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Abstract

Nitrogen doped (N-doped) carbon materials have been widely studied and present their
potential use for various energy conversion applications. For the synthesis of N-doped carbon
materials, conventional methods with high temperatures, such as thermal annealing and
solvothermal methods, are mainly used. The high temperature can significantly promote the
reaction by providing large energy to starting organic molecules, leading to the activation of
starting organic molecules to undergo the reaction. Nevertheless, the high-temperature
process usually causes the evaporation of nitrogen, a lightweight element, resulting in a small
amount of nitrogen contained in the carbons. To overcome this problem, low-temperature
processes are necessary. However, for the conventional methods, when the temperature is
lowered, the reaction becomes much slower because only a small number of activated species
can go through the reaction. Recently, solution plasma (SP), a non-equilibrium plasma, have
developed and drawn much attention due to its ability to form numerous activated species and
promote reactions at low temperature. SP was found to be an effective low-temperature
process for the synthesis of N-doped carbons with relatively high doping concentrations.
Since SP involves a multidisciplinary of physics, chemistry, and materials science, there have
been several unsolved questions. The intensive investigation of SP should lead to a solution
and clear understanding, which can bring advantages to further improvement. In this research
work, a correlation between the process parameters of SP and the structural parameters of
carbon products was discovered by using multivariate analysis. Moreover, the improved SP
method was also proposed to synthesize the N-doped carbon with significantly high doping
concentration and a well-structured planar framework.

In Chapter 1, the general introduction, including the information on SP and their
applications in material synthesis, mainly carbon synthesis, was first provided. Moreover, the

information on critical process parameters (i.e., active chemical species from plasma phase,




intermediate species from liquid phase, and electric potential from plasma phase to liquid

phase) and the structural parameters of carbons (i.e., N content, defect index, and crystallinity)
was explained. Finally, the objective and concept design of this research work was described.

The selection of fifty-three organic molecules with 6- and n-bonded five- and six-member

ring and containing nitrogen components was proposed as the investigated raw materials.

In Chapter 2, the correlation between patterns of optical emission spectroscopy (OES)
with different dominations of activated chemical species in SP reaction field and structural
parameters of carbon products was discovered. Four patterns with H*, C>*, CN*, and C>"/CN"
dominations were categorized. H* and C," were important species for the formation of
amorphous carbon and graphite, respectively. Nevertheless, CN* was important species for the
synthesis of N-doped carbon with high doping concentration.

In Chapter 3, the correlation between the intermediate species in SP reaction field and
the structural parameters of carbon products was discovered. The c-bonded organic molecules,
including five- or six-member ring molecules, dominantly formed intermediates with linear
structures. Both m-bonded five-and six-member ring organic molecules mainly maintained
ring structure during SP. The linear intermediates were found to produce carbon with lower
nitrogen content but higher crystallinity. Oppositely, the intermediates with ring structure
could produce carbon with relatively higher nitrogen content. Accordingly, the synthesis
pathway of N-doped carbons could be altered depending on the organic molecules as the raw
material.

In Chapter 4, the correlation between the electric potential in SP reaction field and the
structural parameters of carbon products was investigated. The electric potential at different
phases (i.e., plasma, interface, and gas phases) was evaluated by an electrostatic probe
technique. As a result, the reaction field with the high electric potential in the plasma phase
could result in the formation of graphite-like carbon. However, there was an unclear

correlation between the electric potential and nitrogen content in the carbon products.




In Chapter 5, according to the multivariant analysis of critical process and structural
parameters from the above chapters, the modified SP system was proposed and successfully
produced graphitic N-doped graphene with a high nitrogen content of 18.79 at.%. The
proposed system could reduce the excessive current, resulting in stabilizing the glow plasma
and maintaining the overall temperature to be at room temperature. It successfully preserved
nitrogen atoms in the organic molecules from evaporation during the synthesis process and
promoted the formation of a graphitic carbon framework.

In Chapter 6, the correlations of all critical processes and structural parameters in the
synthesis of N-doped carbons using SP by multivariate analysis were concluded. The multi-
correlation could reveal the connections between the chemical structure of raw materials,
activated chemical species, intermediates, electric potentials during SP, and chemical and
physical structures of the obtained carbon products. The systematic multi-correlation proved
that it could provide direction for designing and modifying SP to achieve the synthesis of
graphitic N-doped graphene with significantly high nitrogen content. Moreover, other
possible directions for carbon-based material synthesis by SP were proposed in this thesis to
guide process designs for chemists, materials scientists, and engineers who are dedicated to

the research of carbon-based materials.




Chapter 1 — General Introductions

Chapter 1

General Introduction



Chapter 1 — General Introductions

Chapter 1 - General Introduction

1.1 Social requirement

Global warming has become a serious issue in our society [1,2]. The main sources of pollution
are carbon dioxide, methane, and chlorofluorocarbons which account for 56%, 18%, and 13% of total
exhaust gases, respectively. More than 50% of carbon dioxide, the main component of greenhouse gas
emissions, comes from electricity production, industries, and transportation which mainly relate to
energy applications and are necessary for humans [3-5]. Recently, the sustainable development goals
(SDGs) were announced and have drawn the attention of many countries aiming to obtain a sustainable
society. Several countries, including Japan, are motivated to take action for a carbon zeroization
society by increasing energy efficiency, utilizing renewable energy, and developing new technologies

for energy devices [6-9].

1.2 Carbon materials

Since 1970, graphite has been developed and used in energy devices (e.g., lithium-ion batteries)
[10,11]. Taking advantage of the scanning tunneling microscope (STM) developed by Gerd Binnig
and Heinrich Rohrer (Nobel Prize Winner in 1986), the era of nano-scaled materials was started [12],
as shown in Figure 1.1. Thus, several nanocarbon materials have been proposed, such as graphene,
carbon nanotube, fullerenes, etc. These nanocarbon materials have been applied to several energy
devices, for example, lithium-ion batteries, solar cells, and fuel cells [13-15]. However, the
development of the nanocarbon materials is still intensively conducted to accomplish new energy

technologies that can prevent the carbon dioxide emission, leading to the sustainable society.
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Figure 1.1 The development process of energy devices based on carbon materials and the impact on

carbon dioxide emissions in the future.

1.2.1 Nitrogen-doped graphene

Graphene is a two-dimensional planar structured nanomaterial with a hexagonal arrangement of
carbon atoms with sp® hybridization. Its excellent properties, such as good electrical and mechanical
properties, have attracted much attention. Furthermore, heteroatom doping has been proposed to
modulate the inherent chemical state and electronic structure of graphenes, such as the spin density of
carbon atoms and the charge distribution on the surface [16-20]. The "activation region™ on the surface
of graphene, which provides reaction sites for catalytic reactions, can be significantly enhanced by
adjusting the number of heteroatom dopants. However, the heteroatom doping of carbon materials has
remained at a low level of investigation [21-25]. Compared with the carbon atom, the nitrogen atom
has similar atomic scales, thus, doping nitrogen is theoretically possible and should be easy to be
conducted. By doping nitrogen atoms, it is possible to further endow graphene with catalytic properties,

high gas adsorption properties, and good dispersion based on its high electrical and thermal
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conductivity [26-28], as shown in Figure 1.2. Meanwhile, the surface energy and reactivity of carbon
frameworks could be effectively improved for nitrogen-doped carbon with a low-defect planar

structure. It is a promising tool for energy conversion applications [14,16,17,20,29-33].

Graphene Functionalized graphene
High electrical conductivity High electrical conductivity Catalytic properties
High thermal conductivity High thermal conductivity High adsorption properties
Dispersibility

Figure 1.2 The properties of the functionalized graphene compared with graphene.

1.2.2 Synthesis of nitrogen-doped graphene

In the conventional thermal process, higher temperatures are unavoidably used to obtain
morphologically diverse carbon products, which makes it easier for the light atoms represented by N
atoms to undergo vaporization and evaporation processes [34], as shown in Figure 1.3 and Table 1.1.

Thus, it eventually results in a lower doping rate. This is a common problem faced in the field of

/ Problem \

nitrogen-doped graphene research at present.
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Figure 1.3 Schematic of difficulty doping heteroatom into carbon framework for energy application

used in the conventional thermal process.
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Table 1.1 Current techniques for the synthesis of nitrogen doped graphene

Technique Precursor Energy Time (min) N (at%o) Ref.
Pyridine 1000 °C 20 2.63 [6]
CvD Chitosan 1000 °C 60 4.2 [7]
N-doped C dots 1000 °C 30 9.2 [8]

Graphene oxide
150 A / 35 [9]

and solid nitrogen

Arc discharge

CH.4/Na/Ar 100 A 20 4.2 [10]
Ha/No/Ar 200 A 20 4.6 [11]
Thermal Graphite/N./O; 800 °C 120 12.9 [12]
annealing Graphite/poly 900 °C 30 3.3 [13]
Solvothermal Ethylenediamine 140 °C >60 11.63 [14]
DMF 60 3.93 [15]
Solution plasma  2-cyanopyridine Room 30 1.16 [16]
by pin-to-pin Acrylonitrile temperature 20 8.58 [17]
Aniline 6 1.24 [18]

1.3 Solution plasma process

Solution plasma as a non-thermal equilibrium technique has recently gained much attention from
research scholars. The formation process of solution plasma based on the pin-to-pin electrode
geometry is shown in Figure 1.4.

Step 1, when the voltage is applied to the electrode, the breakdown of dielectric i.e., the liquid,
will occur, and it will generate the radicals and ions, including OH", H*, OH-, H" and so on. Step 2-3,
the recombination of radicals by “Cage Effect” with solvent molecules will follow and induce the gas

production.
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Step 4, when the applied voltage is up to the breakdown value, the initial electron avalanche will
generate formed bubbles, and the seed electrons are coming from the metal electrode surface. Step 5,
when the electron avalanche reaches the other side of the electrode, the electrons will quickly flow
into the metal surface, and only the ions will be left. Numerous ions will cause distortion of the electric
field, which further induces the photoionization process and form the secondary electron avalanche.
Step 6, the electron provided by the secondary avalanche will be absorbed into the initial avalanche
and generate negative or positive ions, called positive streamers.

Step 7, when the positive streamer develops to another electrode, the plasma channel is formed.
Step 8, the deactivation of radicals and ions by collision with solvent molecules, called the trapping
effect will occur, and the existence of charged particles at the gas-liquid interface will also show up
with the voltage increase. Step 9, due to the power sources being pulsed, the discharge will instantly
extinguish when the loss of energy support from power source. In this case, the density and energy of
ions can be inhibited. It is also the basic reason solution plasma can work at a low-temperature state.

When the next pulse is provided again, the bubbles will also be formed, as shown in step 3.
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Figure 1.4 The formation process of solution plasma.

1.3.1 Solution plasma process for nitrogen-doped graphene
Conventional thermal plasmas, such as arc plasmas, have reaction field temperatures of up to

6000 K [35], as shown in Figure 1.5. The chemical reaction processes are controlled by
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thermodynamics at the molecular-atomic level. In other words, the reaction process is concerned with
collision-induced energy exchange, i.e., the entropy-governed reaction process.

The utilization of thermal plasma allows the modulation of the shape of carbon materials, such
as tube- or sphere-shaped products, which are more common in previous reports [35]. Solution plasma
is a glow discharge mode. In the plasma reaction field, the electrons have high reactivity, and their
temperature reaches 5000 K in general. However, the heavy particle temperature remains basically at
room temperature. Their chemical reactions also occur at the molecular-atomic level, but the reaction
process is controlled by kinetics [36]. The reaction process is concerned with the collision-induced
electron exchange, i.e., the enthalpy-governed reaction process. The same modulation of the carbon
products in terms of shape changes, such as sheet- or sphere-shaped products, could be obtained using

solution plasma [37].

-

Conventional

High Temperature
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‘ Energy Exchange via Collision
Arc Plasma Governed by Entropy

(Thermodynamic Control)

N

Solution Plasma
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L | (5
T 4 v NG

@ 09 L
Electron Exchange via Collision 8 “) * /i
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Figure 1.5 The difference between solution plasma and conventional thermal plasma process for the

synthesis of carbon material.
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Combined analysis, the conventional arc discharge plasma can achieve the synthesis of tuned
carbon product morphology. However, the higher reaction field temperature is not suitable for the
synthesis of N-doped graphene materials. In other words, the process of thermodynamic control is not
suitable for synthesized N-doped carbon material. As a contrast, the solution plasma process with
higher reaction selectivity in the low-temperature field can provide a kinetic control reaction. The
experiment process showed that the black component, which means the carbon, is gradually generated
in several minutes of solution plasma discharge in Figure 1.6. The nitrogen atom in the raw materials
will also join the reaction of carbon formation. Finally, the carbon black powder with relatively high

nitrogen content can be easily produced, as shown in the chemical reaction.

\ = =

~.

.~ .
B

Experiment process of carbon synthesis by solution plasma in organic compounds

Solution Plasma \

/Chemical reaction of carbon synthesis by solution plasma in organic compounds )

CxHyNz Solution Plasma R Doping Carbon + H, + C.H,

. J

Figure 1.6 Experiment process, schematic diagram, and the chemical reaction of carbon materials

synthesis by solution plasma in organic compounds.

The low plasma bulk temperature ensures that solution plasma has two strong points increasing
the dopants concentration and controlling the structure of the carbon product. 2019, Chae et al.
reported for the first time the synthesis of N-doped graphene with up to 13.4 at% heteroatom content

by solution plasma technique in an ionic liquid organic solution by discharge [38]. Another highlight

11
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of this study is that the bonding type of N atoms is mainly graphitic, which means that the lone pair of
electrons of N atoms maintain the planar character of the graphene framework by participating in -
bond conjugation of aromatic rings. The material also has high electrical conductivity precisely
because doping enhances the electron density at the surface of the material. After this, Kim et al,
explored the chemical reaction pathway for the generation of N-doped carbon materials in a plasma
reaction field using pyridine as the material [39-41]. Phu et al. synthesized novel catalysts with a core-
shell structure of N-doped graphene material wrapped with metal nanoparticles using
dimethylformamide (DMF) as the raw material [40,41]. The common feature of these studies is that
the kinetic modulation of the chemistry by the low-temperature reaction field of the plasma is fully
exploited, i.e., the proportion of heteroatom doping is guaranteed while ensuring sufficient
crystallinity of graphene. This provides sufficient assurance for the application of N-doped graphene

in energy devices. It is also the motivation for this study, as shown in Figure 1.7.

Motivation

Strong point 1 Strong point 2

Increasing the concentration of dopants Controlling product’s structure

Figure 1.7 The motivation of this research includes increasing the dopants concentration and, at the

same time, controlling the structure of the products.

12
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1.3.2 Process information of solution plasma and the motivation from the current problem

Typical plasma technology involves a complex multidisciplinary intersection of physics,
chemistry, and materials science. Numerous parameters include equipment-dependent parameters
(e.g., voltage, frequency of the power supply) and physical property parameters (e.g., reactive species,
electron density and so on) with complex relationships. These parameters directly affect the properties
of the plasma reaction field and form a wide variety of process information, as shown in Figure 1.8.
Plasma is generally understood as a bottom-up carbon synthesis technique where raw materials are
decomposed into radicals, ions, and other carbon-containing molecular elements (C, and CN as the
basic fragments). In the action of high-energy electrons or ions driven by electric potential (can be
detected by Langmuir probe), followed by polymerization (form the intermediates. Late mediates
which can be detected by gas-chromatography—mass spectrometry (GC/MS)), aromatization,
carbonization, and graphitization processes to form carbon with different characteristics [42-48]. The
percentage of molecular elements, including radicals C," and CN", in the initiation phase plays an
important role in determining the properties of carbon, and it can be detected by optical emission
spectroscopy (OES). In the reaction field of solution plasma, various process information in the
discharge of organic compounds directly influences the structural parameters and performance of the

final carbon products.

13
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Figure 1.8 Solution plasma process information of carbon generation in organic compounds, including

plasma potential, active chemical species, and the chemical intermediate species.

Accordingly, there is no effective condition that can reasonably address how to regulate the
plasma in a way that is guided by the desired high N-containing carbon materials. In 2015, Lee et al.
tried to influence the synthesis of carbon products by regulating the discharge electrode spacing [49].
In 2017, Hyun et al. found that N-methyl-2-pyrrolidone (NMP) facilitated the formation of carbon
products with higher crystallinity by changing the type of raw materials [37]. 2018, Li et al.
investigated the synthesis of carbon products with different N-bonding types, including pyridinic-N,
amino-N, and graphitic-N bonding, by solution plasma. [50]. They found that amino-N catalysts have
higher electrochemical properties, i.e., higher current density. The above studies can be found that
scholars in this research field tried to find the most suitable experimental process design to obtain
good N-doped graphene products. In other words, the main problem in this research field at present is
the lack of process design for the solution plasma reaction field, which directly determines the desired

final carbon product. In the current study, this process design addresses the issues regarding the N

14
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content of carbon products, the N bonding configurations, and the crystallinity of the framework. The

reaction process is also rationally regulated to maximize the desired reaction percentage.

1.4. Object and outline of the thesis

With this inspiration, utilizing the multivariate analysis to explore the correlation between the
critical process in solution plasma and structural parameters of the synthesized high nitrogen-
containing carbons was proposed, as shown in Figure 1.9. In detail, process information is widely
acquired. It includes information about excited state chemicals from the plasma phase utilizing OES,
information about intermediates from the liquid phase utilizing GC/MS, and information about the
floating potential from the interfacial position utilizing the probe method. The above information
obtained about the reaction field is also correlated with the structural parameters of the carbon product,
including crystallinity information obtained by X-ray Diffraction (XRD), defect information obtained
by Raman, and N content information obtained by the Elemental Analyzer. Finally, the synthesis path
of carbon products with high N content based on the solution plasma reaction field is proposed, i.e.,
the process design scheme. This will provide a roadmap for chemists, material scientists, and engineers

who use solution plasma to complete the process.

15
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Figure 1.9 The objective of this research includes exploring the excited species by OES from plasma
phase, exploring the intermediates by GC/MS from the solution phase and exploring the potential
information from the interface, and correlating the information of the plasma reaction field with the
structural parameters of carbon products.

To ensure the rigor of the work, cyclic molecules with different reactivities were selected as raw
materials from a systematic classification of precursors. The strategy of confirming raw materials of
cyclic organic compounds is shown in Figure 1.10. Generally, molecules with 6-member ring structure
have higher reactivity than molecules with 5-member ring structure, and n-bonding configuration has
higher reactivity than o- bonding configuration [37]. By this strategy, the primary categories of the
compounds which including 65-, n5-, 66-, 16- were confirmed. In the secondary categories, the
reactivity of compounds was increased with the increase of the number of heteroatoms in cyclic
molecules. Due to the function group is strongly donate or withdraw electrons to the ring structure,
the difference in electronegativity of elements adjacent to the carbon of ring structure is the criterion

for determining the magnitude of reactivity of molecules with different function groups.

16
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—OH

o5 c6

N1 N2 NO N1 N2 N3

Figure 1.10 The strategy of selecting the raw materials for the reaction field of solution plasma based

on the general categorization of reactivity of organic compounds.

In conclusion, fifty-three organic compounds for solution plasma were identified by following
the above strategy of categorizing and analyzing the reactivity. The relative thermodynamic and
electrical properties of each compound are shown in Appendix 1. The confirmed raw materials of

cyclic organic compounds are shown in Figure 1.11.

17
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Figure 1.11 The finally confirmed 53 raw materials with different functional groups and nitrogen

numbers in the ring structure.

In Chapter 2, the correlation between patterns of optical emission spectroscopy with different
dominations of active chemical species and carbon products with structural parameters in SP reaction
field was explored. The two different power sources were applied to discharge in the categorized 53
raw materials, and the high-resolution optical spectrometer was used to get the spectrum of the plasma.
How the dominated radicals affected the carbon products especially in the aspect of crystallinity and
nitrogen content, was investigated. Finally, the properties of carbon products, including resistivity and
hydrophobicity, were also explored to find the critical relation to guide the application of carbons to
energy devices.

In Chapter 3, the correlation between the intermediate species and the carbon products with
structural parameters in SP reaction field was explored. The gas chromatography with mass

spectrometry (GC/MS) was applied to detect the intermediate molecules from the discharge of 53 raw

18
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materials. The intermediates were categorized into groups according to the structures and nitrogen
bonding components. The reaction routes based on different intermediates of carbon formation in the
SP reaction field were finally proposed.

In Chapter 4, the correlation between the electric potential obtained from an electrostatic probe
of different phases in SP and the carbon products with structural parameters was explored. The probe
measurement systems were established based on the principle of Langmuir probe. By sweeping the
position of probe, the potential of different phase, including plasma phase, gas phase and liquid phase
were measured, followed by categorization. Finally, the Kinetics process of the reaction in solution
plasma for the formation of nitrogen-containing carbon products was proposed.

In Chapter 5, the optimal designing of a critical process in the synthesis of high nitrogen-
containing carbons using SP by combining the conclusion of the multivariate analysis of the above
chapters was proposed. A novel electrode geometry was proposed based on the dielectric barrier
discharge, and the morphological, optical, and electric properties of plasma were also diagnosed. The
nitrogen content and the bonding configuration of the carbon products were investigated to finally
confirm the validity of multivariate analysis results.

In Chapter 6, the conclusion of this doctoral thesis was summarized.
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2.1 Introduction

Plasma is generally known as a bottom-up synthesis of heteroatom-doped carbon materials, in
which raw materials are decomposed into radicals, ions, and other carbon fragments, such as C," and
CN", by the collision of high-energy electrons [1-5]. After the decomposition, polymerization,
carbonization, and graphitization processes are followed, respectively, to form carbon particles with

different characteristics [6]. General perspective to understand, the number of decomposed fragments,

i.e., C;" and CN’, plays an important role in determining the properties of carbon [3,7-15].

In the SP process, the decomposition of raw materials or organic molecules with heteroatoms to
form the fragments [16], i.e., C>" and CN”, occurs at the plasma phase. The decomposed fragments are
further polymerized at the plasma-liquid interface, which has a much lower temperature [17-29]. The
low temperature is one of a key to preventing the vaporization of light elements (e.g., N atom) and
improving the heteroatom doping ratio in the carbon [30-33].

In the reaction field of SP, atoms and molecules are excited to different levels under conditions
of inelastic collisions of free electrons [20,34-38]. The shelf-time of the excited species is usually short
on the order of nanoseconds and can only be relaxed by means of photon radiation. Different atoms or
molecules radiate in a specific wavelength range, which corresponds to the potential energy difference
between the upper excited state and the lower layer [39-41]. These radiations can be analyzed using a

high-resolution optical emission spectrometer and are presented as a peak profile [41]. It provides

26



Chapter 2 - Excited Chemical Species Produced by Solution Plasma in Cyclic Organic
Compounds and the Structural Correlation with the Raw Molecules

information about the emitted species in the reaction field, which are the fundamental sources of
particles that form carbon particles. Our group has been intensively investigating the synthesis of
carbon using SP. Morishita, T. ef al [22] employed OES to measure the radical composition of SP
formed in cyclic molecules as well as in chain molecule raw materials. The typical feature is a large
amount of C>" radicals; similar characteristic spectra are also shown in Chae, S. et al [17-19] and Maria,
A. et al [42]. These studies showed that SP could be used to synthesize several carbon materials with
different structural features, such as core-shell structures of nitrogen-doped carbon-coated metals,
nitrogen-doped carbon quantum dots and so on. However, this research still faced the limitation in
doping heteroatoms into carbon framework.

Therefore, it is challenging to deeply investigate the relationship of radicals, ions, and
decomposed fragments with the structure and properties of carbon products synthesized by SP which
can lead to the improvement of SP and overcome the limitation in doping heteroatoms into carbon
framework. Based on this motivation, in this study, a systematic study was conducted. A correlation
between the peak profiles obtained by OES in the plasma and the structural parameters of carbon
products was expected, based on the hypothesis that the excited chemical species at plasma-liquid
interfaces can induce the kinetically-controlled chemical reactions, i.e., polymerization of carbon
[36,37]. To ensure the reliability of the correlation, 53 cyclic molecules without and with nitrogen
contents as dopants or functional groups with different reactivities were selected as raw materials and
systematically rearranged, as shown in Figure 1.11. The conventional bipolar pulse discharge SP and
newly proposed monopolar pulse discharge SP were used to synthesize carbons, as shown in Figure
2.3. The emission spectra dominated by different radicals for different raw materials were obtained.
The parameters of the carbon synthesized in SP reaction field were conducted using XRD, Raman and
Elemental analyzer. The properties of the carbon, including resistivity and wettability, were also
obtained. The analytical method of the ternary phase diagram was applied, and the correlation mapping

between OES patterns and carbon products was expected.
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2.2 Experimental procedures

In the research, the typical electrode structure which is named pin-to-pin geometry (Figure 2.1)
was applied for plasma conducting and carbon production. The discharge environment is an organic
solution, which is a cyclic compound. Most of the photon emission was coming from the plasma center,
which was located in the plasma phase. The emission light could be captured, and the exact radical
information was shown in OES, as shown in Figure 2.2a. Except plasma phase, there also exists an
interface phase located between plasma and solution, and the carbon product is minor due to the
smaller reaction area with lower energy, as shown in Figure 2.2b. In contrast, the main product of
carbon came from the plasma phase due to the larger bulk volume. The schematic diagram of obtaining
N-doped graphene as the target product in SP is shown in Figure 2.2c. The discharge power sources
include, for the first time, a monopolar pulse in addition to the conventional bipolar pulse, as shown
in Figure 2.3. From the viewpoint of the kinetic process, the monopolar pulse could continuously
provide a single-side electric field, which derived the mobile orientation of the active particles. It
provided theoretical support for the directional growth of the carbon framework. Therefore, the
innovative application of monopolar pulse SP was expected to make it easier to obtain the desired
target material, i.e., N-doped graphene.

A pin-to-pin electrode structure with the high voltage electrode and the ground electrode was
applied for the plasma generating and carbon production, the schematic of the setup of the experiment
is shown in Figure 2.1. The electrode was a tungsten rod (W, ¢ 1.0 mm, Nilaco Co, Japan) covered
with a ceramic tube (¢ 2.0x0.5x100(H) mm, Nilaco Co, Japan). The SP was driven by a bipolar pulse
(MPS-R06K01C-WP1-6CH, Kurita, Japan) or monopolar pulse power supply (MPP04-A4-30, Kurita,
Japan). The voltage and current were measured by the high-voltage probe (P6015A, 1000X, 3.0 pF,
100 MQ, Tektronix, USA) and current probe (PR30, Yokogawa, Japan), respectively. The signal was

recorded by a digital oscilloscope (DLM2024, 2.5 GS/s, 200 MHz, Yokogawa, Japan).
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Figure 2.1 Schematic of the experiment setup and exactly conditions
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Figure 2.2 (a) The discharge environment and the emission site of solution plasma. Both the
generation of OES and carbon materials were conducted from the same phase, i.e., plasma phase, there
must or might have one kind of correlation with each other. (b) The location of the reaction field and
carbon formation process. Main product of carbon is come from the plasma phase due to the bigger
volume of the reaction field. (c) Schematic diagram illustrating the synthesis target material, i.e., N-

doped carbon materials, in the solution plasma process.
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Figure 2.3 Bipolar- and monopolar- pulse electric properties and mechanism of growth of carbon.

The released light of chemical species, i.e., radicals, was captured with a high-resolution optical
emission spectrograph (Horiba Jobin Yvon, TRIAX 550) coupled with a back-illuminated CCD
detector, and the wavelength range was 200—-1000 nm. The optical fiber detector was covered by a
quartz tube to be put as close to the plasma as possible. The instrument broadening of the spectrum
could be inhibited by this method. A volume of 100 ml baker placed with a magnetic stirrer was used
as a container to complete the experiment. The carbon-producing condition is shown in the graph of
Figure S1. The organic solution with a purity higher than 99.5% was purchased from Kanto Chemical
Co., Inc, Japan. The black carbon powder was obtained after SP, followed by vacuum filtration and
oven drying at 80 °C for 12 h.

The crystallinity of the carbon products was conducted by X-ray diffraction (XRD, Smartlab,
Rigaku Co., Japan) with a Cu Ka. (A = 0.154 nm) X-rays source. The electronic surface potential, i.e.,

changing the polarizability of the electron density of the surface of carbon, was conducted by Raman
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spectra microscope (Raman, Leica DM 2500M Ren (RL/TL), Renishaw Plc, England) utilizing a laser
wavelength of 532.5 nm. The elemental composition was obtained by Elemental analysis (EA) with
Perkin Elmer 2400 Series Il CHNS/O analyzer. The resistivity of the carbon material was obtained by
measuring the specific shape (15 mm in diameter and 0.18 nm in thickness) of the carbon pellet pressed
(60 MPa in pressure) with carbon powder (25 mg in amount) through four-point probe meter (Loresta-
GP MCP-T610, Mitsubishi Chemicals). The water contact angle of the carbon pallet was measured by

a2 pL droplet of distilled water to obtain the wettability property.

2.3 Results and discussion

Similar OES patterns were obtained with bipolar- and monopolar-pulse SP of each group of raw
materials (Figure 2.4-2.7). The components of the spectra strongly depended on the chemical structure
of the raw materials. The spectral analysis showed that the main radicals were H,", C,”, CN" and the
identification of atoms, molecules, and radicals’ transitions in the emission spectra is shown in Table
2.1. For the w6 group, the increase in the intensity of C," emission spectra was exhibited as the
reactivity of functional groups increased, as shown in Figure 2.4. A decrease in the intensity of C,"
emission spectra was exhibited when nitrogen existed in the benzene ring. The possible reason was
that the reactivity of the benzene ring could be greatly reduced because the nitrogen was a pyridinic
type, which had the lone pair electrons and do not involve in the conjugation hybridization [37]. The
opposite phenomenon was found in the 5 group, as shown in Figure 2.5, where the lone pair electrons
of pyrrolic nitrogen formed a conjugate hybridization with the carbon atom, resulting in the
enhancement of the reactivity on the ring, and thus there was a gradual increase in C2/CN" emission

intensity [18]. In this work, this nitrogen atom was called an accelerator N.
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For 65 group, as shown in Figure 2.6 the bonding configuration of nitrogen atom with sp’
configuration led to the lone pair electrons close to the proton, causing the increment of the reactivity
at the nitrogen atom [37], which was called accelerator N. For 66 group, the obtained spectra were
revealed to be dominated by H* to Co/CN” due to the high reactivity of molecules in the 66 group, as
shown in Figure 2.7. The ternary phase diagram indicated the relative intensity of excited chemical
species in plasma from OES (i.e., H,", C,", CN") was constructed as shown in Figure 2.8. The

patterns of OES were classified into 4 categories, including H*, C,", CN" and Co/CN" domination.
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Figure 2.6 Optical emission spectra of the 65 group of raw materials.
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Figure 2.8 Ternary phase diagram of the cyclic organic compounds by following the patterns of OES
with comparing the intensity of the radicals of H", CN" and C" and the exactly typical OES patterns
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Table 2.1 Identification of atoms, molecules, and radicals’ transitions in the emission spectra.

Transition band [21,41-48] Wavelength (nm) Transition Particles
Swan system 516.5, 471.5, 547.0, 558.0 d®Ig - %M1, C
Swan system under high pressure 589.9 d®I1, - %1, C2
Deslandres cf azambuja system 385.2, 360.7, 358.7 ¢y - b, C
Violet system 388.3,415.2 B2t - X2%2* CN
Benzene cation 545.3 CeHs"
Carbon molecule anion 545.3 % -2y Cy
Fulcher a Hydrogen molecule 600 - 630 d*IT, - a3%g* C2
Balmer series 656.0, 486.1, 434.0 n=5-2,4-2,3-2  Ha, Hp, Hy
Oxygen 777,844.6 5P - 55, 3P - 35, 0]

The XRD patterns obtained from the carbon samples synthesized by bipolar- and monopolar-
pulse SP were shown in Figure 2.9(a), (b). Carbon samples from monopolar pulse SP showed higher
C002 peak intensity and lower FWHM, compared to that of bipolar pulse SP. The crystallinity was
further analyzed by intensity/FWHM as shown in the ternary contour plot (Figure 2.9¢). The OES
spectra of carbon samples, which showed the strong intensity of C," peak of C»” domination exhibited
high crystallinity for both cases of the bipolar- and monopolar- pulse discharges. However, the OES
spectra of carbon samples from the monopolar pulse discharge with the strong intensity of CN" peak
of CN" domination also had relatively high crystallinity. The overall crystallinity of carbon samples
from the bipolar pulse discharge was lower than that of monopolar pulse discharge. The main reason
might be that the plasma during the monopolar pulse discharge showed a higher discharge current,
which could enhance the dehydrogenation reaction (Figure 2.3). Moreover, by assuming the local
thermodynamic equilibrium of SP and employing the relative intensities of Balmer H lines, the

electron excitation temperature could be obtained. The results showed that the reaction field
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dominated by C," had a higher temperature. This evidence proved that electron and thermal
transformation simultaneously facilitated the formation of the graphitic structure due to large
amounts of the C>” radicals which induced the generation of n-bonding or 7* anti-bonding orbitals.
Furthermore, the electronic surface potential of a molecular system through vibrational and
rotational states was obtained by Raman spectroscopy, as shown in Figure 2.9c and d. The ternary
contour plot of Ip/I; with respect to the OES patterns was constructed, as shown in Figure 2.9f. For
both bipolar- or monopolar-pulse discharge, the carbon samples obtained from the reaction field
containing mainly hydrogen of H* domination exhibited large Ip/lc. According to the electron
excitation temperature, it could indicate that the plasma with relatively low energy could mainly
generate decomposed hydrogen bonds. Thus, carbon samples with a large number of C-H bonds in sp’
structure were obtained [37], which influenced a polarization of the electron density in sp? hybridized
bonding configuration of the carbon surface. Accordingly, it could be concluded that the carbon
products from SP system with H* domination were an amorphous phase.
The correlation between the OES patterns and nitrogen content in the carbon sample from bipolar-
or monopolar- pulse discharge was shown in Figure 2.9g. The carbon samples with high content of N
were found to obtained from the bipolar pulse SP with C>” domination and monopolar pulse SP with
CN® domination. It was because, from the OES patterns of SP with Co/CN" domination, the
temperature of the reaction field could be calculated and found to be excessive, which led to the
vaporization of the nitrogen element. Thus, the nitrogen doping content was relatively low. However,
the OES patterns of C," and CN* dominated SP showed that the moderate temperatures could be
obtained, which should promote the dehydrogenation process and suppress the vaporization of light
element, such as nitrogen. This feature is more clearly reflected in the correlation of OES and carbon
from monopolar pulsed SP. That is, the CN" in the reaction field of plasma would serve as the
molecular element of the nucleation and growth of N contained structure of carbon. According to
Figure 2.9¢ and f, the carbon samples with the high nitrogen content had a high degree of crystallinity
and low amount of disordered structure. It indicated that the carbon with high N content contributed

to the formation of the graphene structure, and the kinetic diagram was obtained as shown in the
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overlapping of the above ternary contour plot. The above results provided the information that the C,"
or CN” radicals could serve as primary units in carbon allotrope by the formation of sp”/sp’ bonded

cluster/domain sizes.
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Figure 2.9 X-ray diffraction (XRD) patterns of carbon from (a) bipolar pulse SP; (b) monopolar pulse
SP. Raman spectra of carbon from (c) bipolar pulse SP; (d) monopolar pulse SP. Ternary contour plot

of the correlation between OES patterns and properties of carbon of bipolar- and monopolar-pulse SP,
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and kinetic phase diagram of carbon under OES patterns determined from overlapping the ternary
contour plot. (e) Crystallinity level by index of intensity/FWHM from XRD, and graphite phase was
confirmed by concatenating the centers. (f) Io/lc from Raman of carbon, and amorphous phase was
confirmed by concatenating the centers. (g) N doping content from EA of carbon and N-doped

graphene was confirmed.

The above analysis showed the correlation between the structure of carbon and OES patterns;
however, the information on the properties and performance of carbon samples were still necessary to
acquire the direction for synthesizing carbon materials by SP, aiming to apply in a lithium-ion battery.
One of the important properties is resistivity which relates to carrier movement. Figure 2.10a shows
the correlation between the OES patterns and resistivities of carbon products from bipolar- or
monopolar-pulse discharge. The carbon products from both bipolar- or monopolar-pulse discharge
with H" domination exhibited relatively high resistivity. This could be correlated with the OES patterns
in Figure 2.9a. The synthesized carbon samples from SP with H* domination were mostly amorphous
phase. Consequently, it could refer that the high content of sp’ bonding configuration could lead to
hinder the carrier mobility on the carbon surface.

The result of the ratio of H/C, as indicated in Figure 2.10b, demonstrated the carbon of C’
domination of bipolar pulse SP demonstrated higher H/C. The same features as the correlation of N
content and OES pattern are shown in Figure 2.9c. In contrast, the correlation of H/C and OES patterns
of carbon from monopolar pulse SP was not shown any strong correlation. To further understand the
essential reasons for the appearance of the above phenomena, the effects of different types of bonding
configurations of doped N on carrier transport were analyzed, as shown in Figure 2.10g. It is
noteworthy that the inhibiting or inducing of carrier transport would be affected when heteroatom N
were doped into the carbon with different bonding configurations. The ability to increase the carrier's
transport followed the order as below: graphitic N > pyrrolic N > pyridinic N > pyridinic oxidized N >

N containing function group. Graphitic N maintains a planar structure while lone pair of electrons,
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which was in the unhybridized p orbitals, formed conjugated n-bonds with adjacent carbon atoms. As
a result, a local electron-rich region was formed, which enhanced the electrostatic force of electron
propagation on the carbon surface. However, the presence of pyrrolic N and pyridinic N in the carbon
framework also introduced boundaries. Since the lone pair of electrons of pyrrolic N was involved in
the aromatic ring hybridization, while the lone pair of electrons of pyrrolic N was in the sp’
hybridization orbital. Thus, pyrrolic N had a stronger ability to induce electron transport than pyridinic
N. For pyridinic oxidized N, the presence of greater electronegativity of the oxygen element makes
the electron pair more shifted toward it, thus enhancing the carrier blockage problem due to boundary
effects. In N containing function group, the withdrawing or donating electron brings the unbalance of
electron density of the carbon surface. However, it exhibited obstruction in the carrier movement
process.

Based on the above understanding, the performances of resistivity vs N content of this work were
compared with other reported N-doped carbon materials (Figure 2.10d). The carbon synthesized by
conventional SP, pyrolysis, thermal segregation, and arc discharge had gradually decreased resistivity
as the percentage of N content increased. However, the N content was low. The carbon produced by
the bipolar pulse SP used in this work showed a gradual increase in resistivity with increasing N
content, as well as a gradual increase in the H/C ratio (Figure 2.10¢), which indicated that N was
present in the carbon in the form of functional groups. On the contrary, the carbon produced by
monopolar pulse SP proposed in this work had a decrease in resistivity while enhancing the N content.
And the H/C ratio (Figure 2.10e) was essentially constant as the N content increased. It indicated that
monopolar discharge plasma could conduct substitution of C by N in the 7 conjugated bonding system.
It was possible that this replacement was more in the form of graphitic N. However, it might also
include pyrrolic N or pyridinic N. It should also be noted that the conductivity of the carbon
synthesized in this work had a certain gap compared to that of commercial graphite, which was
probably since the Fermi energy level of the carbon was opened after the nitrogen doping and thus had

semiconductor properties.
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In addition, based on the understanding of the electrical characteristics of carbon synthesized by
this work, the information about the hydrophilic or hydrophobic properties of carbon by measurement
of water contact angle was further obtained. The results are shown in Figure 2.10c for carbon
synthesized of bipolar- or monopolar-pulse SP. The carbon synthesized from the bipolar pulse
discharge with C," domination had a larger water contact angle. Meanwhile, the carbon character of
this part tended to be close to the graphite and N-doped graphene phase. This might be due to the
presence of m-bonds resulting in an overall lower polarity of electron density of the carbon surface,
and the surface energy of this part of carbon was lowered, thus insufficient to resist hydrogen bonding
of water molecules. Additionally, it should be noted that the contact angle of carbon synthesized by
monopolar pulse discharge was higher than that synthesized by bipolar, as shown in Figure 2.10f. Its
properties are close to hydrophobic to superhydrophobic. The possible reason might be due to the
higher degree of graphitization of carbon synthesized by monopolar plasma. The N-doped carbon with
lower resistivity and higher hydrophobicity has great potential to be applied in energy storage devices
(e.g., a lithium-ion battery) which is configured with organic electrolytes. These properties could
provide sufficient wetting contact degree between electrolyte and electrode while reducing the
impedance of lithium-ion exchange or intercalation/deintercalation[49,50]. Consequently, the plasma
with H" domination was highly susceptible to the formation of highly resistive amorphous carbon with

the structure of sp’ bonding.
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Figure 2.10 Ternary contour plot of the correlation between OES patterns and carbon properties: (a)
Resistivity of carbon of bipolar- and monopolar-pulse SP. (b) H/C ratio of carbon of bipolar- and
monopolar-pulse SP. (¢) The water contact angle of carbon of bipolar- and monopolar-pulse SP. (d)
Resistivity vs N content of this works and refs. (e) H/C vs N content. (f) Contact angle vs N content.

(9) Simplified schematic of orbitals of N dopants with different bonding configurations.

Figure 2.11 shows the schematic diagram illustrating the transformation of raw molecules into

various carbon phases under the different domination of the excited species in the SP process. The
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organic molecules in the solution were first decomposed by the high-energy electrons generated in the
plasma to obtain the decomposed fragments such as C,", CN". These fragments could further undergo
polymerization to form intermediates containing polyaromatic rings at the interface between the
plasma and the solution. Different radical-dominated plasmas have different effects on the
intermediates in the subsequent carbonization and graphitization processes. Specifically, in the H"
dominated spectral plasma, the final carbon products tended to be mostly the amorphous phase of
sp’+sp’. This part of the carbon had a high H/C value as well as a high resistivity. In CN-dominated
spectral plasma, the final carbon products tended to be N-doped graphene phase with sp’ as the
dominant bonding configuration, and the hydrophobic nature of this carbon was another typical feature.
It has good applications in organic electrolyte-based energy applications, such as lithium-ion batteries.
In the plasma with C," as the dominant spectrum, the final carbon product tended to be sp’-~dominated
graphite phase. It has a low resistivity characteristic. It is evident that the methodology based on the
correlation between OES patterns and carbon products proposed in this study was a clear guideline for
carbon product synthesis in SP.

Solution Raw molecules

Interface Intermediates

< R Amorphous phase

H domination sp+sp?

Graphite phase
sp?

Figure 2.11 In solution plasma, the structural units increase in doping content and crystallinity with

different domination of H*, C,", CN" and C,/CN".
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2.4 Conclusion

This study revealed the relationship between the obtained carbon products and the plasma-
generated radical components by investigating the correlation of OES patterns and characteristics of
the obtained carbon products, aiming to improve the synthesis of N-doped graphene using SP. The
reaction fields in SP dominated by H', C,", and CN" sequentially promoted amorphous carbon,
graphitic, and N-doped graphene, respectively. The low-defect graphene with nitrogen doping in the
carbon framework by conjugation could be obtained by monopolar-pulse SP with CN* or Co/CN"
domination. The high-defect graphene with nitrogen content as a functional group on the surface was
obtained by bipolar pulse SP with C," domination. The systematic research could lead to a clear
understanding of the reaction field for the synthesis of carbon materials from organic compounds by
SP. Finally, the research was expected to open new opportunities for plasma-based technologies in

material science and engineering.
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3.1 Introduction

The correlation obtained in Chapter 2 showed that, in plasma phase, the CN” radicals played an
important role in influencing the amount of nitrogen content in the carbon products. However, the
spectra from the OES measurement can provide information relating to only chemical species which
exist at the center of the plasma. Nevertheless, the chemical species presenting at the interface between
plasma and liquid as well as in solution, are also non-negligible. To truly under the chemical reaction
through solution plasma (SP), the investigation of chemical species at the interface between plasma
and liquid as well as in solution is strongly recommended.

In the reaction field of the solution plasma, the interface between plasma and liquid has been
believed to be a major reaction field. The solution can act as an electrode [1-3]. Since electrons have
a smaller mass compared to ions, the effect of its drift-diffusion is more significant [4]. The electron
can rapidly diffuse to the interface and solution, while the heavy particles, i.e., ions, are retained in the
plasma and seemed to be at their original position, compared to the motion of electrons. Accordingly,
in the plasma, the layer of positively charged particles (CN*, C,*, H*, etc.), i.e., a sheath layer, is
formed [5-8]. The built-in electric field formed by the motion of ions and electrons in the sheath layer
drives the positively charged particles to move at an accelerated velocity and cause collisions with
solution molecules [5]. The collision process results in the excitation, ionization, or decomposition of

the solution molecules and contributes secondary electrons to the plasma [9-13]. The above process is
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exactly the y effect in the classical Townsend discharge theory [14]. Numerous chemical intermediate
species are generated by collisions at the plasma-liquid interface and further undergo oligomerization
and polymerization reactions to form the final carbon products [1,15,16]. Therefore, the
characterization of chemically active species in the solution can perceive the relationship between the
intermediate product properties and final carbon products and support to the proposal of a more
reliable and intuitive reaction route for carbon product generation in the SP reaction field. It will be
the essential evidence for the realization of high N-containing carbons synthesis.

2016, Morishita et al. explored the reaction pathways for the preparation of nitrogen-free carbon
products from chain alkanes (hexane, hexadecane), cyclic alkanes (cyclohexane), and cyclic aromatic
hydrocarbons (benzene) as raw materials in a solution plasma reaction field [1]. They found that
saturated alkanes had lower carbon product yields and formed the final carbon product through a
carbonization process in the plasma phase. Aromatic hydrocarbons had higher carbon product yields,
and the final carbon products were formed through a polymerization process in the liquid phase. The
two different reaction fields provided a reasonable explanation for the different crystallinity
characteristics of the final carbon products. However, the study lacked the exploration of reaction
routes for raw materials, including heteroatoms.

2018, Kyusung Kim et al. explained the reaction pathway of the SP reaction field using pyridine
as a raw material [16]. They found that pyridine sequentially formed intermediates with a larger
molecular mass of two rings (bipyridine, phenanthroline), and three rings (terpyridine) by
polymerization. However, this study did not address the question of how the intermediates affect the
structural parameters of the final carbon products. In other words, it is of great importance to discover
more general patterns about the intermediates in the complex SP reaction field, which can guide
scientists to obtain high N-containing carbons.

To address this issue, in this Chapter, the chemical intermediates generated in the SP reaction
field were analyzed using gas chromatography-mass spectrometry (GC/MS). The 53 cyclic molecules
containing one to more N atoms identified previously were used as raw materials for the SP reaction

field, as shown in Figure 3.1. The influence of the intermediate species on the structural parameters
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of the final carbon product was explored intensively, and the correlation from the raw material,
bridging with the intermediate species, to the final carbon product was finally proposed, where

different raw materials may have different reaction routes for the expected carbon products.

Gas H,CH, CH,CH,CH, Molecular weight identification
GC/MS Carbon
Solution v
Intermediate

P-S interface

Precursor

B QO
H H

Benzene-like cations

Figure 3.1. Schematic diagram of the chemical intermediate species in solution plasma characterized

by GC/MS based on molecular weight identification.

3.2 Experimental procedures

Plasma diagnosing and GC/MS characterization. In this Chapter, the typical pin-to-pin
electrode and experimental conditions, the same as in chapter 2, were applied for plasma producing,
as shown in Figure 3.2. The discharge environment was the confirmed 53 types of raw material, which
including 65-, n5-, 66-, m6-. The discharge power source was bipolar pulses. The carbon products
obtaining process was consistent with chapter 2. 1 uL of the solution containing the intermediate
products, after ten seconds discharge, were syringed by the spitless injection into 30-m HP-5 column
(Agilent Technologies 19091J-413) with the carrier gas, which was Helium (2 mL/min of flow rate).
The instrument was equipped at the platform of GC/MS (JEOL JMS-Q1050GC). The temperature
ramp rate of GC column was set at 5 °C/min, until 300 °C. The range of the mass-to-charge ratio of

mass spectrometry was set from 20 to 600 m/z.

52



Chapter 3 - Chemical Intermediates Produced by Solution Plasma in Cyclic Organic Compounds
and the Structural Correlation with the Raw Molecules

Carbon products characterization. The methods of characterization of carbon products were
the same as in chapter 2. It includes the crystallinity of carbon conducted through X-ray diffraction
(XRD, Smartlab, Rigaku Co., Japan) with a Cu Ka (A = 0.154 nm) X-rays source. The index of defect
of carbon was conducted by Raman spectra microscope (Raman, Leica DM 2500M Ren (RL/TL),
Renishaw Plc, England) utilizing a laser wavelength of 532.5 nm. The N content of carbon was

conducted by Elemental analysis (EA) with Perkin Elmer 2400 Series II CHNS/O analyzer.

Solution after solution plasma — Experimental conditions

Gas chromatography Mass

spectrometry (GCMS) Voltage 2KV
Frequency 100 kHz
Pulse width 1 us
Reactor Quartz tube
High Electrode Tungsten W
— . —-—— voltage (1 mm)
W probe
Electrode gap I mm
Stirrer Current probe
Precursor volume 100 mL

Pulse width
i

‘ : L] : U Time / \ / \ / Discharge time 10 min
Frequency

Raw material 15, m6, 65, 06

Voltage

Power supply Oscilloscope

Figure 3.2. Schematic image of the experiment setup and the exact experimental conditions, including

the parameters of power sources, electrode configuration and discharge time.

3.3 Results and discussion

Figure 3.3-3.6 show the results of GC/MS qualitative analysis of the intermediate species in SP
reaction filed from the raw material of 65-, ©5-, 66-, ©6-, respectively. The results showed that in the
case of aromatic cyclic molecules without N (6-, ©5-) used as raw material, most of the intermediate
products were found to be unsaturated aromatic molecules with two, three, or four rings (detailed

molecular structures with categorized by the number of C are shown in Figure 3.8) and no chain-like
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molecules partially existed. In the case of aromatic cyclic molecules with N (n6-, 75-) used as raw
materials, the intermediate products were dominated by monocyclic to polycyclic molecules (detailed
molecular structures categorized by the number of C are shown in Figure 3.7) with N atoms hybridized
by participating in w-bonds configuration of the aromatic ring structure. The N bonding configuration
included pyridinic N, graphitic N, and pyrrolic N [17]. There were also molecules with N atoms which
presented as functional groups attached to the aromatic ring. The obtained analysis result indicated
that when the aromatic ring molecules (n6-, ©5-) were used as raw materials in the SP reaction field,
it could suggest that the final carbon products were produced through the polymerization process after
it underwent the excitation process of ring-like intermediates as the elemental fragments. It is also
important to mention that within the group of n6- and ©5- molecules, as the functional group activity
increased, there was no regular change in the number or intensity of intermediate chemical species
from GC/MS. This means that the changes in the species and quantity of chemical intermediates in
the complex reaction field of SP do not follow the classification based on the general rules of molecular

chemical activity.

In the SP reaction field with saturated cyclic molecules (65-, 66-) used as the raw material, the
intermediate products were mainly long-chain molecules (the detailed molecular structures
categorized by the number of C are shown in Figure 3.9) and contained slightly amount of N atoms.
This indicates that the raw material molecules (65-, 66-) were decomposed into short-chain
hydrocarbon molecules at the plasma-liquid interface sites. This might be because a single bond had
low bond energy than that of the double bond, and thus the raw material molecules of 65 and 66 groups
were more easily decomposed but not only excited under the y effect from ions. The decomposed
short-chain molecules further formed long-chain molecules through electron transfer reactions. The
above results indicated that the raw materials of saturated cyclic molecules (65-, 66-) undergo
excitation and decomposition in the SP reaction field to produce the final carbon products through the

polymerization process of chain-like intermediates as the elemental fragments.
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Figure 3.7. The ring structures with N containing the intermediate products obtained from the SP
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reaction field in the discharge environment of different raw materials. The carbon numbers of each

chemical species were from C4 to C23, and the corresponding double bond equivalent was calculated.
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Figure 3.8. The ring structures without N contain the intermediate products obtained from the SP
reaction field in the discharge environment of different raw materials. The carbon numbers of each

chemical species were from C6 to C20, and the corresponding double bond equivalent was calculated.
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Figure 3.9. The linear structures of the intermediate products obtained from the SP reaction field in

the discharge environment of different raw materials. The carbon numbers of each chemical species

were changed from C8 to C23, and the corresponding double bond equivalent was calculated.
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According to the obtained results in the above summary, the different structures of intermediates
produced by solution plasma formed from different raw materials and be identified. Statistical analysis
was demonstrated to make the correlation between raw materials and intermediates. The carbon
numbers of each intermediate were calculated and counted. Double bond equivalents (DBE) refer to
the level of unsaturation of covalent bonds within an organic molecule or the number of unsaturated
bonds present [17-19]. For example, benzene has three double bonds and one ring, and thus the DBE
of benzene is four. Moreover, the triple bond is considered to have a DBE of two. The detailed formula
is DBE=C-H/2+N/2+1, where C is the number of carbon atoms, H is the number of hydrogen atoms,
and N is the number of nitrogen atoms [17,20]. Accordingly, the double bond equivalents of each

intermediate were calculated and labeled in Figures 3.7-3.9.

The relative double bond equivalents, i.e., DBE+N, were calculated and applied to distinguish
between intermediates containing or not containing N atoms. Figure 3.10(a) shows the iso-abundance
plots of DBE+N versus carbon numbers for all intermediates. Meanwhile, the number of nitrogen
atoms for each different intermediate was showed the bubble diagram format. As the number of
carbons of the intermediates increased, the DBE+N of the ring intermediates with N also showed an
increasing trend, and the rate of the increase became faster compared to the other two structures. In
addition, the number of N atoms also tended to increase with the increase in the number of carbon
atoms. For the linear structure intermediates, the DBE+N did not show a significant change with the
increase in the number of carbon atoms. Since linear intermediates mostly existed as C—C single bonds.
To clarify the correlation between intermediates and carbon products, the dominant intermediate
produced in the SP reaction field from each raw material (as shown in Table 3.1) was chosen as a
representative to correspond to the structural parameters of the carbon products. As shown in Figure
3.10, the intermediates generated in the SP reaction field with n6- and ©5- as raw materials had higher

DBE, even though they had the same number of carbons compared to 66- and 65- as raw materials.
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Figure 3.10. (a) The iso-abundance plots of relative double bond equivalent (DBE) with nitrogen
numbers (NNs) vs carbon numbers for the class of nitrogen numbers (NNs) of intermediates; The iso-
abundance plots of relative double bond equivalent (DBE) with nitrogen numbers (NNs) vs carbon
numbers for the class of nitrogen numbers (NNs) of intermediates and (b) N content of carbon products,
(c) crystallinity from intensity/FWHM of C002 peak from XRD, (d) defect index calculated by Ip/ls

from Raman characterization.

The structural parameters of the carbon products in the fourth coordinates of Figure 3.10(a) and
showed the correlation between the intermediates and the carbon products by using the fitted pseudo-
color plot, as shown in Figure 3.10(b)-(d). From the distribution of the N content of carbon products
(Figure 3.10 (b)), the ring intermediate with nitrogen induced the carbon products with higher N
content. Moreover, the higher content of nitrogen in the intermediate products was also found to result
in the higher nitrogen content of the carbon products. This evidence also supported that the generation

of carbon products in the SP reaction field was related to the polymerization process of intermediates
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within the solution. Figure 3.10(c) shows the degree of crystallinity of the carbon products in relation
to the intermediates as well as the raw materials. We can see that the intermediates with linear
molecular structure produced by 66-, 65- as raw materials in the SP reaction field could contribute to
the formation of carbon materials with high crystallinity. This might be due to the absence of N atoms
in the carbon chain structure, which promoted the formation of linear chain alkanes and thus ensured
that the carbon framework did not suffer from bending and distortion during the polymerization
process. Figure 3.10(d) shows the correlation between the molecular vibration, i.e., Io/lg, which can
indicate the structural properties of carbon products and the chemical structure of intermediates. It was
found that the carbon products produced with the intermediates of the linear structure had lower Ip/lg
values, which was due to the higher crystallinity of the product. However, the carbon products with
higher N content, i.e., the intermediates of the ring with N, also had lower Ip/ls values. It might be
due to the introduction of N atoms into the carbon framework in the form of graphitic, pyridinic, or

pyrrolic could not cause significant damage to the electronic surface potential [21-23].
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Table 3.1. The number of the intermediate representing each raw material, the corresponding carbon

number, double bond equivalent, and N number of the intermediate.

Name Inte C DBE N | Name Inte C DBE N
Benzene Ro 10 8 0 | Methyl cyclopentane R 1 0
Toluene Rpn 10 8 0 | Cycloheptylamine RNig 10 7 8
Benzonitrile RNs; 14 13 5 | Cyclopentanol Lis 23 2 0
Aniline RNgs 7 6 3 | Pyrrolidine Lse 19 2 0
Nitrobenzene RNs; 14 8 1 | 2-Pyrrolidone Lis 19 2 0
Phenol R, 10 5 0 | 1-Methylpyrrolidine Lis 19 2 0
Pyridine RNy 11 7 3 | 1-Methyl-2-pyrrolidone Le 19 2 0
3-Methylpyridine RN 9 4 2 | Cyclohexane Lz 18 2 0
3-Cyanopyridine RNs 15 11 4 | Methylcyclohexane Lse 19 2 0
3-Aminopyridine RNx 14 9 5 | Cyclohexylamine L, 8 1 0
2,6-Lutidine RNg 15 11 4 | 1,4-Dimethylcyclohexane Ls 11 2 0
'zl'ﬁ;g;zthylpyri ie RNp 9 4 2| 2-Methyleyclohexylamine Ra 18 4 0
Pyrazine R 12 8 0 | 1,2-Cyclohexanediamine  RNs 14 6
2-Methylpyrazine RN 9 4 2 | 2-Methylcyclohexanol L 19

2,5- 1,2,4-

RNs 6 4 4

Dimethylpyrazine Trimethylcyclohexane

Cyan pyrazine RNy 14 9 5 | Piperidine RNz 11

Pyrrole RNi1 8 6 2 | 4-Methylpiperidine L 19 2 0

1-Methylpyrrole Ls 11 1 0 | 4-Aminopiperidine RNz 13 10

2,5- i .

Dimethylpyrrole R 17 11 0 | 3,5-Dimethylpiperidine Lz 18 2 0

Pyrazole RNs; 14 13 5 | 1-Methylpiperidine Lis 19

3-Methylpyrazole RNx 14 9 5 | 1-Aminopiperidine Lis 19 2 0
. 4-Hydroxy-1-

3-Aminopyrazole RNz 15 11 4 methylpiperidine Lis 19 2 0

3-Amino-5- . .

methylpyrazole RN 14 6 3 | 1-Methylpiperazine Le 19 2 0

1-Methylimidazole RNy 8 5 4 | -Amino-4- ls 23 2 0

methylpiperazine
1,2-

Dimethylimidazole Le 19 2 0 | N,N'-Dimethylpiperazine L. 8 1 0

1,3,5-
1H-1,2,3-Triazole RN 14 6 3 | Trimethylhexahydro- RNy 13 6 2
1,3,5-triazine8

Cyclopentane Le 19 2 0
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Consequently, the reaction route for the generation of carbon products in the SP reaction field
based on different intermediates could be proposed, as shown in Figure 3.11. The aromatic ring raw
material (n6-, ©5-) with nitrogen was easier to form excited particles under the y effect in the plasma.
The electron energy level on the w orbitals is closer to the Fermi energy level of the molecule [1,24,25].
Therefore, the molecules of n6- and ©5- groups were more reactive and easily activated by the collision
of ions at the plasma-solution interface. The appearance of nitrogen-containing radical cations with a
benzene ring structure provided the fragments to grow the graphene structure and undergo the
oligomerization reactions to form ring-like intermediates with high molecular mass. The ring-like
intermediates with high molecular mass, i.e., polycyclic aromatic hydrocarbons, further reacted by
polymerization to form high N-containing carbon products. Oppositely, for non-aromatic ring
hydrocarbons (66-, 65-), the C-C bonds were decomposed into short-chain hydrocarbon compounds
by thermal interaction at the center of the plasma or by collisional ionization at the plasma-solution
interface. The GC/MS results of the intermediate products showed that the decomposed short-chain
hydrocarbons gradually formed long-chain hydrocarbon compounds after oligomerization reactions in
the solution environment rather than ring-like compounds. Since the nitrogen atoms were less in the
intermediate products, there was no bending or distortion of the chain hydrocarbons due to N atoms
[26]. Further dehydrogenation and polymerization of the long straight-chain hydrocarbon compounds,

catalyzed by the plasma, resulted in a more crystalline final carbon product.

66



Chapter 3 - Chemical Intermediates Produced by Solution Plasma in Cyclic Organic Compounds

and the Structural Correlation with the Raw Molecules

Raw material Intermediate Final carbon product

| i
N N N N : N
e O- G- . OO
@ s B N\ E
| Activation + Polymerization
N Oligomerization RN s
J - Aoy
> . . > >
N N N : N
* '
fim) ‘\ ,.-7 ‘_i + @? » @N’N g@
i
} Activation | Polymerization
™ '
! Oligomerization®, ~(IL,— :3
N
LZ. N-NH
Ring structural intermediates with N containging - High N containing carbons
Raw material Intermediate Final carbon product
“ O A R S 0000 ¢
s (O ? |
0- Oligomerization 3 | Polymerization
| Decomposition; /]\/l\/w\ :
~ :

v

“w JOSSUSY

Linear structural intermediates — High crystallinity carbons

Figure 3.11. (a) Reaction routes in SP reaction field from raw materials to final carbon products by

intermediates of ring structure and linear structure.

3.4 Conclusion

The correlation between the intermediate species in SP reaction field and the structural

parameters of carbon products was discovered. The synthesis pathway of N-doped carbons was found
to be altered depending on the organic molecules as the raw material. According to the discovered
information in this Chapter, in graphene synthesis, non-aromatic ring molecules (c6-, ¢5-) are

recommended as raw materials for SP reactions to enhance the crystallinity of carbon products.
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However, in high N-containing heterogeneous graphene synthesis, aromatic ring molecules (n6-, n5-)
are recommended as raw materials for the SP reaction to enhance the concentration of N atom doping

while ensuring that no excessive defects are introduced to the carbon framework.
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Chapter 4 - Plasma Potential Induced by
Solution Plasma in Cyclic Organic Compounds
and the Structural Correlation

with the Raw Molecules

4.1 Introduction

The previous chapters showed the correlation between the properties of raw materials and
intermediate in the SP reaction field and the structural parameters of the obtained carbon products.
However, this obtained information could allow us to understand the phenomena inside the plasma
and the solution near the plasma-liquid interface. In the plasma phase, CN”, as an important chemically
active radical, affected the nitrogen doping content of the final carbon products. The CN" reactive
radicals were mainly produced by 6- or 5- aromatic hydrocarbons. In the solution near the plasma-
liquid interface, many ring-like nitrogen-containing intermediates were produced to promote the
nitrogen doping content of the carbon products. The ring containing nitrogen intermediates was mainly
derived from 6- aromatic hydrocarbons and some 5-. Among the fifty-three raw materials, 2,5-
dimethylhydrazine, pyrazole, 3-amino-5-methyl pyrazole, pyridine, 3-methylpyridine, nitrobenzene,
etc., were able to cover the above two characteristics at the same time. However, information on the
plasma-liquid interface is still rare; therefore, it is needed to be studied to clearly clarify the SP reaction
pathway to produce the carbon products.

For non-equilibrium solution plasma (SP), the plasma phase provides a high-temperature reaction
field and high-energy electrons [1,2]. The molecules can be ionized and decomposed by electron
bombardment at the initial stage of plasma formation in the plasma phase, i.e., during the development

of the electron avalanche. As a result, numerous particles with highly reactive ions, radicals, and
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electrons are produced [3-5]. Typical ionic groups include C,", CN*, and H". However, the particles
involved in the carbon framework generation reaction are mainly C," and CN* [6-9]. As mentioned
above, these cations are directed and accelerated to the plasma-liquid interface by the potential
difference between the plasma phase and the liquid phase, during which carbonization and collisional
ionization reactions also occur continuously, as shown in Figure 4.1. If the cation is under the effect
of high potential difference, it will have higher energy, and thus the y effect from the collision with the
solution molecules in the plasma-liquid interface can be more obvious [10-14]. If the potential
difference between the plasma phase and the liquid phase is low, a weaker y effect has resulted. The
potential difference between the phases thus strongly affects the energy obtained by the cations, which
was expected to determine the extent to the polymerization reaction within the liquid phase that plays
a key role in the synthesis of high N-containing carbons.

To investigate the relationship between different phases in a solution plasma reaction field, a
suitable technique for reliably acquiring the important information within each phase is mandatory.
Using a laser is one of the widely used optical methods for the determination of diagnostic plasmas.
Lasers have an excellent specific wavelength distribution, i.e., monochromaticity, with equal
amplitude phases, which can ensure high brightness and high directionality that can be used in specific
directions [15-17]. Plasma interaction with laser light induces a series of reactions such as Thompson
scattering, Michael interference, efc. By analyzing specific reactions, such as changes in the number
and length of stripes, it is possible to theoretically diagnose a specific location of plasma. Thus, the
laser method has a high capability to diagnose different phases of plasma. However, the solution
plasma generated in organic solvents can rapidly generate carbon products; therefore, the solution
quickly turns black and opaque. Therefore, the laser method is unsuitable for solution plasma diagnosis
under organic solutions.

The probe method is one of the classic methods for plasma diagnosis [18-23]. A metal probe is
inserted into a specific location of the plasma to obtain information about the electron temperature,
ion temperature, and potential at the corresponding location. This method has the advantages of high

stability, low cost, and relative ease of operation compared to the laser method. However, in the case
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of solution plasma, which is a typical high-frequency and high-voltage discharge, once the probe is
inserted into the plasma, it will inevitably form a sheath layer on its surface for the purpose of shielding
the metal potential. Therefore, the probe size notably influences the information obtained about the
plasma. The probe diameter should be smaller than the length of the Debye shield so that credible
plasma potential information can be obtained. 2013, Chen ef al. carried out a pioneering exploration
of the floating potential information of the solution plasma in an aqueous solution environment
utilizing the electrostatic probe method [19], as shown in Figure 4.1. By comparing the ratio between
the probe potential and the discharge potential, they clearly found the floating potential from the
plasma phase to the solution phase. The OES information was simultaneously combined and analyzed,
thus finally identifying the existence of a double-layer structure with negative ion aggregation within
the plasma phase and positive ion aggregation at the plasma-liquid interface in the solution plasma
reaction field. The probe method with modification was believed to be one of the alternative methods,
which should be suitable for solution plasma diagnosis under organic solutions.

This chapter proposes a diagnostic of the potential information between different phases in the
solution plasma reaction field in fifty-three organic solutions using the electrostatic probe technique,
as shown in Figure 4.1. The necessary process design for the synthesis of high N-containing carbon
in solution plasma reaction fields is explored from a kinetic control point of view by establishing a
correlation between the potential profile obtained based on the probe method and the structural

parameters of the final carbon product.
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Figure 4.1. The schematic diagram of the motivation of applying the electrostatic probe method in

organic solution for SP compared with applied to SP in aqueous solution and the electron transfer
reaction that happened based on the plasma potential induced collision with molecules at the plasma-

liquid interface.

4.2 Experimental procedures

Plasma diagnosing with the electrostatic probe. To ensure the overall uniformity of this study,
the structure of the discharge electrodes and the driving power conditions used in this chapter are
consistent with those in Chapters 2 and 3, as shown in Figure 4.2. The raw material for discharge
generation was also 53 organic materials. The front section of the probe was a tungsten wire with a
radius of 50 um, and the upper surface was covered by a ceramic tube with an inner diameter of 0.4
mm. The tungsten wire was fixed inside the ceramic tube utilizing an intravenous needle, which
eliminated the interference of the probe signal caused by particles such as electrons adsorbed on the
inner wall of the ceramic tube entering the probe. The tip of the probe was exposed to the ceramic tube
by 0.1 mm. It was used to determine the potential signal at different locations in the plasma reaction
field. The probe was swept from the plasma phase up to the liquid phase position, and the voltage

signal on the electrostatic probe was collected every 0.5 mm using a high voltage probe (P6015A,
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1000X, 3.0pF, 100MQ, Tektronix, USA) and an oscilloscope (DLM2024, 2.5GS/s, 200MHz,
Yokogawa, Japan). This included plasma phase xi, gas phase x», liquid phase x3, and liquid phase xa.
Carbon products characterization. The methods of characterization of carbon products were
the same as in chapter 2 and chapter 3. It includes the crystallinity of carbon conducted through X-ray
diffraction (XRD, Smartlab, Rigaku Co., Japan) with a Cu Ka (A = 0.154 nm) X-rays source. The
index of defect of carbon was conducted by Raman spectra microscope (Raman, Leica DM 2500M
Ren (RL/TL), Renishaw Plc, England) utilizing a laser wavelength of 532.5 nm. The N content of

carbon was conducted by Elemental analysis (EA) with Perkin Elmer 2400 Series Il CHNS/O analyzer.

Experimental conditions
Voltage probe —

@ o 0e Voltage 2kV
:*:: Oscilloscope Frequency 100 kHz
- Electrostatic probe .
Pulse width 1 ps
Reactor = 7 Quartz tube .
Z High Electrode Tungsten W
I 4 —  voltage (1 mm)
W probe |
Electrode gap I mm
Stirrer Current probe |
_ | Precursor volume 100 mL
o ‘ Pulsg width
210 ] : : :
S | (] [T ime / \ \ Discharge time 10 min
Frequency l i
: Raw material nS, w6, 65, 66
Power supply Oscilloscope

Figure 4.2. Schematic image of the experiment setup and the exact experimental conditions, including
the parameters of power sources, electrode configuration, and the discharge time; setup of the
electrostatic probe at the different positions of x; (plasma phase), x> (gas phase), xz (liquid phase) and

X4 (liquid phase) was shown at the top the baker.
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4.3 Results and discussion

Figures 4.3-4.6 show the results of the probe measurement for the solution plasma using fifty-
three raw materials in the reaction field with. The plasma phase was set as the original position, i.e., 0
mm, and gradually moving 0.5 mm in sequence and obtaining the normalized floating potential
(dprobe/ Vpischarge) @s a function of probe position which represented the plasma phase, gas, and liquid
phases. The solution plasma using the solution of molecules in the n6- group as the raw materials
revealed the possibility of increasing or decreasing the floating potential in the gas phase compared to
that in the plasma phase without any obvious pattern, as shown in Figure 4.3. Among these molecules,
cyanpyrazine showed the most obvious increase of the potential in the gas phase. For the molecules
in the 75- group, the floating potential from the plasma phase to the gas phase showed a decreasing
trend, except for the 3-amino-5-methyl pyrazole. Meanwhile, for the molecules in the 65- group, the
potential from the plasma phase to the gas phase and liquid phase showed a gradually decreasing trend,
but only 1-methyl pyrrolidine has a gradually increasing trend. For the molecules in the c6- group,
there was a gradual increase in the floating potential from the plasma phase to the gas phase and liquid
phase, including 2-methylcyclohexanol, 1-amino-4-methylpiperazine, and 1-3-5-trimethylhexahydro-
1-3-5-triazine. According to the obtained results, the changes in the floating potentials could not be
classified based on the chemical activity of raw materials due to the complexity of the solution plasma
reaction field. In general, the gradual decrease of the electric potential from the plasma phase to the
gas phase and the liquid phase should be found [24]. However, in this study, a different phenomenon
was found, the increase in potential. To have a better understanding the nature of the physical meaning
of the plasma floating potential in a more profound way, the equivalent circuit diagram method was
used to equivalently convert the plasma phase, gas phase, and liquid phase components. It helped to

explore further particles' movement under the action of electric potential.
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Figure 4.7 shows the equivalent circuit diagram for different parts in the solution plasma reaction
field. Since the plasma was the ionization achieved by the molecules of the solution part, and thus the
plasma phase had resistive and capacitive properties, the equivalent circuit of the plasma phase was
composed of a series connection of resistance R, and capacitance C, [25-27]. The gas phase was a
vapor layer formed by the heat of the solution molecules, and there were particles such as ions supplied
by the plasma phase inside it; thus, the gas phase also had resistive and capacitive properties, i.e., the
equivalent circuit of the gas phase consisted of the resistance Ry and the capacitance C, in series.
Finally, the solution phase should not have many conducting particles, and thus its equivalent circuit

had only a resistive component R;.

Electrostatic probe

@_J igh voltage electrode Ground electrode

Plasma phase Gas phase Liquid phase
Unionized partical capactance Double layber capacitance
C, C,
R,
Liquid resistance
R R,
Resistance Electron transfer resistance

Figure 4.7. Equivalent circuit diagram of the measurement by the electrostatic probe in solution

plasma reaction field; C,, R, are the equivalent capacitance and resistance of the plasma phase; Cg, Ry
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are the equivalent capacitance and resistance of the gas phase; R is the equivalent resistance of the

liquid phase.

The equivalent circuit schematic for the measurement of the floating potential within different
phases in the plasma reaction field using the electrostatic probe method is shown in Figure 4.8. Since
the probe was in the middle of the plasma, the discharge voltage supplied by the power supply was
first consumed by half of the equivalent resistance and half of the equivalent capacitance of the plasma
phase, and finally conducted to the electrostatic probe. When the electrostatic probe detected the
potential of the gas phase, as shown in Figure 4.8(b), the power supply voltage was first consumed
by half of the resistance and capacitance of the plasma phase, after which a voltage drop was formed
in the resistance and capacitance of the gas phase, and finally, the remaining voltage was conducted
to the electrostatic probe. Similarly, when the electrostatic probe performed potential detection for the
liquid phase, as shown in Figure 4.8(c), the power supply potential further formed a voltage drop
across the solution resistance, which was finally conducted to the electrostatic probe. The same power
supply voltage with different discharge materials can also cause the plasma phases to have large
differences in equivalent resistance and capacitance. The capacitive component is constantly in the
process of charging and discharging in the AC circuit. When the charged particles move to the gas
phase, the capacitance's ability to store charge is increased, which in turn causes an increase in the
potential at the probe position compared to the plasma phase [28]. The proposed analysis provided an
understanding of the increased potential in the gas or liquid phase compared to the plasma phase from
the electrical engineering point of view, which further deepened my understanding of the working
principle of the electrostatic probe.

To further discover the pattern of potential variation between different phases, standardized
floating potential profiles of each raw material were plotted and listed according to the high and low
potential of the liquid phases from left to right, as shown in Figure 4.9. The number of raw materials

corresponding to each phase-dominated potential profile is also indicated. It can obviously observe
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that there were three different potential profiles, including ¢po-0.5.1 domination with high potential from
the plasma phase to the liquid phase, ¢po-0.5 domination with high potential from the plasma phase to

the gas phase, and ¢po domination with high potential in the plasma phase only.

(a) Probe measurement of plasma phase Electrostatic probe position

Probe

o ?DC

Plasma phase NN

Gas phase \ \
Liquid phase Plasma phase part
(b) Probe measurement of gas phase Electrostatic probe position
CP
Probe b3 C
" Plasma phase N\ TP e
Gas phase Gas phase part
Liquid phaée Plasma phase part
(¢) Probe measurement of liquid phase Electrostatic probe position
C
Probe 59 C,
~ Plasma phase = Ep R, Liquid phase part
Gas phase 2 Gas phase part
Liquid phase Plasma phase part

Figure 4.8. The equivalent circuit diagram of the electrostatic probe for the potential detection of

different phases. (a) plasma phase, (b) gas phase, (c) liquid phase.

The high potential domination in different phases could be analyzed from the kinetic viewpoint,
as given in Figure 4.10. The ¢p0 domination referred to the presence of more positively charged
particles within the plasma phase compared to the gas or liquid phase. The ¢po-0.s domination implied

the presence of a more significant density of positive charges in both the plasma phase and the gas
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phase due to the charge aggregation by moving toward the plasma boundary under the effect of the
sheath layer. Similarly, the ¢po-05.1 domination referred to the charges which were more uniformly
aggregated in the plasma phase, gas phase, and liquid phase. The above states of potential distribution

clearly reflected the existence form of active particles in the plasma reaction field.

0.88
0.78

0051 domination

Probe position

0.68

. domination
p 0-0.5

0.59
0.49

o/Vp

O
0.29
0.20

Solution plasma 0.10

Serial number of the raw material—><2

Figure 4.9. The mapping of the normalized potential profiles from each raw material as the function

of the position of the probe. The serial numbers of the raw material were labeled at the bottom of the

mapping.
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Figure 4.10. The particle distribution in SP reaction field corresponds to the patterns of normalized

potential domination, including ¢,0 domination, ¢po-0.5 domination, and ¢po-o.5-1 domination.
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Based on the three different potential-dominated profile patterns in Figure 4.11(a), ternary scatter
diagrams could be presented with respect to positions 0 mm, 0.5 mm, and 1 mm, as in Figure 4.11(b).
Figure 4.11(c) shows the integration of the normalized potential over the probe positions 0 to 0.5 mm,
with the pattern of ¢po-0.s having the largest integration value. Figure 4.11(d) shows the integration of
standardized potential over the probe positions 0 to 1 mm, where the larger integration values contain
both a part of the pattern of ¢y005 and a part of the pattern of ¢po.05.1. To briefly summarize, the
integration of the potential over the probe position reflected the magnitude of the energy obtained by
the charged particles after being accelerated. Thus, to further discover the correlation between the

potential and the property of raw materials and the structural parameters of the carbon products.

(a)

1 1 1
3 i (pb 0°9.5-1 dpmination
z | | I
_é B w— T~ bl 1
“>-,_. (pé 0-0.5 do I‘nation E
§ 1 1
o L. W & e
& q)-p 0 dominition A

)
@ domination

0 0.5 ! 15 2.5 03 04 05 06 07

Plasma phase Gas phase Liquid phase D
Py
(c) (d)
0.5 1
0.1 w= [ ¢(f)df w = [ p(fdf
- 0.23 | 037
- 0.22 - 0.36
- 020 - 0.34
- 0.19 - 0.33
- 0.17 - 0.32
>3 - 0.16 - 0.30
, , (I’,pn duminal?:m ’ | 0715 , , ?podnmi!md'nn , | 0.29
03 04 05 06 07 03 04 05 06 07
D D -
Po Po

Figure 4.11. (a) Patterns of the potential profiles including ¢p0 domination, ¢po.0.s domination and ¢po-
0.s-1 domination; (b) A ternary scatter plot with the potential at 0 mm, 0.5 mm, and 1 mm as coordinates,

the three different potential domination regions were marked using different colors; (c) Integration of
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normalized potential profile over probe position from 0 to 0.5 mm; (d) Integration of normalized

potential profile over probe position from 0 to 1 mm.

Figure 4.12 shows the correlation between the work of the electric potential within the 0 to 0.5
mm probe position and the energy value of the highest molecular occupied orbital (HOMO) of the raw
material molecule. As the energy of HOMO increased, i.e., the ionization potential of the molecule
increased, the integration of the work done by the electric potential within 0 to 0.5 mm showed a trend
of invariance followed by a gradual decrease. This phenomenon could be caused by the fact that the
higher HOMO energy led to a lower ionization process of the molecules driven by the same supply
voltage, which resulted in both the plasma phase and the gas phase having a lower density of charged
particles [21,29-32]. Thus, it could lead to a decrease of the potential within 0 to 0.5 mm. Figure
4.12(b) shows the trend of crystallinity (intensity/FWHM of C002 peak from XRD results) index of
carbon products regarding the work done by the electric potential in the plasma reaction field from 0
to 0.5 mm. The degree of crystallinity of the carbon products gradually increased as the work done by
the electric potential became larger. This could be explained by the higher reactivity of particles such
as C; involved in the formation of carbon framework under the effect of higher electric potential. As
a result, the process of dehydrogenation reaction was found to be enhanced, and thus a relatively high
degree of crystallinity of carbon products was obtained. Figure 4.12(c) shows the correlation between
the defect parameters ID/IG of Raman results for carbon products with respect to the work done by
the electric potential. As the work done by the electric potential increased, there was no drastic change
in the degree of defects in the carbon products, which might be due to the involvement of the
heteroatomic components and perturbation of the chemical reactions in the formation of the carbon
products. Figure 4.12(d) shows the correlation between the N component content in the carbon
products regarding the work done by the electric potential in the range of 0 to 0.5 mm. However, a

more regularly varying curvilinear correlation did not appear in this component.
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Figure 4.12. (a) The correlation of the integration work done by the potential from 0 to 0.5 mm with
the HOMO energies of the raw materials; (b) The correlation of the crystallinity of carbon products
with the integration work done by the potential from 0 to 0.5 mm; (¢) The correlation of the In/Ig of
Raman from carbon products with the integration work done by the potential from 0 to 0.5 mm; (d)
The correlation of the N content of carbon products with the integration work done by the potential

from 0 to 0.5 mm.

Figure 4.13 shows the correlation map of the patterning of the electric potential profiles using
ternary contour plots about the plasma reaction field with the excitation temperature and the structural
parameters of the carbon products. Figure 4.13(a) shows that the dominant region of ¢po-05-1 had a
higher electron excitation temperature. It could indicate that a higher potential from the plasma phase

to the liquid phase will simultaneously raise the temperature of the plasma reaction field. Combined
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with Figure 4.13(b) and (c), a higher potential from the plasma phase to the gas phase was
significantly found to enhance the crystallinity of the carbon products. A similar result was also found
in Figure 4.12(b). Figure 4.13(d) reveals the correlation between the N content of the carbon products
and the potential-dominated pattern within the plasma reaction field. The carbon products with high
N content could be formed in both the ¢po and dy0.0.5.1 regions. Previously, Figure 4.12(d) also shows
the consistent result that there was no strong correlation between the high N-containing carbon
products obtained in the plasma reaction field and the suspension potential of the plasma phase, the

gas phase, and the liquid phase.

(a) 0.1 Texc (K) (b) 0.1 Intensity/FWHM

- 7000 - 400.0
- 6667 - 378.7
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L 2667 - 1227
VARWARN. - 2000 80,00
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d)fu
I/l (d) 0.1 N content
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Figure 4.13. (a) The correlation of the domination patterns of normalized floating potential with the
excitation temperature of plasma; (b) The correlation of the domination patterns of normalized floating
potential with the N content of carbon materials; (¢) The correlation of the domination patterns of

normalized floating potential with the Ip/Ig of Raman from carbon products; (d) The correlation of the
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domination patterns of normalized floating potential with the crystallinity of carbons from C002 peak

of XRD characterization.

4.4 Conclusion

The correlation between the electric potential in SP reaction field and the structural parameters
of carbon products was investigated. The electric potential at different phases (i.e., plasma, interface,
and gas phases) was evaluated by an electrostatic probe technique. As a result, the reaction field with
the high electric potential in the plasma phase could result in the formation of graphite-like carbon.
However, there was an unclear correlation between the electric potential and nitrogen content in the

carbon products.
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5.1 Introduction

Based on the obtained correlations from previous chapters, the different raw materials could result
in reaction fields with different characteristics, such as active species and intermediates. Six-
membered ring molecules could lead to the formation of CN" radicals in the plasma phase. In contrast,
intermediate products in the solution phase were found to be ring-structured molecules with nitrogen
inside the ring. This characteristic of the reaction field in the SP could promote the content of nitrogen
in carbon products. According to this evidence, a novel discharge system was proposed, in this Chapter,
to obtain the reaction field that can significantly enhance the content of nitrogen in carbon products
with the planar structure. In other words, the discharge system was expected to provide a stable
solution plasma with low-temperature characteristics to produce high nitrogen doped graphene
products.

The doping of nitrogen atoms in graphene has various forms of bonding configurations. For
example, graphitic nitrogen located in the graphene framework, pyrrole nitrogen bonded in a five-
membered ring at the edge, and pyridinic nitrogen bonded in a six-membered ring at the edge, as well
as functional groups in the form of nitrile, nitro, etc., are usually presented in the graphene framework
[1-5]. It has been reported that pyridinic nitrogen can increase the charge density of n-states near the
Fermi energy level in graphene, thus enhancing the electrocatalytic activity of graphene. The five-
membered ring structure of pyrrolic nitrogen possesses redox ability [6]. Graphitic nitrogen refers to

the nitrogen atoms that are embedded in the graphene framework. The nitrogen atom forms covalent

95



Chapter 5 - Graphitic N-doped Graphene via Solution Plasma with a Single Dielectric Barrier

bonds with the three surrounding carbon atoms based on its lone pair of electrons participating in the
n-bond structure of graphene to form a conjugate [7-8]. Thus, graphitic nitrogen donates electrons to
the electrical structure of the graphene surface while can ensure that the planarity of the carbon
framework is preserved [9]. As a result, it can provide a carrier transport on the surface. However,
there is some research reported on graphene doped with graphitic nitrogen (g-NG). Nitrogen-rich raw
materials (e.g., urea and ammonia) have been widely used in the carbon synthesis process and
frequently resulted in functionalization, not doping [10-32]. The regulation of bonding configuration,
especially for graphitic nitrogen, is still challenging.

Utilization of the low-temperature reaction field in the solution plasma process has been reported
that it can ensure the nitrogen doping content [21, 23, 24, 28, 31-36]. However, previous studies have
reported a maximum nitrogen content of 13.2% in the synthesized carbon products via the
conventional solution plasma [21, 24, 37]. Thus, enhancing the percentage of nitrogen doping,
especially graphitic nitrogen doping, is still ongoing research. As mentioned before, the studies in
Chapters 2 through Chapter 4 demonstrated that the choice of raw materials seriously influenced the
characteristics of plasma and carbon products. However, not only the choice of raw materials but it
was also believed that controlling the energy of plasma results in the suitable characteristics of plasma
to produce high nitrogen doped graphene products. Usually, the conventional pin-to-pin electrode can
lead to a plasma with typical instabilities, depending on operating conditions and raw materials. The
sudden increase of the reaction field temperature caused by the transition of the plasma mode (i.e.,
from stable glow discharge to unstable abnormal glow discharge) can hinder the high concentration
of nitrogen doping [38-40]. At the same time, it cannot be neglected that the unstable plasma is highly
susceptible to the melting of the metal electrode, which inevitably leads to the contamination of the
carbon product with metal impurities [41-43].

Accordingly, in this chapter, a system for generating solution plasma using dielectric barrier
discharge has been proposed to obtain stable plasma. It is well known that dielectric barrier electrode
structures in gas-phase discharges have a long history [43-45]. Inspired by this idea, further

suppression of the discharge current is expected to be achieved in the liquid-phase environment using
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a dielectric barrier, thus controlling the discharge mode without abrupt changes. A criss-cross
electrode system was designed using a single-side dielectric to achieve discharge in organic solutions,
as shown in Figure 5.1. Moreover, the reasonable selection of raw materials was conducted based on
the corrections in the previous chapters. The electrical, morphological, and optical diagnostics of the
solution discharges generated by the criss-cross electrode system were carried out to demonstrate the
stability of the discharges. Finally, crystallinity characterization using X-ray diffraction (XRD), defect
analysis by Raman spectroscopy, N-doping content characterization by X-ray photoelectron
spectroscopy (XPS), morphology characterization by field emission scanning electron microscopy
(FE-SEM), and nanostructure morphology characterization by transmission electron microscopy

(TEM) were conducted for the synthesized carbon products.

5.2 Experimental procedures
5.2.1 Experimental setup

A single dielectric barrier electrode structure with close contact and cross-shaped was arranged
at a 90° between the high voltage electrode and the ground electrode, called a criss-cross electrode
system, as shown in Figure 5.1a. The high voltage electrode was a tungsten rod (W, ¢ 1.0 mm, Nilaco
Co, Japan) covered with a ceramic tube (¢ 2.0x0.5x100(H) mm, Nilaco Co, Japan) as a dielectric layer.
The ground electrode was another tungsten rod (W, ¢ 4.0 mm, Nilaco Co, Japan). Figure 5.2 shows
the schematic diagram of the SP experimental setup system. The SP process was driven by an AC
power supply (MPS-R06K01C-WP1-6CH, Kurita, Japan). The voltage was measured by a high-
voltage probe (P6015A, 1000X, 3.0 pF, 100 MQ, Tektronix, USA), and the discharge current was
measured by a current probe (PR30, Yokogawa, Japan). The voltage and current (/1) signals were
finally displayed and recorded by a digital oscilloscope (DLM2024, 2.5 GS/s, 200 MHz, Y okogawa,
Japan). The generated species during the SP discharge were revealed by using spatially resolved
optical emission spectroscopy (SR-OES). The SR-OES consisted of the pinhole with the size of 1 mm,

three lenses (L1: 4 mm of diameter, 6 mm of focal length; L,: 4 mm of diameter, 12 mm of focal length;
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Ls: 4 mm of diameter, 5 mm of focal length), optical fiber, and an optical spectrometer (USB2000+,
Ocean Optics, USA) with the wavelength range 200900 nm. This method can overcome the problem
of unidirectional spectroscopic detection posed by conventional ways using fibers alone. It can collect
light from the entire plasma region for analyzing the composition of spectra. The discharge process
was photographed using Nikon Digital Camera D4 with an exposure time of 125 ps. This experiment
was carried out in a glass container with a volume of 200 ml, and the electrode was placed at the center

of the glass reactor. The entire discharge process was carried out with a magnetic stirrer.

5.2.2 Synthesis process and product characterization

The synthesis of NG via the solution plasma was conducted by utilizing 150 ml of a mixed organic
solution with 50 wt% benzene (C¢Hs, >99.5%, Kanto Chemical Co., Inc, Japan) and 50 wt% N, N-
dimethylformamide (DMF, >99.5%, C3H;NO, Kanto Chemical Co., Inc, Japan). The characteristics
of the plasma under a criss-cross system focusing on electrical, optical, discharge mode, and
morphological properties were investigated. The discharge was conducted in the solution for 15
minutes with an applied voltage of 1.6 kV, a frequency of 180 kHz, and a pulse width of 1 ps. After
the solution plasma, black powder product was obtained and collected by vacuum filtration, followed
by repeatedly washing by using ethanol to remove the residual organic component and then drying at
80 °C for 8 h in an oven. The conditions of characterization of carbon products, including XRD and
Raman, were kept consistent with Chapters 2 to 4. The chemical bonding state of carbon products was
performed by X-ray photoelectron spectroscopy (XPS, ULVAC-PHI 5000 VERSAPROBE-II, Inc.,
Japan) with the X-ray source of Mg Ka. Carbon products' macroscopic scale and morphology were
performed by field emission scanning electron microscopy (FE-SEM, JSM-7610F, JEOL Ltd., Japan).
The nanoscale of the morphology of the carbon products was performed by transmission electron
microscopy (TEM, JEM-2100PLUS JEOL Ltd., Japan). Moreover, the robustness of the electrode
system is tested by discharging it in different raw material environments. These raw materials include
benzonitrile (C¢HsCN), aniline (CsHsNH.), pyridine (CsHsN), 2-cyanopyridine (CsHisNCN), 2-

aminopyridine (CsHsNNH,).
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Figure 5.2. Schematic illustration of the SP experiment arrangement system.

5.3 Results and discussion
5.3.1 Solution plasma formation and analysis

In solution plasma, the generation and maintenance of plasma are strongly determined by
the electric field distribution, which is a basis of theoretical analysis for the formation of the
glow mode of discharge in the organic liquid environment [43, 46]. Herein, the electric field
was provided for the discharge under the same excitation (1.6 kV) and environment of the
experiment by Ansys Maxwell. The calculation was based on the finite-element analysis, as

shown in Figure 5.1b. The criss-cross system showed that the strength of the breakdown field
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was extremely enough for the generating of the discharge. At the same time, the seed electrons
were found to be essential in high-frequency discharge [47]. In general, the density of the
electron avalanche is determined by the density of seed electrons [48]. In this system, there
were several seed electron sources, including (i) donation from the metal electrode or the ions
existing in the solution environment by the effect of the electric field, (ii) free electrons
existing in the solution environment [49]. In the typical solution plasma, the electrode
structure is a pin-to-pin system. The main source of seed electrons was reported to be only
from the metal electrodes, which could be overwhelmingly extracted, due to the bare surface
of the metal, resulting in a strong electric field. In contrast, the criss-cross system had a barrier,
a ceramic tube, on the metal surface to block the electron extracted in the electric field.
Consequently, the source of seed electrons in the criss-cross system became the bulk solution,
and the amount was extremely less than that the metal provided. As a result, the density of
electron avalanche could be inhibited, which was the key to avoiding the streamer transition.
Moreover, it can be found that the electric field was slowly diminished in the gap of the
electrodes, as shown in Figure 5.1b. It provided the formation of discharge from the contact
space at first. The pre-discharge in the micro space provided the seed electron to the further
far position of the space by the effect of drift and diffusion, resulting in a uniform discharge
distribution with a large scale [50]. The above analysis proved that the stable glow discharge
is obtained in the criss-cross system based on forming a moderate growth of electron
avalanche in the dielectric barrier electrode structure. Therefore, the solution plasma
generated in the criss-cross system can continuously proceed at a stable state and avoid the
evaporation of light element, i.e., nitrogen atom, to create a high potential of producing high

N-containing carbon products.
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The plasma characteristics generated from the criss-cross system were investigated, as
shown in Figure 5.3, including morphological, optical, and electrical characterization. The
emergence and annihilation of the solution plasma by pseudo-color images with the
observation in space and time were conducted, as shown in Figure 5.3a. The discharge was
first generated from the upper half of the electrode, which was covered by a ceramic tube at
125 ps. The discharge spread downstream to the lower half of the electrode, and the maximum
scale of the plasma was reached at 250 ps. Then, the upper half plasma gradually became
weaker, while the lower half continued to increase the density at 375 ps. It could imply that
the solution plasma generated from the criss-cross system had good uniformity. The spatial
scale of plasma was up to 3x16 mm, and it can be considered as one kind of larger-scale
discharge compared with typical discharge generated by the pin-to-pin electrode. In addition,
the erosion of metal electrodes was not found even after 15 minutes of the discharge by the
criss-cross system. It could mean that the discharge could avoid excessive energy in the criss-
Ccross system.

The schematic diagram of the configuration of generated plasma is shown in Figure 5.3b.
The plasma phase was existed by surrounding the electrode surface, enclosed by the gas phase
and liquid phase in order. Therefore, the interfaces were formed by means of plasma-gas and
gas-liquid. In the plasma phase, there was a large number of active particles, i.e., ions, radicals,
electrons, and so on [51]. The continuous replenishment of secondary electrons was important
for forming the self-maintained solution plasma discharge [52]. According to the y effect that
showed in Chapter 3, the collision reaction between ions and molecules of the raw materials
continuously occurred to provide enough amount of secondary electrons at the plasma-liquid
interface [28]. The cationic benzene ring could be produced to act as exciting fragments for

the polymerization of the carbon framework. Furthermore, the emission of the excited
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chemical species was detected by SR-OES, as shown in Figure 5.3c. The emission peaks,
which exhibited C2* and CN" radicals, were continuous radiation bands and can represent the
decomposition of organic solution. According to the categorization of OES patterns from
Chapter 2, the CN domination could be confirmed in the plasma reaction field formed in the
criss-cross system, which referred that the high nitrogen-containing carbon products should
be obtained.

The black-body temperature (Tb), which indicates the heavy particles’ temperature, was
calculated by assuming the plasma reaction field has the local thermal equilibrium (LET) on
the foundation of Plank’s theory. In the typical solution plasma, the Ty, was previously
reported to be higher than 4000 K [28]. Meanwhile, the Ty, calculated from the emission
pattern of the discharge in the criss-cross system was around 2505 K. It could imply that the
discharge mode of the criss-cross system was stabilized in the glow type. At the same time,
due to the IE (ionization energy) of DMF (9.12 + 0.02 eV) being lower than that of benzene
(9.25 + 0.07 eV), according to the NIST database, it could be suggested that the CN” radicals
were generated from the decomposition of DMF. The ring structure of benzene could be
preserved in the process of collision at the plasma-liquid interface, which was important for
the polymerization reaction.

Figure 5.3d shows the V-1 characteristics of the discharge from a criss-cross system in
the liquid environment of the mixture of benzene and DMF. The discharge was gradually
generated from the dark plasma mode; no light emission was observed, and it only produced
a relatively small current that was detected by the oscilloscope. The breakdown occurred after
the appearance of numerous bubbles that were produced from electrolysis and Joule heating.
After that, the glow mode of the discharge was transferred. The current was tiny, changed

from 0.32 A to 1.68 A; however, the voltage of the plasma did not fluctuate. When the
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discharge current continued to increase, the abnormal glow mode and arc mode were shown,
respectively. The current range of the glow mode was relatively wide, which meant that the
discharge could be stable in the glowing state. Compared with the typical solution plasma, the
stable state of the criss-cross system was shown at a lower discharge current. It implied that
the reaction field had a lower energy, resulting in preventing the evaporation of the nitrogen
atoms and remaining in the carbon framework by forming sp? bonding structure via
polymerization. Moreover, by prolonging the discharge up to 15 mins, a slight change in V-I
and discharge image could be observed, as shown in Figure 5.3e and Figure 5.4. There was
a slight fluctuation of the voltage and current, and a uniform distributed plasma was exhibited.
Therefore, it could indicate that the criss-cross system could generate a plasma that stabilizes
in glow mode with good stability.

Moreover, the influence of raw materials was also investigated to find the reliability of
the proposed system in the Chapter. The other ring molecules, including benzonitrile (IE =
9.60), aniline (IE = 8.45), pyridine (IE = 9.25), 2-cyanopyridine (IE = 9.58), and 2-
aminopyridine (IE = 9.30) were also selected as raw materials. Almost all the IE values of the
raw materials are higher than that of DMF, which means the ring structures of the raw
molecules can also be kept the same as the benzene of the above proposed to support the

polymerization reaction of the carbon formation.
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Figure 5.2. The plasma morphological, optical, and electrical properties of the glow discharge
under a criss-cross system in the precursor of a mixture of benzene and DMF: (a) plasma
spatial distribution properties by digital image (expose time was 125 us) and the converted
pseudo-color image (Scale: Light intensity) in space and time; (b) schematic diagram of the

plasma configuration; (c) SROES spectrum of the glow discharge; (d) V-I characteristics
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Figure 5.4. The record of discharge stare by digital images (expose time was 125 us) with

the converted pseudo-color images at the fifth, tenth, and fifteenth minutes.

5.3.2 Product characterization

The carbon products produced by the criss-cross system were also well-characterized.
The influences of the raw materials (i.e., benzene/DMF, benzonitrile/DMF, aniline/DMF,
pyridine/DMF, 2-cyanopyridine/DMF, and 2-aminopyridine/DMF) and the power sources
conditions (i.e., frequencies and discharge times) were also studied. The structure analysis of
the products was investigated by XRD, as shown in Figure 5.5a. A characteristic broad peak
was found at around 23.5°, which corresponds to (002) crystal plane of carbon. Besides, it
could be observed in the XRD pattern of all the carbon synthesized from the criss-cross system
[27, 53]. The calculated lattice spacing (doo2) is shown in Table 5.1. It showed that the carbon
products have a larger 002 lattice spacing than that of pristine graphite (0.335 nm) [21].

Furthermore, the Raman spectroscopy of the products was conducted to collect
information on layer number, N doping bonding configuration (in-plane, edge, function
group), and other electronic structures through vibrational and rotational states of the
molecular system, as the results of Raman spectra, Figure 5.5b, the characteristic peaks of D
band (~1340 cm™), G band (~1580 cm™), the 2D band (~2710 cm™) were found [22-24]. The
G band of all the carbon products exhibited extremely strong intensity. However, the intensity

of D band from the products was weak. Generally, both D and G bands are attributed to the
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sp?-bonded C atoms with a vibrations state. However, G band indicates the existence of the
basic sp? lattice C atoms [21, 51], while D band is attributed to the breathing oscillation of
hexagonal carbon lattice, and it can be forbidden in a perfect symmetry structure. The D band
also relates to the increase of polarizability in the carbon lattice, which can be occurred for
several reasons, including the introduction of heteroatoms or the defects, edges, and functional
groups [54]. Moreover, the ratio of D and G peak intensities (Io/lg) was calculated (Table
5.1), which has been reported to refer to the degree of polarizability changing and
graphitization. The Ip/ls values of carbon synthesized from benzene/DMF, benzonitrile/DMF,
aniline/DMF, pyridine/DMF, 2-cyanopyridine/DMF, and 2-aminopyridine/DMF were 0.136,
0.037, 0.021, 0.162, 0.017, and 0.264 nm, respectively. The carbon from benzonitrile/DMF,
aniline/DMF, and 2-cyanopyridine /DMF had a relative low Ip/lg, which could refer to the
weak delocalization of electron density of the electronic surface potential in sp?-hybridized
carbon. Based on the Tuinstra-Koenig relation [55], the crystallite size (La) of the carbon
products was calculated (Table 5.1). Meanwhile, all the carbon that was synthesized shows a
strong intensity of 2D peak. Generally, to say, the I.p/lc is a second order of the index that
can be resulted from the defect of carbon [12, 24, 29]. As the results are shown in Table 5.1,

all the carbon products were multilayer graphene with a relative great framework [12, 21, 51].
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Figure 5.5 Characterization of products synthesized by the criss-cross system from
benzene/DMF, benzonitrile/DMF, aniline/DMF, pyridine/DMF, 2-cyanopyridine/DMF, and
2-aminopyridine/DMF including (a) X-ray diffraction (XRD) patterns; (b) Raman spectra; (c)
XPS spectra; (d) high-resolution XPS N 1s spectra with deconvolution and peak assignments
(Nox: oxidized N, Ng: graphitic N, Npro: pyrrolic N and Npy: pyridinic N).

The morphology and uniformity of NG products synthesized from the criss-cross system
were further investigated by the SEM and mapping of Raman, as shown in Figure 5.6,
respectively. It was found that all NG products exhibited sheet-like layered structures, similar
to the multi-layer graphite synthesized from the microwave-assisted solvothermal method and
so on [56]. The average size of carbon products synthesized in this research was at the level

of several hundred nanometers to a few micrometers. The Raman mapping results indicated
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that all the carbon products exhibited Ip/lc values lower than 0.5, referring to fewer defects

and excellent uniformity.

Fig. 5.6 SEM images and Raman mappings (16 pmx16 um of measurement area with 0.2um
of the scan step, a total of 6561 measuring points of one sample) of Ipo/lc of products
synthesized by the criss-cross system: (a) benzene/DMF; (b) benzonitrile/DMF; (c)
aniline/DMF; (d) pyridine/DMF; (e) 2-cyanopyridine/DMF; and (f) 2-aminopyridine/DMF.
Furthermore, the chemical composition and bonding configuration of nitrogen of the
obtained NG were investigated by the XPS, as shown in Table 5.1. The nitrogen contents of
the product obtained from benzene/DMF, benzonitrile/DMF, aniline/DMF, pyridine/DMF, 2-
cyanopyridine/DMF, and 2-aminopyridine/DMF were 12.12, 11.87, 9.08, 18.79, 16.72 and
16.61 at. %, respectively. The relatively high nitrogen-containing carbon products could be
synthesized by the glow plasma that is generated from the criss-cross system. The XPS survey
spectra revealed the presence of carbon (C 1s), oxygen (O 1s), and nitrogen (N 1s) signals
without any other impurities (Figure 5.5¢). High-resolution N 1s, along with the deconvoluted

peaks of the obtained product, are shown in Figure 5.5d. The deconvoluted peaks in the N1
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s spectra could be identified to be pyridinic N (398.0 = 0.5 eV), pyrrolic N (399.1 + 0.5 eV),
graphitic or quaternary N (400.1 + 0.6 eV), and oxidized N (402.0 £ 0.5 eV). The peak of

graphitic-N was observed to be a major peak in all products at an average percentage of 50.3 %.

Table 5.1 The calculated lattice spacing at (002) carbon planes (doo2) from XRD patterns;
intensity ratio of D and G bands (Io/lg), the intensity ratio of 2D and G bands (l2o/lg), and
crystallite size (La) from Raman spectroscopy; element compositions and the percentage of
the deconvoluted peaks in high-resolution N1 s from XPS measurement of the obtained

carbons from various systems via SP.

XRD Raman XPS
Composition (at. %) N 1s (%) *
dooz Io/lc  l2n/lc La(nm) C 0 N Nevi Nepro  Ne  Nox
benzene/DMF 0.366 0.136 0.182 141.11 73.68 1421 1212 126 282 497 95

benzonitrile/DMF  0.370 0.037 0.314 468.32 7382 1431 11.87 138 254 50.1 107
aniline/ DMF 0.370 0.021 0.269 906.82 7484 16.08 9.08 210 272 432 87
pyridine/ DMF 0.374 0.162 0.159 118.42 70.61 106 18.79 182 108 569 141
2-cyanopyridine/

0.368 0.017 0.284 1104.23 7296 10.32 16.72 57 283 554 106
DMF
2-aminopyridine/

0.360 0.264 0.398 72.86 7228 111 16.61 136 323 464 7.7
DMF

(Note: *Doping concentration = atomic ratiox100, Npyi, Npro, Ne, and Nox refer to pyridinic N, pyrrolic N,

graphitic N, and oxidized N, respectively)

Fine morphology of the NG products was also obtained by typical TEM images, as shown
in Figure 5.7. In general, it has been reported that the NG exhibited a thin planar structure
with a moderate number of wrinkles [57-59]. In this work, the obtained NG products from the

discharge of benzonitrile/DMF, aniline/DMF, and 2-aminopyridine/DMF (Figure 5.7b, c, f)

109



Chapter 5 - Graphitic N-doped Graphene via Solution Plasma with a Single Dielectric Barrier

were found to contain wrinkles slightly. According to the previous reports, generally, the
carbon atom has four valence electrons which can form a planar hexagonal structure with sp?
hybridization. However, the presence of a nitrogen atom with five valence electrons in the
carbon framework can cause a repulsive interaction, leading to the out-of-plane relaxation of
carbon atoms in graphene and deteriorating the planar structure [21, 60]. In this work, the
obtained products contained quite a large amount of graphitic nitrogen configuration, which
has similar characteristics to carbon atoms (three hybridized sp? orbitals). Therefore, it could
retain the planar structure of graphene, which might lead to reducing the appearance of
wrinkles. The NG products from the discharge in benzene/DMF and pyridine/DMF (Figure
5.7a, d) revealed randomly aggregated irregularly thicker sheet structures. As mentioned
before, both precursors have similar molecular structures and IE. Accordingly, it tended to
have the carbonation of molecules simultaneously occur with the polymerization process
under the reaction field of the plasma. It can suggest that different precursors have a more
significant influence on the surface morphology, microstructure, and thickness of the final

product.
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Figure 5.7 TEM images of NG products synthesized by the criss-cross system from different
precursors: (a) benzene/DMF; (b) benzonitrile/DMF; (c) aniline/DMF; (d) pyridine/DMF; (e)
2-cyanopyridine/DMF, and (f) 2-aminopyridine/DMF.

To further understand the relationship between NG and plasma characteristics, the plot
between Ip/lg and the inverse of the plasma current was conducted, as shown in Figure 5.8a.
Current is a characteristic parameter of the reaction rate in liquid-phase plasma. Typical
solution plasma could reduce the current, compared to arc plasma, resulting in a lowering
Io/lg ratio (The detailed information of raw data is provided in the supporting data Table S1
and S2.). However, the criss-cross system proposed in this study can achieve stable glow
discharges at the milliamp level. Due to current levels, electrons in m-conjugated bonding
orbitals were excited to m-conjugated antibonding orbitals, and the ring structure of precursors
could be mainly preserved. In this work, plasma with a lower current can contribute to the
polymerization reaction and act as the key to achieving an excellent carbon framework.

Figure 5.8b shows the relationship between doping concentration and the inverse of the
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current. Compared to arc and the typical solution plasma, the appearance of a single dielectric
barrier of a criss-cross system suppressed the ion acceleration and inhibited the rise of plasma
bulk temperature. As a result, the light element, like nitrogen, was preserved from evaporation
during the discharge, which significantly improved heteroatom doping. Moreover, different
discharge conditions (i.e., discharge times and frequencies) were further investigated to
indicate their influences on the altering of Ip/lg and nitrogen contents of the products. The
results are shown in Figures 5.8c and d. It could suggest that the discharge time showed no
significant effect on Ip/lg after the 100-kHz discharge (Figure 5.8c). However, for the 180-
kHz discharge, the Ip/lc decreased as prolonging the discharge time. In addition, it was found
that the N content gradually increased as increasing the discharge time. There was no strong
correlation between the discharge frequency and the nitrogen content in the obtained products.
It can suggest that structural property is mainly dependent on the operating frequency,
referring to the input energy [25]. Meanwhile, the heteroatom doping content was influenced
by the reaction time, which can imply that the doping content was affected by the number of
precursors that reacted.

The nitrogen doping in the g-NG was found to be significantly high amount, i.e., up to
18.79 at. %, relatively low Ip/lg ranging from 0.017 to 0.264, and large La, compared to that
obtained from other methods, as shown in Figure 5.9a and Fig. S8, respectively. The low
values of Ip/lg indicated that the bonding configurations of the obtained g-NG had slightly
changed in the polarizability of vibrational modes, referring to achieving a good planar
structure or carbon framework. Generally, when nitrogen atoms are incorporated by other
methods in the carbon framework, a significant change in polarizability can be observed [8,

61]. The bonding configuration and sheet size significantly affect the polarizability of the
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surface electronic potential of the material. The possible effect of Ip, Ig, and Ip/lc from the

above factors are shown in supporting information in Table 5.2 in detail.
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Figure 5.8 Correlation of in-liquid plasma parameters and carbon products properties: (a)
In/lc vs. reciprocal current and (b) N content vs. reciprocal current for conventional arc
plasma, typical solution plasma, and the criss-cross solution plasma, proposed in this work;
(c), (d) changing of Ip/lc and N content by discharge time and discharge frequency in the

same organic precursor (i.e., benzene/DMF).
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Table 5.2 The possible nitrogen bonding configuration and their effect of Ip, Ic and Ip/lc.
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The ability to change polarizability follows the order: function group > pyridinic
oxidized nitrogen > pyridinic nitrogen > pyrrolic nitrogen > graphitic nitrogen. Functional
groups normally can withdraw or donate electrons to the n-conjugated bonding orbitals [61].
The large functional group shows the highest effect on the polarizability of the material. For
example, oxygen has a high electron affinity; therefore, the pyridinic oxidized nitrogen
strongly influences the polarizability compared to the pyridinic nitrogen. It is also worth
noting that the lone pair electrons of pyrrolic nitrogen are in unhybridized p orbitals to
conjugate with the carbon, resulting in m-conjugated bonding orbitals. But the lone pair
electrons of pyridinic nitrogen are in sp? hybridized orbitals, which are not involved in the r-
conjugated bonding orbitals. Thus, the ability to change the polarizability of pyrrolic nitrogen
is weaker than pyridinic nitrogen. Meanwhile, graphitic nitrogen can act like a carbon atom
with four valance electrons, and the lone pair electrons also conjugate with © bonding orbitals.
Therefore, graphitic nitrogen shows the weakest changing polarizability [62]. Accordingly, it
referred that the high graphitic carbon framework with high nitrogen doping level could be
synthesized by the criss-cross system, which is solution plasma with low energy. To simply
illustrate, all methods, which are mainly used to synthesize NG for energy applications
reported in previous research, are shown in Figure 5.9b. The solution plasma with a criss-
cross system can succeed in obtaining the graphene with a larger planar structure and higher
doping content compared to other methods. As the obtained evidence, the obtained product in

this work had a high potential for further development and utilization in energy applications.
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Figure 5.9 (a) Ip/lc to nitrogen content comparison of the characteristics of carbons (total 78
references) synthesized in this study and those obtained by various other technologies, which
include thermal segregation, arc discharge, conventional solution plasma, pyrolysis, and post
plasma treatment and (b) schematic diagram of the change in size and doping components of

the carbon products.

5.4. Conclusions

In this Chapter, the modified solution plasma with the criss-cross electrode configuration
was proposed based on the correlations obtained from Chapter 2 through Chapter 4, which
utilized the concept of dielectric barrier discharge, was proposed for the first time to
synthesize carbon materials with high nitrogen-containing. The obtained plasma with high
stability of glow discharge could constantly keep the lower current state and achieve the OES
of CN radical domination. The raw materials with aromatic ring structure could facilitate the
polymerization of ring N containing intermediates via electron transfer reaction. Owing to the
suppression of excessive energy in the reaction field, the proposed system significantly
improved the doping amount of graphitic N into the in-plane carbon lattice. According to the

obtained evidence, this study could provide the final answer to regulate the plasma-chemical
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reactions, which can be applied to the synthesis of high-quality carbon materials with high

nitrogen-containing through the solution plasma.
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In this thesis, the correlation between the process parameters of solution plasma and the structural
parameters of final products, nitrogen-doped carbons, was explored using a multivariate analysis,
aiming to improve the amount of nitrogen dopant and maintain the planar structure of carbon for
energy application. Fifty-three organic solutions were selected as raw materials and categorized based
on their reactivity. The solution plasma was conducted by the conventional electrode configuration,
pin-to-pin. The process parameters included the active radicals, intermediates, and potentials,
characterized by OES, GC/MS, and electrostatic probes, respectively. The obtained process parameters
were analyzed to find the correlation with the structural parameters of nitrogen-doped carbons,
characterized by XRD, Raman, and Elemental Analyzer. Then, the obtained correlation was further
used to design the new electrode configuration of solution plasma. Finally, using the newly proposed
solution plasma process, carbon products with nitrogen content up to 18.79 atom % were significantly
higher compared to other conventional methods for synthesizing nitrogen-doped carbons for energy
application. This thesis is organized into six chapters, as shown below, and a schematic diagram
summarizing the studies in this thesis is shown in Figure 6.1.

In Chapter 1, the low nitrogen content of doped carbons synthesized by the conventional process
is pointed out, which leads to the motivation of the research in this thesis, providing solution plasma
process with a low temperature of reaction field to increase the nitrogen content of the carbon materials.
Furthermore, the fundamental mechanism of carbon material formation in the solution plasma process
from the viewpoint of the chemical reaction is introduced. In addition, the diagnostic methodology of
the solution plasma process and carbon material characterization methods are described. Finally, the

objective of exploring the correlation between critical process and structural parameters in the
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synthesis of high nitrogen-containing carbons using solution plasma by multivariate analysis was
proposed.

In Chapter 2, the correlation of raw materials, active chemical species in solution plasma, and
nitrogen-containing carbon products were successfully discovered. The nitrogen-containing n-bonded
organic molecules, including five- and six-member ring molecules, produced mainly CN" radical
species, which further produced high nitrogen-containing carbons.

In Chapter 3, the correlation of raw materials, intermediate species in solution plasma, and
nitrogen-containing carbon products were successfully acquired. The nitrogen-containing n-bonded
organic molecules, including five- and six-member ring molecules, produced n-bonded ring
intermediates with a nitrogen atom in the aromatic framework, which can further produce high
nitrogen-containing carbons.

In Chapter 4, the correlation between raw molecules and potential in solution plasma was
successfully discovered. However, the correlation with further nitrogen-containing carbon products
was not clearly found. It can mean that the potential did not play an important role in the structural
parameters of final products.

In Chapter 5, the obtained correlation between the process parameters of solution plasma and the
structural parameters of final products suggested that aromatic ring structural molecules should be
used as a raw material. Moreover, it could also be used to suggest a new design of the solution plasma
process, i.e., a criss-cross system, which can inhibit the energy mutations and further contribute to the
nitrogen joint into the carbon framework by graphitic bonding configuration. Finally, the graphene
products with up to 18 atom% of nitrogen-containing were successfully prepared.

Finally, the overall schematic diagram of the exploration result of this research was proposed.
This pioneering systematic methodology is expected to guide the research on carbon synthesis by
plasma technology for a wide range of applications, providing process design for chemists, materials

scientists, and engineers who are dedicated to the research of carbon-based materials.
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Figure 6.1. Schematic diagram of the exploration result of critical process about the solution plasma
and structural parameters of the synthesized high nitrogen-containing carbons by multivariate analysis
of the reaction field including OES, GC/MS, the potential of the first layer, and new proposed

discharge geometry of the second layer.
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