parts of graphene.
Broad absorption bands were observed at 3435 cm™', corresponding to the OH stretching
vibrations, in the FTIR spectra of graphite flakes, the graphite / EMIM-DCA mixture, and f-
FLG with CN. This result indicated the presence of a partially terminated OH group in the as-

received graphite flakes.
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Figure 2.10. FTIR spectra of (a) as-received graphite flakes, (b) graphite / EMIM-DCA, and
(c) f-FLG. To confirm the functional groups introduced by SP, sample (b) was prepared by

mixing only graphite flakes and EMIM-DCA without SP.
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To elucidate the mechanism for the formation of the f-FLG by peeling graphite flakes, OES
spectra of the plasma generated during the synthesis of SP in the EMIM-DCA aqueous solution
and SP in distilled water were recorded (Figure 2.11a and 2.11b). In all the OES spectra, H-,
O-, and OH- excited radicals were observed, related to water dissociation. The SP generated in
EMIM-DCA and graphite flakes exhibited a higher electron density and electron excitation
temperature than the plasma generated in distilled water and graphite flakes, explained by the
high solution conductivity (Figure 2.11, Figure 2.12a and 2.12b). Figure 2.12 and Tables 2.2,
and 2.3 provide details of the calculations of the electron density and excitation temperature.
Highly reactive CN radicals easily interact with carbon materials.**** Both ions of the IL
dissociated in the plasma gas phase by electron collisions, affording radicals, but the high
density of CN radicals might be predominantly generated from DCA anions (Figure 2.9a). The
nitrile radicals attached to the edges of the f-FLG in the form of C=N or an ionized and
resonance structure of =C=N- was confirmed by the FTIR results. The attachment of the =C=N-
anion can produce a repulsive force at the edges, leading to the weakening of the van der Waals
force between the layers and aiding the peeling. The C=N functional group attached to graphene
sheets improved the solubility of the f-FLG in distilled water, which was easily observed

(Figure 2.13).
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Figure 2.11. Optical emission spectra, electron excitation temperature, and density in the
plasma for (a) SP in the EMIM-DCA aqueous solution and (b) SP in distilled water with

graphite flakes. Table 2.2 summarizes the assignment of the emissions from atoms, molecules,

and radicals.
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Figure 2.12 Profile of the Hp line (black line) fitted with a Voigt line profile (red line)
corresponding to (a) SP in the EMIM-DCA aqueous solution containing graphite and (b) SP in
distilled water containing graphite flakes. From the full-width at half-maximum (FWHM) the
electron density was calculated. Electron density was calculated by FWHM = 4.800 x (nc X
10720681 4 The measured FWHM of Hp line was corrected with the instrumental broadening

of the spectrograph, which was 2 nm.

Table 2.2. Identification of the excited species from OES.**

Species A (nm) Transition
H, 655.3 3d—2p
Hp 486.1 4d—2p
H, 434.0 5d—2p
0 844.6 3p—38°

777.5 Sp—>38°

387.1 B X2yt
CN 358.5 B X"

336.3 B X"
OH 309.5 AT XTI
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Table 2.3. Atomic spectral data for hydrogen lines used to calculate the electron excitation
temperature in SP.* Electron excitation temperature calculated by kT, (af) = — [(E, — Eg) /
In(Io Ag gg Ao / 1 Aq 9o Ag)]; 1) SP in EMIM-DCA aqueous solution: kT, (af8) = 0.95 eV,

2) SP in distilled water: kT, (af) = 0.70 eV

H OES intensity / arb. units
. gA /s E/cm™! A/nm
me 1) 2)
o 42481.72 15800.08 7.94 x 10® 97492.30 656.30
B 9700.92 2815.96 2.69 x 10* 102823.90 486.10
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Figure 2.13. Digital photographs of the as-received graphite flakes and SP-treated in EMIM-

DCA aqueous solution dispersed in water and DMF.
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The adsorption of EMIM cations on the graphite surface that determined the reduction in the
van der Waals force between the graphite layers, which was referred to the interaction between
m-electrons and cations, was utilized to explain the exfoliation of graphite to produce graphene
induced by ionic liquids and its dispersion in polar solvents.”® In our experiment, the formation
of the f-FLG cannot be completely clarified by the cation adsorption and electrostatic force.
Peeling occurred efficiently with the application of a shear force from the lateral side of
graphite.’' From another viewpoint, if SP causes a localized lack of electrons on a subsurface
(defined as a few layers above) of graphite flakes via electron exchange, the attractive force in
a direction perpendicular to the basal plane will weaken. To validate the mechanism based on
such a localized lack of electrons, the energy diagram for SP in the EMIM-DCA aqueous
solution with graphite flakes is shown in Figure 2.14. In this diagram, the DOS of graphite and
its subsurface,”” EMIM-DCA in water, water, and SP are displayed together to explain the
peeling process. In the diagram, the energy scale (right side) is negative and relative to the
vacuum level (VL). The energy scale on the left side is versus the normal hydrogen electrode
(NHE). The energies were calculated corresponding to pH 7, similar to the condition utilized
during the SP process. If the work function (—4.19 eV) and DOS bands of graphite are known,>
then it was imperative to calculate these values for EMIM-DCA in water by ab initio MO
calculations using UB3LYP / 6-311++g (2d,p) with SCRF/PCM (Figure 2.15, Tables 2.1 and
2.4). The calculated Ip and E, values for the EMIM dimer in water at pH 7 were —4.47 and
—3.49 eV, respectively. The corresponding values of /p and E,4 for DCA were —5.28 and —0.85
eV, respectively.”® The calculated values approximately agreed with those obtained from the
CV measurements in 10 wt% EMIM-DCA aqueous solution. Thereby, the /r and £, values for
EMIM were found at —5.86, and —3.94 V, respectively, and the corresponding values for DCA
were determined to be —6.20 and —3.25 V, respectively (Figure 2.15 and Table 2.4). The
bonded states in SP corresponded to the energy levels of the species present in plasma, such as
atoms, molecules, and radicals, from where electrons can escape by ionization via interparticle

collisions, mainly electron collisions. The plasma served as a large reservoir of free electrons
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with an energy of about 0.95 eV, from where electrons were supplied in the system.>* First,
electrons from the graphite subsurface were transferred to the /p level of EMIM-DCA in water
situated at —4.47 eV, which is close to the Fermi level of graphite at —4.19 eV. The induced
lack of electrons in the graphite subsurface promoted the peeling of graphite because of a shear
lateral force, affording f-FLG. The lack of electrons in f-FLG was compensated during the next
steps, when electrons were transferred from SP, via the E4 level of the EMIM dimer in water
situated at —3.49 eV, to f-FLG. Finally, electrons were transferred from the EMIM dimer to f-
FLG, and f-FLG reached the electronic ground state.

SP in the EMIM-DCA aqueous solution with graphite flakes exhibited high solution
conductivity, leading to a higher electron density as compared with that for plasma generated
in water and graphite flakes (Table 2.3). At a concentration of 10 wt% EMIM-DCA in distilled
water, US promoted the peeling of graphite in EMIM-DCA in an aqueous solution, albeit only
marginally. Moreover, the product was MLG because the peeling was possibly related to the
mechanical force. Furthermore, with the application of a high voltage without SP breakdown,
the peeling of graphite barely occurred. Thus, only SP in the EMIM-DCA aqueous solution can
enhance the formation of the f-FLG.

These results indicated that SP and the free electrons are crucial in the peeling process of
graphite flakes. Hence, the above experiments confirmed that SP is responsible for the
weakening of the attractive force perpendicular to the basal plane caused by a localized lack of
electrons on the subsurface of graphite flakes, and EMIM-DCA plays a major role in inducing

the peeling of graphite flakes and the formation of the f-FLG by electron exchange.
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Figure 2.14. Schematic of the synthesis of f-FLG from graphite flakes by electron exchange
induced by SP. The transfer of electrons from graphite flakes to EMIM-DCA led to the lack of
electrons on the subsurface of graphite flakes, which in turn promoted peeling. The Fermi level
of graphite flakes was at —4.19 eV, relative to VL. From SP with the maximum of the electron
energy at about 0.95 eV (in the case of SP in water, EMIM-DCA, and graphite flakes), the
electrons were transferred to the graphite subsurface via EMIM-DCA. The calculated /p and E4
values for EMIM-DCA in water at pH 7 were —4.47 and —3.49 eV, respectively. Finally,
electrons were transferred from EMIM dimer to f-FLG. In SP the collisional processes of

excitation followed by ionization generated electrons.
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Figure 2.15. Cyclic voltammetry (CV) of the Pt working electrode in 0.5 M Na;SO4 solution

and distilled water (90 wt%) / EMIM-DCA (10 wt%) electrolyte at a scan rate of 100 mV/s

(oxidation: ox; reduction: red).

Table 2.4. Electrochemical data obtained from CV measurements of the solution.>

Molecule Potential. Potenti.al IP and EA in eV
vs. Ag/AgClin V vs. NHE in V vs. vacuum level
Elpmiv’, ox 1.63 1.83 —5.86 Ip
E2evmv ' red —0.29 —0.09 -394 E,
E3pca, ox 1.97 2.17 —6.20 Ip
E4pca  red —0.98 —0.78 —3.25E4
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2.4. Summary

In this study, a one-pot process for f-FLG synthesis in an EMIM-DCA aqueous solution by
the SP method was successfully developed. OES analysis provided evidence for the presence
of C=N radicals in SP. XRD, TEM, XPS, and FTIR results confirmed the peeling of graphite
and the simultaneous formation of f-FLG with CN. A high nitrogen content of 7.7 at% was
observed. The broadening of the 2D band in the Raman spectra confirmed that f-FLG comprises
three layers. The mechanism for the formation of the f-FLG can be explained by the SP-induced
exchange of electrons via EMIM-DCA in water. The transfer of electrons from the graphite
subsurface to the cationic IL led to a lack of electrons on the graphite flake subsurface, which
in turn resulted in the weakening of the attractive force perpendicular to the basal plane and
promoted peeling. After peeling, the lack of electrons was compensated by the electrons
transferred from SP via IL. In conclusion, f-FLG was rapidly synthesized without the use of
any substrate, permitting immediate use of the material. In this mechanism, the electron

exchange of SP via ILs can be applied for the synthesis of various materials.
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Chapter 3 - P-type Doping of Graphene with
Cationic Nitrogen via Solution Plasma

3.1. Introduction

Graphene is currently considered as the most attractive 2D material for a broad range of
potential applications in electronic, sensor, and electrochemical energy devices!? due to its
fascinating properties, such as planar structure, large surface area, high thermal/electrical
conductivity, and tunable electrical properties. Chemical doping of graphene by heteroatoms
can effectively tailor its electronic, chemical, and optical properties to realize graphene with
desired functional properties. Among several types of heteroatoms studied, nitrogen can easily
be incorporated into the hexagonal lattice of graphene, thus creating redistribution of charge
and spin density state in the graphene.* In general, when a nitrogen atom is doped into graphene,
three typical bonding configurations are detectable: (1) quaternary N (or graphitic N) at the
basal plane of graphene,® (2) pyridinic N and (3) pyrrolic N at the edge site.® Bonding
configuration of N atom doping plays an essential role in influencing electron and hole transport
behaviors of graphene. Over the past decade, a significant progress has been paid on the control
of N bonding configuration in nitrogen-doped graphene (NG) at specific position by altering
processing temperature, synthetic method, and starting precursor’. Graphitic N could result in
n-type semiconducting graphene with high mobility of charge carriers since the excess valence
electrons are delocalized.? In contrast, pyridinic N and pyrrolic N atoms resulted in either weak
n-type or p-type semiconducting behavior.® Another possible N bonding configuration in
graphene is in a cationic form.'° Graphene doped with cationic N is expected to preserve its
planar structure as compared to other N bonding configurations at high N doping levels.™
However, cationic N has been rarely investigated and not well understood at the present stage.

Its electrical and charge transport properties are also still unresolved. Therefore, controlling the
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N bonding configuration with a cationic form in NGs is very challenging for further
development towards this exiting area.

In recent experimental studies on NGs, they have extensively been synthesized via either
direct synthesis (e.g., chemical vapor deposition, solvothermal, and arc discharge'?) or post-
synthesis treatment (e.g., thermal treatment in NH; and plasma treatment®). However, most of
these methods are complex and requires high processing temperature under a vacuum system.
Precursors used are also expensive and highly toxic. With the aim to scale up production of
NGs, development of the simpler synthesis method with balance between cost, time, and
controllability is urgently needed. Very recently, our group has demonstrated a powerful
strategy to synthesize nitrogen-doped carbons (NCs) by a simple method called “solution
plasma (SP)”. SP is non-thermal plasma in liquid phase, which can keep reaction temperature
close to room temperature during synthesis at atmospheric pressure. A number of both aliphatic
and aromatic organic precursors has been used in the synthesis of NCs by SP (e.g. pyridine,
aniline, acrylonitrile, etc.).}4® The N bonding configuration and N doping content in NCs
varied broadly from 0.5 to 7.8 at%, depending on the synthesis conditions and type of
precursors.t’1® Unintentionally, Hyun et al have successfully synthesized N-doped carbon
nanosheets (NCNSs) through SP by using N-methyl-2-pyrrolidone (NMP) at specific SP
conditions without post-heat treatment.?’ This interesting finding has shed light on the potential
of SP as an alternative bottom-up method to synthesize sheet-like carbon structure.

Here, we report for the first time the successful synthesis of cationic N-doped graphene (CN-
G) by SP. A mixture of 10% 1-Ethyl-3-methylimidazolium dicyanamide (EMIM DCA,
CsH11Ns) and 90% dimethylformamide (DMF, CsH;NO) was used as a precursor. The EMIM
DCA ionic liquid (IL) was selected since its high nitrogen content, environmentally friendly
solvent (green solvent), stable liquid solution at high temperatures, and very low vapor
pressure.? A bipolar high voltage pulse with high frequency of 200 kHz was applied to a pair
of tungsten electrodes that were submerged in the mixed precursor. After discharge for 15 min,

the black solid product was obtained and then collected by a vacuum filtration. The resultant

57



Chapter 3 - P-type Doping of Graphene with Cationic Nitrogen via Solution Plasma

product is hereafter denoted as CN-G. More detailed information on synthesis procedure can

be found in Figure 3.1.

3.2. Experimental procedures
3.2.1 Solution preparation and synthesis of CN-G by SP.

A mixture of 10% 1-Ethyl-3-methylimidazolium dicyanamide (EMIM DCA, CgH11Ns,
98.0% purity, Sigma-Aldrich) and 90% organic solution was prepared, as shown in Figure 3.1.
The organic solution used, dimethylformamide (DMF, C3H/NO, >99.5% purity,) was
purchased from Kanto Chemical.

Figure 3.1 illustrates the ionic liquid solution plasma for the produced CN-G. The discharge
was generated at the distance between a pair of tungsten electrode (1.0 mm in diameter, 99.9%
purity, Nilaco) that were placed at the center of a glass reactor. A gap distance between two
tungsten electrodes shielded with an insulating ceramic tube was fixed at 1.0 mm. Mixture of
ILs / OSs (EMIM DCA, 10% / DMF, 90%) was inserted in glass reaction. A bipolar high
voltage pulse was applied to the tungsten electrodes using a bipolar-DC pulsed power supply
(KURITA Seisakusho) set to use a pulse voltage of 1 kV, a pulse frequency of 200 kHz and a
pulse width of 1.0 us. Figure 3.1 shows a schematic illustration of experimental setup for the
solution plasma process in this study. After discharging for 5 min, the synthesized powder was
separated by vacuum filtration through a polytetrafluoroethylene (PTFE, Merck Millipore,
JVWP04700) membrane filter with a pore size of 0.1 um. The obtained specimens of this ionic
liquids solution plasma process were then washed with distilled water and ethanol and then

dried in oven at 85 °C for 12 h.
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Figure 3.1. Schematic image of experimental setup for the solution plasma process
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Figure 3.2. (a) TEM images and corresponding (b) SAED pattern of CN-G.

Table 3.1. Crystallographic calculation of pristine graphene and CN-G.

Pristine Cationic N-doped
Graphene Graphene
Space P 63mc C mmm
Group
Point 4 19
Group DBV D2h
/\
3D a
Lattice
\b/
a=b
#b
c=2.4700 A _ @
Lattice b =2.4700 A ﬁ - gglggi ﬁ
Condition c=6.7900 A &
—Q= c=6.89 A
a = =90.00° — =y =900
y =120.00° a=p=y=
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2.2.2 Characterization

The X-ray diffraction (XRD, Smartlab, Rigaku) patterns of the synthesized sample were
recorded on XRD instrument with Cu Ka radiation of 0.154 nm, an accelerating voltage of 45
kV and a current of 200 mA. The morphology of sample was observed by transmission electron
microscopy (TEM, JEM-2500SE, JEOL) at an accelerating voltage of 200 kV, using selected-
area electron diffraction (SAED) patterns. The Raman spectra of the synthesized sample were
recorded on a Raman spectrometer (NRS-100, JASCO) equipped with a laser-excitation
wavelength of 532.5 nm at room temperature. The spectra were recorded in the wavenumber
range from 1000 to 3000 cm™. X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe
I, ULVAC-PHI) analysis was carried out using a Mg Ko X-ray source, a pass energy of 46.9
eV, and an acquisition step of 0.5 eV. The resistivity measurement was accomplished with a

four probes device (Loresta-GP MCP-T610, Mitsubishi Chemical).

3.3. Results and discussion

We first verified the formation of graphene-like structure of CN-G by transmission electron
microscopy (TEM). Clearly, TEM image in Figure 3.2a revealed that CN-G had sheet-like
morphology with lateral size of about 20-30 xm. The corresponding selected area electron
diffraction (SAED) pattern of CN-G was composed of six spots in asymmetrical hexagonal
arrangement (P63mc), which refer to 111, 111, 111, 111, 202, and 202 lattice points (Figure
3.2b). This diffraction feature was different from the pristine graphene, which typically has six
spots with symmetrical hexagonal arrangement (a = b).?2 Based on crystallographic calculation,
lattice constants, a and b, of CN-G were not identical since its atomic arrangement was
distorted to be an orthorhombic structure (Cmmm) rather than hexagonal structure (see Table
3.1).

The structural properties of CN-G were examined by X-ray diffraction (XRD), as shown in

Figure 3.3a. The XRD pattern showed two pronounced peaks at 25.9° and 43.1°, corresponding

to the (002) and (111) planes of graphite, respectively. An intense and sharp 002 diffraction
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peak indicates high degree of graphitization for CN-G. The 002 interlayer spacing was
calculated to be 0.340 nm, which was slightly larger than that of pristine graphite (0.335 nm).
Such a larger 002 interlayer spacing might be induced by the presence of defect and N doping
in the carbon framework structure. Furthermore, to gain more structural information, Raman
spectroscopic measurement was carried out and is shown in Figure 3.3b. Raman spectrum of
CN-G showed the D band at ~1340 cm™, G band at ~1580 cm, 2D band at ~2700 cm™, and
G + D band at ~2940 cm™ (a combination scattering peak). These four peaks are typically found
for graphene and graphite.® The D band at about 1340 cm™ is typically observed only when
the graphene has defects in the crystal structure on the edge of the graphene or has disordered
structure.? Therefore, the emergence of D band of CN-G is caused by its internal defects in the
graphene structure and the functionalization of the graphene sheet edge. Moreover, the D' band
is observed only at N doping, which is not observed in pure graphene.? The intensity ratio of
2D band to G band (l2p/lc) was 0.82 and the full width at half maximum of the 2D band was
about 68 cm™, which corresponded to three-layer graphene.?® Another important aspect should
be noted here is a shift of 2D peak toward lower wavenumber, which is normally found in the
NGs as reported elsewhere.?’

The X-ray photoelectron spectroscopy (XPS) survey spectrum of CN-G was composed of C
1s peak (284.5 eV), O 1s peak (532.5 eV) and N 1s peak (399.5 eV), as shown in Figure 3.3c.
From the quantitative analysis of elemental composition, the content of C, O, and N were 81.4,
5.2, and 13.4 at%, respectively. The N doping content in CN-G had a higher level than those
reported in previous works (ca. 1-7 at%) (Table 3.2). Such a high N doping level in CN-G is
likely due to less decomposition of N atoms under low reaction temperature of SP. The XPS N
1s spectrum can be deconvoluted into four peaks associated with various types of N bonding
configurations, including pyridinic N (Np: 398.5 £ 0.1 eV), pyrrolic N (Npr: 400.0 £ 0.1 eV),
cationic N (Nc: 401.3 + 0.2 eV), and oxidized-N (Nox: 403.5 + 0.2 €V).18282° The N 1s peak
was mainly contributed by Np (48.5%), Nc (28.4%), while Npr (20.9%) and Nox (2.2%) were

minor contribution. This result indicates that most of N atoms were bonded to the surrounding
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carbon atoms in the forms of Nc and Ne. Typically, when a nitrogen atom is doped into graphene
lattice, there are three common bonding configurations, including quaternary N (or graphitic
N), pyridinic N, and pyrrolic N. However, in this work, the N atoms favored to exist in form of
Nc rather than Ng. This is likely due to two possible reasons as follows: (i) use of ILs containing
cationic N as precursor and (ii) low-temperature reaction occurred in SP preventing its
transformation to Ng (typically formed at high temperature). The Np and Npr measured here
support Raman spectra results since they induced internal defects of the graphene structure and

functionalization of the graphene sheet edge.?
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Figure 3.3. (a) XRD pattern, (b) Raman spectrum, (c) XPS survey spectrum, and high-

resolution XPS N 1s spectrum of CN-G.

Table 3.2. N-doped methods and nitrogen concentration on carbon

Elemental composition (at%)

Materials Method Ref.
C O N
CNG 81.4 5.2 13.4 SP Present work

N-doped carbon sheet - - 3.1 SP 20
N-doped graphene oxide - - 6.7 Hydrothermal 30
N-doped graphene sheet - - 3.0-5.0 Thermal treatment 31
N-doped CNFs - - 54 Electrospinning 32
N-doped graphene - - 4.0 CVvD 33
N-doped graphene - - 1.0 N;H,4 treatment 34
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Figure 3.4. Hall-effect measurements of CN-G: (a) hall mobility, (b) carrier concentration, (c)

resistivity, (d) electrical properties versus 1/T (T = 20-290 K).

Table 3.3. Electrical conductivity of CN-G by SP compared to other carbon materials

in literature.
. . Surface resistance  Hall mobility ~ Carrier concentration
Materials Type Doping 1Q sq] [cm? V-s1] [em-] Ref.
Present

CNG P N 16.0 34 1.00E+19 work

PECVD P Au 25 7.00E+17 35
P-doped graphene by MBE P P 25 1.40E+17 36
Graphene-GaN P 24 8.00E+17 37
Graphene-Zinc Phosphide P 6.00E+16 38
Graphite Pristine 5.00E+18 39
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For the electrical measurements, Hall-effect measurement was performed at 20-290 K on
area 4 x 4 mm? that was patterned on the sample using copper pressure clips in a van der Pauw
configuration, at a magnetic field of 0.5 T and current of 70 mA. To test reproducibility, samples
were re-measured several times and the measured data were found to be deviated less than 1%.
As the temperature was lowered, the mobility and carrier concentration decreased, whereas the
resistance increased (Figure 3.4a-3.4c). This characteristic trend indicates that CN-G behave
like a semiconductor. Hall mobility and carrier concentration at 290 K were measured to be 3.4
cm?V-1st and 10 cm3, respectively. The carrier concentration is considerably high at the
same level of organic semiconductors (see Table 3.3). The sheet resistance was measured to be
16.0 Q-sqt, which is very low for carbon-based materials ever reported. The result of 4-probe
measurement also showed sheet resistance of 15.0 Q-sq* and resistivity of 0.25 Q-cm.

Normally, high N doping level in NGs can inevitably lead to the strong repulsive interactions
between N dopants, which destabilize the C—C bond in graphene. Strain induced by N atoms is
released by out-of-plane relaxation of carbon atoms in graphene, thus deteriorating the planar
structure. This in turn leads to degradation of electrical conductivity of NG.*° In contrast to
three common N bonding configurations, the presence of cationic N can stabilize and retain the
planar structure of graphene. The presence of cationic N in graphene lattice can also facilitate
the electron transfer by moving through the cationic sites on the surface of the CN-G.
Therefore, the superior carrier concentration and electrical conductivity of CN-G is possibly
attributed to the synergistic contributions of cationic N and its planar structure.

Presumable formation mechanism of CN-G is schematically illustrated in Figure 3.5. Under
the SP reaction field, each EMIM cation of ILs is first bound to another one through the CH
activation. The combined two EMIM cations are subsequently oxidized, which make all of the
N contained in the EMIM cations transform into cationic N. Due to instability of z-conjugated
bonds in the 5 ring, they transform from the 5 + 5 ring to the 6 + 6 ring through the inverse
stone wales (ISW) reaction.*® Further growth and formation proceed repeatably via the above

reactions,*? eventually forming a large graphene sheet containng cation N.
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3.4. Summary

We have successfully synthesized a novel type of graphene with cationic N doping by plasma
assisted method with use of ILs and DMF as precursor. It is believed that EMIM cation and
free radicals of ILs serve as the intermediate molecules for the formation of the CN-G via the
ISW reaction. The characterization results revealed that CN-G exhibited a few layer graphene
with high N doping content of 13.4 at%. CN-G behave like p-type semiconductors with high
carrier concentration and electrical conductivity, which is likely due to the presence of cationic
N and its preserved planar structure. The combination of SP and ILs shows a promising strategy
in design and synthesis of NGs with cationic N doping, which cannot be achieved in other
existing methods. The CN-G will be enable to potentially use in many applications in various

fields, such as sensor, electronic, and energy devices.
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4.1. Introduction

Tuning the electronic properties of carbon nanotubes (CNTs) by chemical doping with
heteroatoms has been considered as one of the most promising approaches to extend the
applications of CNTs in diverse areas of electronic, optical, sensor, and energy applications.®2
Thus far, doping with a single atom or multiple atoms of nitrogen, phosphorus, and boron in
heteroatom-doped CNTs has been carried out often.® Nitrogen and phosphorus are electron-
donating atoms, yielding n-type semiconducting behavior.* On the contrary, boron is an
electron-withdrawing atom, yielding p-type semiconducting behavior.> Among the above-
mentioned heteroatoms, considerable attention has been focused on the incorporation of
nitrogen into the sp? structure of CNTs as it can significantly tailor their electronic structure.
According to the recent experimental data and theoretical calculations by density function
theory, the electronic and transport properties of nitrogen-doped CNTs can be systematically
tuned depending on the manner in which nitrogen atoms are incorporated into the carbon
structure.” There are three main possible types of configurations of bonded nitrogen
incorporated in the carbon structure, i.e., (i) graphitic or quaternary N, (ii) pyridinic N, and (iii)
pyrrolic N, respectively.® A majority of studies have reported a similar tendency, i.e., the direct
substitution of graphitic N or quaternary N plays a vital role in maximizing the electrical and
transport properties of n-type CNT semiconductors to meet practical needs of advanced
electronic devices.® However, the in situ and ex situ doping of nitrogen at high levels may

inevitably cause unwanted side effects, i.e., distortion and breaking of the crystallity of the
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tubular structure, leading to the deterioration of electrical and transport properties of nitrogen-
doped CNTs.2° Therefore, it is imperative to preserve their tubular strucure as much as possible
to realize the desired electrical conductivity and charge transport.

From a molecular viewpoint, another possible configuration of nitrogen exists, i.e., the
cationic form (N*), which has not been focused much in the literatures of nitrogen-doped carbon
materials. Cationic nitrogen can be incorporated into the carbon structure via direct substitution
similar to that of graphitic or quaternary configuration via bonding with three neighboring
carbon atoms, with no remaining electrons because nitrogen exhibits valence electrons
equivalent to carbon.®!! Such cationic nitrogen can lead to a dramatic change in the local
density of state around the Fermi level, thereby tailoring the electronic structure of the sp?
carbon framework.'? On the basis of theoretical simulations, unlike other nitrogen-bonding
configurations, cationic nitrogen can preserve the planar or tubular structure without breaking
crystallinity.®® Thus far, the study of cationic nitrogen-doped carbons is still a dubious topic
that needs to be unraveled. Despite significant progress in the synthesis method of nitrogen-
doped carbon (i.e., by using chemical vapor deposition, thermal treatment, and pyrolysis),® the
development of a simple, effective method to dope nitrogen of a selective cationic form with
control is still a longstanding challenge.

In this study, cationic nitrogen-doped carbons wrapped around single-walled carbon
nanotubes (CN-C@SWCNT) were synthesized by solution plasma (SP) for the first time to the
best of our knowledge. Cationic nitrogen was not directly doped into SWCNTSs, but in the
carbon materials wrapped around SWCNTSs. SP is a powerful tool developed by our group for
synthesizing nitrogen-doped nanocarbons using a wide selection of nitrogen-containing organic
precursors, including aniline,* pyridine,*® acrylonitrile,'® cyanopyrazine,!” and N-methyl-2-
pyrrolidone.! In this study, CN—-C@SWCNTSs were synthesized via the generation of SP at the
wire-to-wire electrode gap immersed in a mixture of aniline, water, and HCI with dispersed
SWCNTs (Figure 4.1). Aniline is an essential molecule due to the presence of lone-pair

electrons on the nitrogen atom. The aniline in 1M HCI agueous solution provide
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phenylammonium ions (C¢HsNH3®), which are electrically attracted to the negatively charged
surface of SWCNTSs.X® Phenylammonium ions can serve as a precursor for the formation of
doped cationic nitrogen in CN-C.?° After the generation of plasma, phenylammonium ions
attracted on the SWCNT surface are converted into carbon materials in the presence of doped
cationic nitrogen. Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) verified
the presence of doped cationic nitrogen. Electrical conductivity was evaluated by a four-point
probe measurement. In addition, the carrier concentration and carrier mobility were evaluated

by hall measurements with a van der Pauw configuration.

4.2. Experimental procedures
4.2.1 Solution preparation and synthesis of CN—-C@SWCNT by SP.

Aniline (CsHsNH2, purity 99.0%), hydrochloric acid (HCI, purity 35.0-37.0%), hydrogen
peroxide (H20-, purity 34.5%), N-methyl-2-pyrrolidinone (NMP, CH3NC4HsO, purity 99.0%),
and sulfuric acid (H.SOs, 0.5 M) were purchased from Kanto Chemicals. All chemicals were
used without any further purification. Ultrapure water with a resistivity of 18.2 MQ cmat 25 °C
was obtained from an Aquarius water purification system (RFD250NB, Advantec, Japan).

1 M HCI (100 mL), aniline (1.25 mL), SWCNT (200 mg, Meijo Carbon), and ultrapure water
(30 mL) were mixed and stirred for 15 min in a 200 mL glass beaker, which was specially
designed for an SP reactor. Figure 4.1a shows the schematic of the experimental setup for SP.
Nickel (Ni, purity 99.99%, Nilaco) wire electrodes with a diameter of 1 mm were shielded using
an insulating ceramic tube and placed into the SP reactor. The electrode gap distance was
adjusted at 0.5 mm. A bipolar pulsed power supply (MPP-HVO04, Kurita Seisakusho) was
employed to generate and sustain the SP in the mixture. The applied voltage between the
electrodes was maintained to produce plasma for 15 min at a repetition frequency of 35 kHz
and a pulse width of 1.0 ps. The plasma was generated under vigorous stirring at ambient
temperature and atmospheric pressure. Then, 18 mL of a 6 wt% H,O, solution was slowly

dropped to neutralize the solution. After 12 h, the synthesized sample was obtained by vacuum
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filtration using a polytetrafluoroethylene (PTFE, JVWP04700, Merck Millipore) membrane
filter (pore size of 0.1 um), washed several times with distilled water and 0.5 M H,SO., and
dried in a vacuum oven at 80 °C for 3 h. The synthesis rates of CN-C and CN-C@SWCNT

were ~93 and 130 mg min?, respectively.

4.2.2 Characterization

The dried sample was dispersed in ethanol under ultrasonication for 10 min. Then, the
suspension was dropped onto a TEM grid, which was analyzed by TEM (JEM-2500SE, JEOL)
and STEM-EDS at an acceleration voltage of 200 kV. FE-SEM (S-4800, Hitachi High-
Technologies) images were recorded at an acceleration voltage of 10 kV, with a probe current
of 5pA, and a working distance of 40 mm. XPS (PHI 5000 VersaProbe Il, ULVAC-PHI)
spectra recorded using a Mg Ka line as the X-ray source were accumulated with a pass energy
of 46.9 eV and an acquisition step of 0.5eV. XRD patterns were recorded on an X-ray
diffractometer (SmartLab, Rigaku) using Cu Ko as the X-ray source with an accelerating
voltage of 45 kV and a current of 200 mA. The diffraction angle (26) was scanned from 10° to
80° at a scan speed of 2.4° min™%, step size of 0.02°, a distributing slit of 0.5°, a scattering slit
of 0.5°, and a receiving slit of 0.15 mm. Raman spectra were recorded on a Raman spectroscope
(NRS-100, JASCO) with a laser excitation wavelength of 532.5 nm. A high-magnification
objective lens of 50x was used in the Raman microscope. Raman spectra were recorded at
wavenumbers ranging from 100 to 3000 cm™ by averaging five acquisitions at an exposure
time of 10 s at ambient temperature. Resistivity was estimated using a four-point probe device
(Loresta-GP MCP-T610, Mitsubishi Chemicals) at room temperature. For the measurements,
the samples were pressed into a pellet using a metal mold at 5 MPa in air. In addition, the

sample used for Hall-effect measurements was prepared by using the same method.
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Figure 4.1. (a) Schematic of the SP experimental setup with a wire-to-wire electrode
configuration. The synthesis of (b) CN-C in an aniline aqueous solution and (c) CN-

C@SWCNT in an aniline agueous solution with the SWCNT dispersion.
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Figure 4.2. FE-SEM images of (a) bundle SWCNT and (b) CN-C@SWCNT. (¢) STEM-BF
image of the bundle SWCNT wrapped by CN-C (inset shows the electron diffraction (ED)
pattern), (d) EDS mapping images of CN-C@SWCNT in (c) confirming the presence of C, O,

N, and ClI.
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Table 4.1. Crystal structural parameters and experimental ED pattern in the reflection

configuration of CN—-C@SWCNT.

CN-C@SWCNT Graphite, JCPDS card 41-1487
d spacing (nm, + 0.02) d spacing hkl Intensity
0.338 002 100
0.206 0.204 101 50
0.168 004 80
0.124 0.123 110 30
0.116 112 50
0.099 114 40
0.084 0.083 116 40
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4.3. Results and discussion

First, field-emission scanning electron microscopy (FE-SEM) and transmission electron
microscopy (TEM) images of CN-C@SWCNT were recorded to observe their morphology.
Figure 4.2a and 4.2b show the FE-SEM images of pristine SWCNT and CN-C@SWCNT,
respectively. Each SWCNT bundle was uniformly wrapped by CN-C. Figure 4.2d shows the
elemental mapping image: C, N, O, and Cl were evenly distributed over CN—-C@SWCNT. In
the ED pattern of CN-C@SWCNT (inset of Figure 4.2¢), discrete diffraction spots in each
circle corresponding to Bragg reflections were observed, which were assigned to the (101),
(110), and (116) planes of graphite (JCPDS card no. 41-1487, Table 4.1).% Four diffraction
spots were clearly observed along the (101) ring, possibly revealing the presence of CN-C
wrapped around the SWCNTSs. Typically, the angle between line A and line B should be 60° in
case of a hexagonal structure for graphene. However, the angle between line A and line B for
CN-C@SWCNT was 65.09°, and such an angle distortion is thought to be related to a structural
change induced by the presence of cationic nitrogen in the carbon structure.

Figure 4.3 shows the Raman spectra of CN-C, SWCNT, and CN-C@SWCNT. Two
pronounced peaks were observed for CN-C at 1590 and 1350 cm?, respectively. The former
and latter bands corresponded to the G band, related to the sp? carbon systems, and to the D
band, related to structural defects. For pristine SWCNT, the G and 2D bands were observed,
whereas the D band was not detected. After wrapping with CN-C, the G and 2D bands of CN-
C@SWCNT became broader compared with pristine SWCNT. Notably, several small bands
were observed at 1000-1500 cm™. The weak band at 1473 cm™ corresponded to the C=N
stretching mode of imine. In addition, the bands corresponding to C—N* stretching in the polaron
bond (cationic amine unit of the benzenoid ring) and C—N"* stretching in the bipolaron form
(cationic amine units of the quinoid ring) were observed at 1338 and 1312 cm™,
respectively.?22 This result is further evidence for the presence of cationic nitrogen in CN-
C@SWCNT. Oppositely, these peaks were not observed for CN-C because of carbon structure

become disorder..
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Figure 4.3. Raman spectra of (a) CN-C, SWCNT, and CN-C@SWCNT.
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The XPS survey spectra of CN-C and CN-C@SWCNT revealed four peaks at 284.5, 399.5,
532.5, and 200.0 eV, corresponding to C 1s, N 1s, O 1s, and CI 2p, respectively (Figure 4.4).
This result is in good agreement with the aforementioned elemental mapping analysis, again
confirming the presence of C, N, O, and Cl. From XPS quantitative analysis, the content of N
in CN-C and CN-C@SWCNT was at the same level (7.8 at%). However, the [N]/[C] ratios for
CN-C and CN-C@SWCNT were 0.09 and 0.08, respectively. The lower [N]/[C] ratio for CN—
C@SWCNT was related to the high carbon content originating from SWCNT (86.3 at%). The
high-resolution C 1s XPS spectra of CN-C and CN-C@SWCNT were deconvoluted into three
peaks (Figure 4.5a). The most intense peak was observed at 284.4 + 0.1 eV, revealing that
carbon is present as a C=C (sp?) bond in the graphite form. The other two peaks of the C 1s
XPS peak corresponded to C—N (285.4 £ 0.1 eV) and C-O (286.4 + 0.1 eV), respectively. The
high-resolution ClI 2p XPS spectra (Figure 4.5¢c) corresponded to chloride anion Cl 2psp.
(197.1 £ 0.1eV), chloride anion CI 2pi» (199.0 +0.1eV), covalent chlorine Cl 2psp
(200.2 + 0.1 eV), and covalent chlorine Cl 2p1, (202.2 + 0.2 eV).2* The [CI]/[N] ratios for CN-
C and CN-C@SWCNT were 0.09 and 0.13, respectively. A high [CI]/[N] ratio for CN-

C@SWCNT aided in the production of increased cationic nitrogen.

82



Chapter 4 - Cationic Nitrogen-Doped Carbon-Wrapped Single-Walled Carbon Nanotubes
with High Electrical Conductivity

(a) e Atomic %
C1s C1s 86.0
N1s 7.8
O1s 54
Cl2p 0.7
Ol1s  Ni1s P
O KLL
= ARy el s RAPpvemm—n BRI
< C|L2p
E Atomic %
2 | CN-C@SWCNT C1s Cls 86.3
g N1s 7.8
< O1s 49
] Cl2p 1.0
O1s  N1s
O KLL - j J{ L
ngv“ | | | | - LEI‘?—E—‘——A—M
I | I | I I ' ' T T
1000 800 800 400 o !
Binding Energy / eV

Figure 4.4. XPS survey spectra of CN-C and CN-C@SWCNT.
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Figure 4.5. High-resolution XPS spectra with peak deconvolution of (a) C 1s, (b) N 1s, and (¢)

Cl 2p for CN-C and CN-C@SWCNT.
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Figure 4.6. (a) Various nitrogen-bonding configurations in the carbon structure. (b) Chemical

structures of cationic N, graphitic N, and quaternary N, with similar XPS binding energies.
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Table 4.2. Classification of various nitrogen-bonding states according to XPS binding energies.

N-bonding denoted/ Structure N-bonding states name BE (eV) literature Ref.
398.2 26
398.3 27
1 - Pyridinic 398.4 28
N-6 \ 398.5 29
_,/ \_;/L (398.2-398.8eV) 398.6 30
398.7 3
398.8 32
H 399.7 30
, 390.8 32
N.

N-5(1) 7 (399 002 ev) 399.9 29
/"—"\ ' : 400.1 33
400.2 27
N 399.3 25
N-5 (2) S Amino 3994 29
j\ /L\ (399.3-399.6eV) 399.5 34
- ) 399.6 26
401.2 30
- 401.3 27
& ! - Quat;arrnary 401 4 35
N-Q (1) - /\[; N Graphitic 281_2 gg
P (401.2-401.8eV) 4017 a8
401.8 26
| 400.3 39
N “|”’ 400.3 40
Cationic 400.4 41

_ ~. N
N-Q (2) # NF (400.3-401.4eV) 400.4 42
\T/‘\f ~ >401.0 25
401.4 43
'l 402.0-405.0 44
NoX AN Oxidized 402.0-405.0 45
PN I (402.0-405.0eV) 402.0-405.0 46
T ) 402.0-405.0 47
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Table 4.3. Chemical structure descriptor in the literature.

Descriptor Descriptor N-bonding Ref
in other papers | in our paper states name :
|- N-Q (1) 26, 33, 34
,//N\ /N\ Quaternary
| . N-Q (1)
/N\ /N\ Graphitic 28, 37
| N-Q (2)
L 27,47
+ .
’//N\ /N\ Cationic

Table 4.4 Chemical-state compositions of CN-C and CN-C@SWCNT.

Composition (at%)

Sample
C=C C-N C-0 NH2 N* OH- CHO C-OH Cl- Cl
CN-C 53.6  26.3 6.3 5.9 1.9 2.0 1.9 15 0.1 0.6
CN-C@SWCNT 48.7 316 6.0 4.8 3.0 2.6 1.0 1.3 0.4 0.6
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Figure 4.6 shows the various possible types of nitrogen-bonding states observed in the
carbon materials. The most frequently observed types included pyridinic (N-6, 398.5 eV),*849
pyrrolic (N-5 (1), 400.1 V), and quaternary (N-Q (1), 401.1 eV).333 Other possible types
included amine (N-5 (2) 399.3 eV),%%2 pyridinic N oxide (N-X, 402-405 eV), and cationic N
(N-Q (2), 400.3 eV).**4" Table 4.2 summarizes the classification of the different nitrogen-
bonding states according to the XPS binding energies. Several studies have utilized different
chemical structure descriptors; however, in this paper, the exact descriptor was defined and
illustrated in Table 4.3. Owing to cationic N enhanced by chloride anions, the nitrogen atoms
should be incorporated in the carbon structure in the form of cationic N rather than graphitic N
or quaternary N, as indicated by Raman spectra and ED results. Thus, the high-resolution N 1s
XPS spectra are deconvoluted into two main peaks, corresponding to amino N (399.3 + 0.1 eV)
and cationic N (400.3 + 0.2 eV), respectively (Figure 4.5b).2>4" The relative percentage of
amino for CN-C was found to be dominant (65.7%), whereas that of cationic N was found to
be minor (24.3%). For CN-C@SWCNT, the relative percentage of cationic N increased to
38.6%, possibly enhanced by the electrostatic effect between phenylammonium ions and
SWCNT.* Table 4.4 shows the composition of each chemical state (at%) for CN-C and CN-
C@SWCNT as obtained from XPS measurements. Chloride anions are thought to play an
essential role for promoting the generation of doped cationic nitrogen in CN-C and CN-
C@SWCNT.

For the electrical measurements, electrical conductivity was estimated by a four-point probe
method at room temperature. The electrical conductivities of SWCNT and CN-C were 0.74
and 4.31 S cm?, respectively. Interestingly, CN—-C@SWCNT exhibited an excellent electrical
conductivity of 120 S cm™?; this value is approximately 160-fold greater than that of pristine
SWCNTSs. This value constitutes the highest electrical conductivity ever reported for nitrogen-
doped carbon materials in literatures (Table 4.5). Furthermore, hall-effect measurements were
further carried out at 298.6 K on an area that was patterned on the samples using copper

pressure clips in the van der Pauw configuration under a magnetic field of 0.5 T and a current

87



Chapter 4 - Cationic Nitrogen-Doped Carbon-Wrapped Single-Walled Carbon Nanotubes
with High Electrical Conductivity

of 70 mA. Table 4.6 shows the Hall mobility and carrier concentration were estimated to be
2.1cm?Vtand 4.6 x 10° cm™3, respectively. Interestingly, holes serve as majority carriers in
CN-C and CN-C@SWCNTs rather than electrons (n-type), indicative of p-type
semiconducting behavior. The carrier concentration of CN-C@SWCNT was considerably
greater than those of p-type CNT and p-type graphene (~10%® to 108 cm=),5%%* as well as at the
same level of a p-type organic semiconductor. * The sheet resistance was found to be 0.12 €/sq;
this value is less than those observed for other carbon-based materials.>® The samples were
tested several times, and the data were found to vary within 1%. The remarkably enhanced
electrical conductivity and charge carrier concentration for CN—-C@SWCNT were related to
the synergistic combination of the following reasons: (i) doping of cationic nitrogen in CN-C
induces a change in the electronic structure of the sp? carbon framework,% (ii) SWCNT serves
as a conductive bridge between the conductive domains of CN-C,* and (iii) among SWCNTs
enables good contact by wrapped CN-C. Figure 4.7 shows a schematic highlighting the

excellent conductivity of CN-C@SWCNT.
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Table 4.5. Electrical conductivities of CN-C, SWCNT, and CN-C@SWCNT compared with

other carbon materials reported previously.

Material Electrical conductivity / S cm™ Ref.
N-doped carbon nanosheet 18.87 18
N-doped CNF 15.38 58
N-doped CNT 25.00 59
N-doped graphene 6.67 60
Graphene 10.00 Aldrich 900561
XC-72 12.50 60
Super P-Li 9.30 61
PANI/MWCNT composite 33.37 62
CN-C 4.31 This work
SWCNT 0.74 This work
CN-C@SWCNT 120.00 This work

Table 4.6. Electrical characteristics of CN-C and CN-C@SWCNT.

Samole Hall mobility Carrier tybe Carrier concentration Sheet resistance Electrical conductivity
P (cm3Vvis?) yP (cm™®) Qsqh) (Scm™)

CN-C 0.4 p-type 7.3 x 10 10.60 431

CN-C@SWCNT 21 p-type 4.6 x 10% 0.12 120.00

89



Chapter 4 - Cationic Nitrogen-Doped Carbon-Wrapped Single-Walled Carbon Nanotubes
with High Electrical Conductivity

Figure 4.7. Schematic of the CN-C@SWCNT in the presence of cationic nitrogen (blue)..
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4.4. Summary

In summary, CN-C@SWCNT was successfully synthesized via SP using an aniline aqueous
solution as the precursor. Raman spectroscopy, ED patterns, and XPS verified the presence of
cationic nitrogen in CN-C@SWCNT. CN-C@SWCNT exhibited p-type semiconducting
behavior, with an excellent electrical conductivity of 120 Scm™ and a high carrier
concentration of 4.6 x 102° cm™. Such an electrical property of CN—-C@SWCNT was mainly
related to the synergistic effects of cationic nitrogen, a conducting bridge between CN-C and
SWCNT conducting domains, and good contact among SWCNTSs. The successful approach by
SP in this study has paved a new, efficient method for synthesizing cationic nitrogen-doped
carbon materials. In addition, p-type CN-C@SWCNT with excellent electrical conductivity

can be anticipated to demonstrate potential for advanced electronic devices.
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Rational design and development of a novel carbon material system have emerged as the
promising strategy to create unique and unconventional functional properties. Herein, CN—C
materials was synthesized by a one-step SP at room temperature and atmospheric pressure. The
SP was generated between wire-to-wire electrodes which were submerged in the solution.
Room-temperature Hall-effect measurement demonstrated that CN—C materials exhibited p-
type semiconducting behavior with an excellent hole concentration. More interestingly, CN—C
materials had an excellent electrical conductivity, which is the highest value ever reported for
carbon-based materials. A remarkable enhancement of electrical conductivity and p-type
characteristic of CN—C materials is attributed to contributions of high conductive pathway by
cationic nitrogen and the existence of cationic nitrogen doping. In other words, the presence of
the cationic nitrogen maintaining planarity of the carbon material and improves the crystallinity,

thereby contributing to the improvement of the electrical properties.

Chapter 2 focuses on the f-FLG was easily synthesized via a new route in solution plasma
in an ionic liquid from graphite flakes at ambient temperature and atmospheric pressure. A
simple method to fabricate f-FLG from graphite flakes using solution plasma was reported. f-
FLG with a narrow distribution regarding the number of layers was obtained, as verified by X-
ray diffraction, Raman spectroscopy, electron microscopy, infrared spectroscopy, and X-ray
photoelectron spectroscopy. The mechanism of f-FLG synthesis was explained by the induced
electron exchange in graphene flakes and the ionic liquid via solution plasma. An energy
diagram of the density of states of graphite, ionic liquid in water, and plasma were used to

confirm the electron exchange during f-FLG synthesis, which in turn led to a lack of electrons

97



Chapter 5 - Summary

on the graphite flakes subsurface. The peeling of graphite flakes was proposed to occur because
of this lack of electrons. Therefore, the electronic structure of the ionic liquid in water was

calculated by ab initio molecular orbital calculations and confirmed by cyclic voltammetry.

Chapter 3 describes that CN—G have been successfully synthesized by one-pot synthesis of
SP with high-repetition frequency discharges. TEM and XPS results showed that the graphene
containing a high nitrogen content. Broadening of the 2D band in the Raman spectra, CN—-G
confirmed that the three layers graphene. In addition, nitrogen doping content was found as
high as 13.4 at% and a high amount of cationic nitrogen appeared. CN—G behave like p-type
semiconductor with a high sheet resistance of 16 Q sq ' and a high carrier concentration of 10"’

cm ; indicating that process can significantly control the electrical properties of graphene.

Chapter 4 reveals that CN-C and CN-C@SWCNT were successfully synthesized via a
solution plasma process using an aniline aqueous solution with the SWCNT dispersion.
Cationic nitrogen produced from the plasma discharge in the liquid led to the formation of CN—
C wrapped uniformly around the SWCNT. Characterization results revealed that CN-—
C@SWCNT exhibits p-type semiconducting behavior, with an excellent electrical conductivity
of 120 S cm™' and a high carrier concentration of 4.6 x 10*” cm*; these values are greater than
those of the previously reported carbon-based materials. The outstanding electronic and
transport properties of CN-C@SWCNT were mainly attributed to the doped cationic nitrogen
from the CN—C wrapped around the SWCNT surface and SWCNT serving as a conductive

bridge among the CN—C domains.

In this study, we succeeded to synthesize CN—C materials without thermal treatment, high-
performance carbon with excellent electrical properties using solution plasma. Particularly,

through 4 chapters, we have confirmed the infinite possibilities of development on CN-C

98



Chapter 5 - Summary

materials. We have confirmed the possibility of manufacturing a new form (N+) of carbon
material with a high heteroatom content, which is expected to greatly improve the electrical
conductivity, field emission, catalyst and storage properties. From all we mentioned, CN-C
really showed a great potential to be a promising p-type semiconductor for advanced

technological applications.
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