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Abstract

Novel synthesis of heteroatoms-doped
carbons using one-pot chlorination

Process:

Understanding the synthesis-structure-property
relationship of CNB and M-CNB materials

Dae-Gwon Ha
Department of Materials Science and Engineering
The Graduate School

Seoul National University

The introduction of heteroatoms to the porous carbon materials is one of the most
effective strategies to boost the surface reactivity of the porous carbon materials for
energy and environment applications. The doping of nitrogen atom to the carbon
structure has been studied extensively in the past decades, and the co-doping of other
heteroatoms, including boron and transition metals to nitrogen-doped carbon(CN)
has gained great interest to enhance the surface reactivity of CN. However, there is
still a lack of research for the development of the facile synthetic methodology to the
synthesis of the heteroatoms co-doped porous carbon materials based on the

comprehensive understanding of the synthesis-structure-property relationship.

The conventional carbide-derived carbon (CDC) synthesized via the
chlorination process is one of the representative methods for producing the

nanoporous carbon using the selective extraction of the metal or metalloid atom in _
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the carbide lattice. The CDC is favorable to synthesizing highly nanoporous structure
as well as controlling the nano-pore size. However, to extract the metal atom, a
reactive etchant, such as the halogen element (Cl.), is required inevitably; thus, it is
challenging to incorporate the heteroatom component into carbon structure.
Previously, our research group has demonstrated the availability of the chlorination
process to produce heteroatoms-doped (nitrogen and boron) porous carbon materials.
However, it is still insufficient to apply the chlorination process to synthesize the

high functional heteroatoms-doped porous carbon materials.

In this thesis, new approaches to the development of heteroatom-doped porous
carbon materials synthesis, which is based on the thermodynamic and experiments
are introduced. The critical factors that decide 1) the incorporation of the h-BN phase
in the porous carbon in the synthesis of the CNB and 2) the atomic dispersion of
metals in the synthesis of the M-CNB via the chlorination method and pyrolysis
method are predicted by the thermodynamic calculations and demonstrated by the
experiments. The structure and composition of CNB and M-CNB materials can be
precisely controlled by the synthetic parameters such as the raw powder composition

and heat-treatment temperature.

In the first part, we focus on the development of the novel synthetic route to
synthesizing B-C-N materials using one-pot chlorination of Ti(C1-x,Nx)-TiB2 mixture.
The influence of boron during the formation process of the boron-doped porous
carbon (CB) and boron and nitrogen co-doped porous carbon (CNB) is discussed.
Boron content supplied from TiB.. It is demonstrated that boron atoms supplied into
the carbon structure by the solid-state diffusion serve as the carbon structure linker
as well as the dopant. Thus, boron atoms facilitate the development of the
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heteroatoms-rich carbon layer, which can effectively enhance the electrocatalytic
activity. The oxygen-rich carbon layer in CB and nitrogen-rich carbon shell in CNB
result in the increase in the 2e” pathway and 4e” pathway oxygen reduction reaction

(ORR) performance.

Furthermore, we successfully synthesized BN nanodomains embedded porous
carbon by the one-pot chlorination of nitrogen-rich Ti(C,N)-TiB,. The formation of
h-BN phase and the influence of boron to CN structure are predicted using the
thermodynamic calculations. Based on the calculations, the facile synthesis method
(direct bond method) that maximizes the contactability of Ti(C,N) and TiB- (C, N,
and B precursors, respectively) is introduced. Supplied boron atoms serve as the
carbon structure linker as well as the BN formation source, which is the key to the
significant development of the h-BN-carbon interface. The abundant h-BN-carbon
interfaces in highly porous carbon structure significantly improve the
electrocatalytic activity of 2e” pathway ORR performance. Thus, the h-BN
nanodomains embedded porous carbon shows outstanding operation performance in

the custom-made full flow cell.

In the second part, we discuss the novel synthesis method for atomically
dispersed M-CNB (M= Fe and Ni) via the one-pot chlorination of Ti(C,N)-TiB.-
M(acac)x (M= Fe and Ni) mixture. The addition of boron to M (M= Fe and Ni)-CNB
causes the formation of metal boride nanoparticles, which is predicted by
thermodynamic calculation and demonstrated by the experiments. The formation of
boride nanoparticles greatly changes the melting temperature of nanoparticles, which
is a major parameter that determines the atomic dispersion of metal in the porous
carbon structure. It is revealed that the introduction of boron facilitates the single Fe
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atom dispersion in the Fe-CNB system. Hence, Fe-CNB shows superior ORR
performance. In contrast, in the Ni-CNB, doping boron is detrimental for the atomic
dispersion of Ni, rather intensifies the graphitization of the Ni-CNB, unhelpful to the

electrocatalytic properties.

Finally, the novel synthesis method for atomically dispersed M-CNB (M= Fe
and Ni) via the one-pot pyrolysis of polyethylene glycol-urea-boric acid-metal
nitrate (Fe and Ni) is investigated. It is demonstrated that the addition of boric acid
results in the formation of a liquid boron oxide protective layer. The liquid boron
oxide layer induces the formation of the heteroatoms-doped carbon nanotube and
inhibits the formation of the metal-based nanoparticles during the pyrolysis process,
which is predicted by the thermodynamic calculation and verified by the experiments.
Metal contents (Fe and Ni) readily incorporates into micro- and mesoporous CNB.
Thus, M-Ny active sites are well-developed in M-CNB (Fe and Ni), and Fe-CNB and
Ni-CNB show the excellent electrocatalytic activity for the oxygen reduction

reaction (ORR) and CO reduction reaction (CO2RR).

All these results can provide the guidelines for the synthesis of the high
functional heteroatoms-doped porous carbon materials, which can be used to various

applications, including energy and environment.

Keywords: carbide derived carbon, chlorination process, pyrolysis process, boron
and nitrogen co-doped porous carbon, M-Ny embedded porous carbon, atomic

dispersion of metal, oxygen reduction reaction.
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Chapter 1. Introduction

1.1. Demand for functional porous carbon materials for a

sustainable society

Carbon is one of the most earth-abundant elements and is one of the key elements
proving the basis for life on earth. [1.1] Carbon can form a variety of allotropes in
the form of zero to three dimensional, having a unique electronic structure. [1.1,2]
Not only limited to graphite and diamond that naturally existed carbon allotropes,
starting with the discovery of fullerenes (1985), the era of synthetic carbon allotropes
has begun. In particular, the discovery of carbon nanotubes (1991) and the
rediscovery of graphene (2004) dramatically expanded the applicability of carbon
materials. [1.1, 3, 4] Depending on the type of allotrope, carbon materials can
manifest different properties. [1.1, 3, 5] At the same time, the remarkable
development of nanotechnology, including the synthetic and observation techniques,
has been further increased the commercialization potential of these carbon allotropes.
[1.2, 6, 7] For the 21st century, on the basis of these fortuitous discoveries and advent
in nanotechnology, various carbon materials are applied to a wide range of academic

and industrial fields, briefly described in Figure 1.1 and 1.2.

Meanwhile, after the industrial revolution, the significant development of
energy-intensive industries and energy production based the fossil fuel in the 20th
century make the remarkable progress of humanity. However, as the cost of this
progress, the global environmental problems involving global warming attributed to
a significant increase in CO, concentration in the atmosphere have threatened the
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future of humanity. [1.6, 8] In the 21st century, as industrial development
accompanying the improvement of individuals’ quality of life expands around the
world, the world energy consumption and demand for production of various
industrial materials are rapidly increasing by the minute. For example, the world
energy consumption incredibly fast increases predicted to double from 13.5 TW in
2001 to 27 TW by 2050 and to triple to 43 TW by 2100. [1.6, 9] Unfortunately, in
the current fossil-fuel-based society, it is challenging to achieve both the
improvement of quality of life through industrial development for every individual
and the survival of humankind at the same time. Therefore, the global agenda of the
21st century is the establishment of a sustainable society. [1.6, 9] Hence, to achieve
a sustainable society, many researchers in academia and industries have been
struggling to develop a sustainable energy source and the green industries. In line
with this, they have also been challenging to develop the advanced materials suitable

for new industrial structure and energy sources.

The carbon materials having the versatility and greenness has been recognized
as the suitable material for a sustainable society. [1.5, 10, 11] Especially, nanoporous
carbon materials have recently been spotlighted as a key material. [1.12] Figure 1.3
showed an overview of the cycle of a sustainable society. One of the main issues in
the sustainable society is the decentralized production of clean energy and industrial
chemical, which are based the electrochemistry and energy storage. The porous
carbon materials have high applicability in electrochemical production, energy
storage, filtration, and adsorption. [1.7, 9, 13, 14] Because the nano-pore structure

of porous carbon materials is favorable for the interaction with reactant or adsorption



of the adsorbent, also, they have high chemical inertness makes them usable in a

variety of mediums. [1.12, 13]
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Figure 1.1. Molecular models of different types of splike hybridized carbon

nanostructures exhibiting different dimensionalities, 0D, 1D, 2D and 3D: (a) C60:

Buckminsterfullerene; (b) nested giant fullerenes or graphitic onions; (c) carbon

nanotube; (d) nanocones or nanohorns; () nanotoroids; (f) graphene surface; (g) 3D

graphite crystal; (h) Haeckelite surface; (i) graphene nanoribbons; (j) graphene

clusters; (k) helicoidal carbon nanotube; (1) short carbon chains; (m) 3D Schwarzite

crystals; (n) carbon nanofoams (interconnected graphene surfaces with channels); (o)

3D nanotube networks, and (p) nanoribbons 2D networks. [1.15] Copyright 2010,

Elsevier.
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1.2. Issue in porous carbon materials

1.2.1. Limitation of pristine porous carbon material

Pristine porous carbon materials, such as the activated carbon, carbon black, etc.,
have already been used in certain applications. However, they have the inert surfaces
having low activity with reactants, which is the one major drawback of the porous
carbon materials for the energy and environmental applications. To overcome this
obstruct, many researchers have been focused on the functionalization of porous
carbon materials via the various strategies, as shown in Figure 1.4. [1.16, 17] The
introduction of heteroatoms species into the pristine carbon materials is one of the
most effective strategies that mutates the characteristic of carbon materials. [1.8, 18]
For example, pristine graphene is a zero-bandgap semiconductor. The incorporation
of guest atoms in graphene opens up the bandgap, which accompanies the variation
of electronic properties. [1.19] Thus, tremendous research has been undertaken to
apply these modified carbon materials to energy-related applications, and the
research trend was briefly summarized in Figures 1.5. Starting with the introduction
of the single component, especially nitrogen, into carbon material, the type and
number of doping components have been gradually expanding. Recently, the
research on the metal species incorporated nitrogen-doped carbon (M-N-C) has been
actively conducted since M-N-C materials exhibit a wide range of applicability as

the electrocatalyst for the various electrochemical reactions. [1.20, 21]
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1.2.2. Metal-free heteroatoms doped porous carbon

Among the numerous heteroatoms that can introduce in carbon substrate, the
nitrogen is representatives for energy-related applications, and the mono-nitrogen
doping strategy is the beginning of doped carbon studies. [1.18] Nitrogen is located
right next to carbon in the periodic table, having a similar atomic radius of carbon.
Also, its electronegative (3.04) is higher than that of carbon (2.55). [1.18] For these
reasons, nitrogen can readily incorporate into the carbon network and induces the
local polarization of the carbon network, which can greatly improve the interaction
with the reactant or adsorbate. The nitrogen-doped porous carbon (CN) for energy
application has been actively studied since Jasinski et al. demonstrated the
applicability of N-doped carbon as the electrocatalyst for oxygen reduction reaction
(ORR) for the first time in 1964. [1.22] Numerous CN synthetic methods have been
reported. Post-treatment of carbon in the nitrogen-containing atmosphere and direct
pyrolysis of nitrogen-rich precursors, such as melamine, urea, dicyandiamide,

aniline, and pyrrole has been most commonly used. [1.23-27]

Not only the nitrogen, the introduction of other non-metal atoms such as boron,
sulfur, and phosphorus to the carbon structure has also been investigated. Among
them, boron has been recognized as a highly interesting candidate since it has low
electronegativity (2.04) lower than carbon (2.55) and easily incorporated into sp’-
carbon network. [1.28] Comparing to CN, however, boron-doped porous carbon (CB)
has been less studied due to the difficulty in boron doping in the carbon matrix. In
general, the boron doping in carbon is required high temperature (>1000 °C) and the
material preparation (boron-contained precursors) is quite limited. [1.2.8—30]
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Therefore, further studies are required on the boron effect on C and facile synthesis

for CB.

Beyond the mono-atom doping, the co-doping two or three non-metal
components tactic has been attempted to achieve to maximize the characteristic
variation of carbon materials. The co-doping of boron and nitrogen is most
commonly used since boron and nitrogen have the complementary relationship.
[1.18, 31] Boron can act as an electron donor, and nitrogen can act as an electron
acceptor in the carbon substrate due to the difference of the electronegativity. [1.31]
Thus boron and nitrogen play a complementary role when they are substituted into a
carbon network simultaneously. [1.31, 32] This synergetic effect triggers a change
in the physicochemical properties of the carbon materials. [ 1.31-33] Thus, boron and
nitrogen co-doping porous carbons (CNBs) that show superior optical, electrical, and
electrochemical properties have been actively reported. [1.34-37] In most previous
studies for CNB synthesis, they mainly focused on the substitution effect of boron

and nitrogen in carbon structure to understand the improvement of properties of CNB.



1.2.3. Non-precious metal-doped porous carbon

Recently, not only limited to the introduction of non-metallic atoms, the
incorporation of metal species into porous carbon materials has been attracted great
attention. [1. 17, 38, 39] Notably, many researchers try to introduce the transition
metal species into carbon materials since transition metals are cost-effective
compared with precious metals. Also, they manifest unique properties that are hard
to achieve by nonmetal doped carbon and appropriate to energy-related applications.
[1.40-42] In particular, as the size of metal species decreases, their properties can be

greatly intensified, shown in Figure 1.6. [1.40-42]

There are two types of TM decorated carbon. One is that the hybridization of
TM-based nanoparticles with carbon materials. Various transition metal-based
nanoparticles, such as metal, oxide, carbide, nitride, boride, and etc. [1.17, 43-45]
They are generally synthesized using the pyrolysis method and show high
electrocatalytic performance for the miscellaneous electrochemical reactions. [1.17]
The other is that the atomic dispersion of TM in carbon networks, which attracts
great interest currently. In particular, atomically dispersed transition metal-Nx (M-
Nx) embed carbon (M-N-C) has been the most actively studied and expected to be a
promising electrocatalyst for energy-related applications. [1.4, 18, 46] M-Ny
structure showed the extraordinary electrocatalytic activity, and embedding the M-
Nx moieties into porous carbon support can significantly improve the stability,
recyclability, and also performance. [1.18, 40, 47] Because nitrogen can readily
incorporate into the carbon support and carbon can construct a strong covalent bond

with M-Ny moieties, which not only stabilizes the M-Ny moieties but also modifies
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the electronic structure of both carbon and M-Ny moieties to optimize the adsorption
and desorption of intermediates for improving catalytic performance. [1.40, 47]
Furthermore, the carbon support has a high electrically conductivity enhancing the
electron transfer during the electrochemical reaction. [1.40, 47] Depending on the
type of transition metal, M-N-C materials can show the extraordinary catalytic
performance in the various electrocatalytic reactions including oxygen reduction
reaction (ORR) [1.48-53], H, evolution reaction (HER) [1.54-56], and CO; reduction

reaction (CO2RR). [1.57-61]

Single-atom

Surface Free Energy

Minimizing Metal Sizes

Figure 1.6. Schematic illustrate the changes of surface free energy and specific
activity per metal atom with metal particle size and the support effects. [1.40]

Copyright 2013, ACS Publications.
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1.2.4. Synthetic issues in high functional porous carbon material

As shown in the research trend mentioned above, the introduction of heteroatoms in
porous carbon with hierarchical pore structure is one of the mainstreams in porous
carbon materials studies, which can endow the specific functionality suitable for
each application (Figure 1.7). The research trend moved from doping of the unary
system to doping of multi-nary system in porous carbon materials, customized for
the specific applications. [1. 2, 7, 18, 62] Numerous studies theoretical studies based
on the first-principle calculation demonstrated the relationship between various
types of active sites and catalytic activities. [1.14, 18, 63] However, the development
of the facile synthetic process to produce robust porous carbon materials is still in an
immature stage. To commercialize the heteroatom doped porous carbon material
having high functionalities, it is most important to develop the facile synthetic
process based on the comprehension of synthesis-structure-property, which is still

insufficient. [1.64]

One of the reasons for synthesis difficulty is the complexity of synthetic
variables. The major parameters of heteroatoms-doped porous carbon that determine
the electrocatalytic activity were summarized in Figure 1.8. To achieve the superior
properties appropriate for practical application, all these characteristics should be
optimized. [1.16, 65] However, the optimization of these characteristics requires a
delicate strategy since all these characteristics are correlated. Moreover, some
characteristics, such as the specific surface area (SSA) and the conductivity have a
trade-off relationship in general. Furthermore, in the synthetic process of the

heteroatom-doped porous carbon, the incorporated heteroatom significantly
1] O
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influences the overall characteristics of the carbon substrate. In particular, the
metallic species can serve as the graphitization catalyst, changing the pore structure,
morphology, and electronic properties of carbon materials as well as the dopant,
developing the active site in carbon materials. [1.64, 66] The major role of metallic
species different depending on synthetic conditions even if the initial composition of
precursors is identical, which dramatically affects the properties. Therefore, the
understanding of the interaction between the metallic component and the carbon
substrate during the synthesis according to specific synthetic conditions is a

prerequisite for developing a practical synthesis method.

This synthetic issue is becoming more prominent with the progress of the metal
atom dispersed carbon (M-N-C) research for electrochemical reaction. The
maximizing the density of M-Ny active sites embedded in micropore of porous
carbon substrate is essential for maximizing the electrocatalytic activity of the M-N-
C catalyst. [1.64] Most of M-N-C catalyst synthesis involved the pyrolysis of metal,
nitrogen, and carbon precursors mixture accompanying high-temperature treatment
(> 800 °C), which is inevitably required to endow the electric conductivity to the
carbon support and the stability to M-Ny active sites. [1.47, 50] During the pyrolysis
step, however, the atomic metals not only can establish M-Nx moieties but also can
aggregate and form metal-based nanoparticles. The preference of each phenomenon
can vary greatly depending on experimental conditions. The formation of the metal-
based nanoparticles, especially transition metal, has a profound effect on the carbon
structure since the transition metal-based particle acts as the strong graphitization
catalyst well known in various carbon studies. [1.66-68] The controlling the

formation of metal-based particle is essential to develop the practical synthesis
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process of high functional heteroatoms-doped porous carbon materials. However, the
strategy for controlling the formation of the metal-based particle is still in its infancy

phase.

Therefore, the innovative approach based on the understanding of the synthesis-
structure-property relationship is highly required to develop the practical synthetic
method of multi-nary heteroatoms-doped porous carbon materials. To achieve this,
an in-depth study of the synthesis-structure relationship is prerequisite. Some
previous research combined the thermodynamic to understand the synthesis of the
carbon-based materials. Nam et al. reported that the structure of metal (Co, Ni, Cu,
and Pt)/carbon nanofiber hybrid material can be controlled and predicted through the
thermodynamic evaluation of redox between metal ion and C, as briefly shown in
Figure 1.9. [1.69] However, identifying the major synthesis parameters that
determine the structure, composition, and property of heteroatoms-doped porous
carbon based on the thermodynamic considering the nanosize effect has not been

attempted before.
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1.3. Objectives of the thesis

The objective of the thesis is the demonstration of a novel synthetic methodology for
high functional heteroatoms doped carbon material (Figure 1.10). In particular, this

thesis focuses on three aspects as follows.

First, in terms of synthetic process development, this thesis addresses the
demonstration of the novel synthesis methodology for high functional heteroatoms
doped carbon via the chlorination process. The conventional carbide-derived carbon
(CDC) process, which will be discussed in detail in the general background section
(2.1.), is one of the representative methods for produce nanoporous carbon using
selective extraction of metal or metalloid atom in carbide lattice. [1.70] CDC is
favorable for synthesizing highly nanoporous structure as well as controlling the
nano-pore size. Thus, various research for CDCs that carbon structure and pore
structure were elaborately designed and show high performance in various energy
and environmental applications. [1.71-74] However, to extract the metal atom,
reactive etchant, such as halogen element (Cl,), is required inevitably; thus, it is
challenging to incorporate the heteroatom component into carbon, which is a

limitation for the synthesis of heteroatom-doped carbon through chlorination process.

Our group previously showed that the synthesis of heteroatoms (N, B, and Fe)-
doped porous carbon is feasible by the chlorination process (more detail in the
general background section (2.1.4.)). The obtained heteroatoms (N, B, and Fe)-

doped porous carbon showed high applicability for the gas storage and
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electrocatalyst. However, the doping amount of heteroatoms in the carbon substrate
is limited. Moreover, the understanding of the synthesis-structure relationship in the
synthesis of porous carbon materials by the chlorination is insufficient. The practical
application of chlorination process to synthesizing porous carbon materials still

remained in question.

This thesis tried to find a breakthrough and improve the versatility of the
chlorination process. Carbonitride was introduced as an N-doped carbon precursor,
and also titanium boride was introduced as a B doping precursor. Also, metal
acetylacetonates are added as metal dopant precursors. The CNB and M-CNB
materials suitable for the electrochemical application can be successfully
synthesized using the one-pot chlorination process. These results demonstrate the
applicability of the chlorination process to the synthesis of the multi-nary atoms

doped nanoporous carbon materials.

Second, in terms of the component of the heteroatom doping system, this thesis
focuses on the applicability of the CNB system and the M-CNB system as the
electrocatalyst for energy-related applications. Numerous previous studies reported
the introduction of boron in CN could bring complementary effect and endow the
high catalytic activity for various electrochemical reactions. Thus, boron has been
recognized as the promising candidate as the additional dopant of porous nitrogen-
doped carbon. Interestingly, boron has a metallic characteristic, [1.75-77] which is
differentiated from other nonmetallic dopants (nitrogen, sulfur, oxygen, and
phosphorous). Boron can serve the catalyst that facilitated the formation of sp>-bond

as well as the dopant. [1.78, 79] Also, boron can readily interact with metal elements.
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[1.80] Thus, the introduction of boron to the synthesis of CN and M-CNB can
significantly alter the overall characteristics of CN and M-CN materials, including
structure, surface chemistry, and the electrocatalytic properties. However, the
research for the synthesis of CNB and M-CNB is still in its infancy phase, only begun
to discover its potential. [1.81, 82] Also, most studies are biased toward the structure

(active sites)-the electrochemical properties relationship.

Finally, in terms of the methodology of study on the synthesis of heteroatoms-
doped carbon materials, this thesis focuses on the breakthrough approaches for the
development of the synthesis process of heteroatoms-doped porous carbon materials.
Conventional heteroatoms-doped porous carbon materials study focuses on the
structure-property relationship, identifying the specific active sites that endow the
specific properties. Conventional studies are dominantly based on the Ab initio
quantum chemistry method and the experiments. They are useful to understand the
structure (active sites)-property relationship. However, it is imperative to understand
the synthesis-structure relationship for the development of a practical synthesis
method for heteroatoms-doped carbon materials. The introduction of thermodynamic
to the synthesis of functional nanomaterials has been attempted in some previous
studies [1.83-1.86] to identify the synthesis-structure relationship. However, it is still
in the early stage and has not been applied to heteroatoms-doped porous carbon
synthesis yet. In this thesis, the equilibrium thermodynamic calculation and phase
diagram in nano-scale are introduced to predict the critical synthesis factors that
determines the structure, composition, and the properties of heteroatoms-doped
porous carbon materials. The predicted synthesis factors are verified by the

experiment. Through the thermodynamic calculation and experiment, the facile
1] 211
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synthesis methods for the heteroatoms-doped porous carbon materials are suggested.

In sum, this thesis aims for a comprehensive understanding of interactions
between precursor that occurs throughout the synthetic process of the CNB and M-
CNB materials based on the sophisticated controlled experiments, thermodynamics
analyses, and various characterizations, including structural, surface chemistry, and
electrochemical analyses. Based on these, this thesis addresses the facile synthetic
strategies of the CNB and M-CNB materials (Figure 1.11) using one-pot chlorination
which can be utilized to the various applications, including the electronics, energy,

and environment.
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Figure 1.10. The research scope of this thesis about the functional porous carbon

materials.
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Figure 1.11. Overview of the thesis.
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1.4. Organization of the thesis

This thesis consists of eight chapters. In chapter 2, the fundamental knowledge for
carbide-derived carbon (CDC), the role of boron in carbon, BCN materials,
graphitization mechanism, pore structure, electrochemistry, and thermodynamics are
summarized. Chapter 3 described the experimental procedure, including the
preparation of raw carbonitride, boride, and transitional metal source precursor, the

chlorination process, and the examination of obtained porous carbon’s properties.

Chapter 4 addresses the synthesis of heteroatoms (B, N, and O) doped porous
carbons via the chlorination of the carbonitride (or carbide)-boride mixture. The
formation mechanism of obtained porous carbons, focusing on the influence of boron

in the carbon structure, is also discussed.

Chapter 5 suggest the novel synthesis of BN embedded porous carbon using the
chlorination of the nitrogen-rich carbonitride-boride mixture, having excellent
electrocatalytic activity for H>O, production. The influence of the addition of boron
to the formation of carbon structure is predicted using the thermodynamic
equilibrium calculation. Based on the thermodynamic calculation results, the
optimum synthesis process to synthesize the nano BN moieties embedded porous
carbon is designed. The formation mechanism and applicability as the electrocatalyst

for H>O, production of BN embedded porous carbon are also investigated.

Chapter 6 addresses the novel synthetic strategy of the chlorination process to

I
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obtain of atomically dispersed M-CNB material. The investigation of interaction
among carbon, boron, and transition metal species in the synthetic process is
conducted based on the thermodynamic analysis and comparative experiments
between Fe-CNB and Ni-CNB. The melting temperature of formed metal
compounds during the chlorination is predicted as the critical synthesis factor that
determines the atomic dispersion of metal atoms to porous carbon. The
thermodynamic calculation and phase diagrams in the nano-scale used as the
predication tools. The comparative experiments verified the prediction of synthesis
factor. Furthermore, the electrocatalytic activity of obtained M-CNBs for oxygen

reduction reaction (ORR) is estimated.

Chapter 7 addresses the expandability of the M-CNB system to the other
synthetic method (pyrolysis) and discusses the influence of boron precursor (boric
acid) for the production of atomically dispersed M (Fe and Ni)-CNB during the
synthetic process. The role of boric acid that induces the atomic dispersion of metal
to carbon substrate through the formation of liquid solid solution is predicted using
the thermodynamic calculations and phase-diagram. This is also demonstrated by the
controlled experiment. In Chapter 8, all the results were summarized with the novelty

of this thesis, and also the future works are suggested.
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Chapter 2. General background

2.1. Carbide derived carbon (CDC)

Carbide derived carbon (CDC) process is one of the promising synthetic methods for
synthesizing functional nano-carbon materials ranging from disorder to ordered
structures (Figure 2.1). The basic concept of the CDC process is the construction of
carbon networks using the extraction of the metal or metalloid atoms from the
carbide structure. There are several tactics to remove the metal species, such as
halogenation, hydrothermal treatment, vacuum decomposition, and etc. and
halogenation, especially chlorination, was recognized as the most suitable for use in

large-scale production of CDC. [2.1]

CDC has two unique characteristics that are distinct from the conventional
porous carbon materials synthesized by other synthetic methods. First, it is highly
microporous. The vacancies having atomic size formed by the removal of metal
atoms can be homogeneously distributed in the CDC. Micropore acts as an active
site that readily interacts with a reactant or adsorbate, essential for energy and
environmental application. [2.1] Second, CDC retains the original morphology of
precursors. The selective extraction of metal atoms enables the conformal
transformation that maintains the original shape and volume of the precursor, which
is favorable for the morphology control. [2.1, 2] Thus, CDCs show high performance
in various energy and environmental application such as supercapacitor, water

desalination, gas storage, electrochemical reaction. [2.3-9]
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Figure 2.1. Transmission electron microscopy images of various CDC structures as
obtained from carbide chlorination and vacuum decomposition of SiC: Amorphous
carbon (a), turbostratic carbon (b), fullerene-like carbon (c), nano-diamond (d),
onion-like carbon (e), carbon nano-barrels (f), mesoporous carbon (g), carbon
nanotubes (h), epitaxial graphene (i), graphite (j). The scale bar is 5 nm. [2.1]
Copyright 2006, CRC Taylor & Francis. Copyright 2008-2010, Elsevier.
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2.1.1. CDC synthesized by chlorination

The first synthesis of the CDC via the chlorination of carbide was reported by Otis
Hutchins in 1918. [2.10] By exposing the silicon carbide (SiC) to dry chlorine (Cl>)
gas at 1000 °C or above, silicon tetrachloride and carbon were obtained following
equation.

SiC(s) + 2 Cla(g) — SiCla(g) + C(s)

This chlorination process initially targeted to obtain the silicon chloride product
which is a key chemical for the semiconductor industry, and the obtained CDC was
considered as an undesired residue. However, later, this byproduct CDC classified
as the mineral carbon and has been recognized as the useful material since its unique
nanoporous structure was discovered.

The general reaction equation for producing CDC through chlorination of binary
carbide is as followed equation (Figure 2.2):

x MC(s) +y/2 Cla(g) — MxAy(g) + x C(s)

where MxA,(g) is a gaseous reaction byproduct.

This CDC synthetic process basically consists of two simple successive heat
treatment steps. [2.1] The first step is chlorination step. The raw carbide precursor
ramped into targeted temperature in inert gas and at target temperature, the precursor
was exposed to dry chlorine gas and chlorination occurs. The second step is
annealing in hydrogen gas to remove residual chlorine and chlorides. Using this
technique, numerous CDCs were derived from various binary carbides and ternary
carbides, such as Al4C;, B4C, BaC,, CaC,, Cr;C,, FesC, Mo,C, MoC, Nb,C, NbC,
SiC, SrC,, TaxC, TaC, Ti2AIC, TizAlC,, TisSiCs, TiC, VC, W2C, WC, and ZrC. [2.1,

11-15]
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Reprinted from A. Jénes et al. Carbon. (2007)

Figure 2.2. Synthesis of CDC by the chlorination of binary carbide. [2.16]

28



2.1.2. Effect of type of precursors on the structure of CDC

The morphology and pore structure of CDC can be controlled by the variation of
precursors. The overall morphology of CDC followed the morphology of precursor
carbides thus CDCs having various shape have been synthesized, such as sintered
carbide bodies, whiskers, thin films, micro and nano-sized powders, and single
crystal. [2.2, 17-20] Furthermore, the pore structure of CDC varied with precursor
carbides, which came from the specificity of chlorination of carbide. The bulk
porosity of CDC is dominantly determined by the structure of the precursor carbide,
having high porosity in general (> 50 vol.%). [2.1] While, micro- and mesoporosity
can be controlled by the type of metal atom in the precursor carbide lattice and crystal
structure of carbide, the parameters that determine the distribution of carbon atoms
in carbide lattices. Figure 2.3 explains pore structure controlling mechanism through
the comparison of pore structure of CDCs synthesized by ternary carbide (Ti3SiCs)
and binary carbide (3C-SiC). These two carbides have different crystal structure
causing the different carbon atoms distribution in carbide lattice. Thus, two CDCs
exhibits totally different pore size distribution at the same chlorination temperature
(1200 °C), evaluated using gas adsorption analysis. TizSiC,-CDC has a broad
distribution in 0.5-4 nm range while 3C-SiC-CDC has a narrow distribution in small
micropore region (below 1 nm) [2.21, 22]. Also, the TEM images of this two CDCs
demonstrated that their ordering tendency is different. Their bulk porosity can be
predicted by the calculation of the total weight-based theoretical pore volume Vol

using as followed equation: [2.1]

1 1

[’total -
Xcarbon* Pcarbide Pcarbon

Where Xcaon is the weight fraction of carbon in the carbide, pearon is the density ofl_
1 O 1]

= |
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carbon, and pearidac 1S the density of carbide precursor. Calculated Vo1 values of two
CDC is quite different, 86 vol.% and 58 vol.% for TizSiC,-CDC and 3C-SiC-CDC,

respectively, and they are in agreement with real measured bulk porosity values.

Likewise, the pore structure of CDCs can be greatly varied with the types of
carbide precursors. The CDC originated from binary carbide with NaCl structure and
wurtzite/zinc blend strucuture has a narrow pore size distribution. While,
orthorhombic or rhombohedral carbide CDCs has a large and uniform pore size
distribution. [2.23, 24] Even if the crystal structure of carbide precursors is the same,
depending on the type of metal atoms, the carbon-carbon distance in carbide lattice
can be varied thus CDCs synthesized by same structure type carbides also have
different pore size distribution and bulk porosity. [2.25] Therefore, according to the
selection of the carbide precursor, the overall porosity, from micropore to macropore,
can be tuned. Figure 2.4 displayed the pore size distribution of other CDCs produced
by different carbide precursors, which further demonstrated the advantage of CDCs

for modifying the nanoporous structure.
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Figure 2.3. Schematic of the atomic structure of Ti3SiC, (a) and 3C-SiC (b) and the
corresponding CDC structures after halogenation. As seen from the pore size
distribution, the ternary carbide shows a broader pore size distribution than the
binary carbide at 1200 °C. (The data are from argon sorption obtained from NLDFT.)
Also, the resulting carbon structure can be very different — while SiC CDC still
consists of predominantly amorphous carbon, Ti3SiC, shows significant
graphitization at the same temperature. [2.1, 22] Copyright 2006, CRC Taylor &

Francis.
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Figure 2.4. Pore size distribution, calculated according to NLDFT method by using
the so-called slit-shaped pores model, for different micro- and mesoporous carbide-
derived carbon materials. The corresponding synthesis temperatures (°C) were used:
1150 °C (a-SiC), 950 °C (TiC), 400 °C (Al4Cs), 900 °C (VC), 1100 °C (B4C) and
750 °C (Mo2C). [2.26] Copyright 2007, Elsevier.
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2.1.3. Effect of chlorination temperature on pore structure of CDC

The chlorination temperature is one of the main parameters that determines the pore
structure including pore size, pore sized distribution (PSD), and specific surface are
(SSA) of CDC since carbon atoms mobility directly relates to carbon ordering
tendency changes varying the temperature. The pore structure including pore size
distribution (PSD) of CDC is mainly templated by the crystal structure of carbide
precursor as mentioned in the above section. While, at higher chlorination
temperature, the pore size of the CDC tends to increase attributed to self-organization
and increment of crystallinity due to the high carbon mobility. [2.27, 28] Therefore,
fine pore tuning with sub-Aangstrom accuracy is feasible by controlling the
chlorination temperature. The example of pore controlling exhibited in Figure 2.5.
Figure 2.5a show the average pore sizes in various CDCs varying with chlorination
temperature. The pore sizes increase in the sub-nano unit as the chlorination
temperature increases. Figure 2.5b,c exhibited the PSDs of specific CDCs (Ti3SiCs-
CDC and PDC SiCN-CDC) varying with chlorination temperature. They clearly

show the shift to large size as the chlorination temperature increases.

Meanwhile, the specific area (SSA) also varied with temperature. In general,
the SSA variation of CDCs with increment in the chlorination temperature shows a
bell-shape trend. [2.12, 29] This is because there are limiting factors that inhibit the
increase in SSA at low and high chlorination temperature. At the low chlorination
temperature, pores are directly templated by original carbide lattice (vacancy of

metal atoms), resulting in the significant development of small micropores, which is
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beneficial for an increase of SSA. But, two limiting factors lowering the SSA exist.
One is that the size of developed micropore is less than 0.5 nm too small that gas
spices used for conventional gas adsorption technique cannot access thus these
micropores are barely measured by conventional gas adsorption technique. The other

is residual chlorides. The kinetics of formation and removal of chlorides produced

during the chlorination is slow thus some chloride residues are trapped in micropores.

Meanwhile, at the high chlorination temperature, graphitization and consolidation of
the CDC occur, which drastically degenerates the developed pore. For these reasons,
in general, the intermediate chlorination temperature (800-1000°C) is appropriate for
achieving maximum SSA with the development of proper ordering of carbon

structure. [2.12, 29]
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e) 1585 °C

Figure 2.6. a-e) TEM images of TiC-CDCs obtained by chlorination at various
temperatures. f-1) Slab of 2 nm thickness of simulated TiC-CDCs after annealing at
T= 1500 K, T> = 2000 K, T5 = 3000 K, T4 = 4000 K and Ts = 4500 K. Red, green
and blue spheres denote sp, sp?, and sp’ bonding, respectively. [2.30] Copyright 2017,

Elsevier.
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2.1.4. Synthesis of heteroatoms-doped porous carbon using chlorination

process

As mentioned above sections, CDC has great strength in terms of microporosity,
which is one of the major contributions guaranteeing high performance in energy
and environmental application. However, CDC also has a severe drawback, the
difficulties in heteroatom doping, due to the harsh chlorination condition. In
chlorination condition, elements other than carbon, such as nitrogen or metallic

species, are hard to survive.

To overcome this limitation, our research group introduced the solid-solution
of titanium carbide (Ti(C,N) and Ti(C,0)) as the precursor of chlorination, instead
of carbide (Figure 2.7). Hetero atoms (nitrogen and oxygen) already exists in the
lattice of precursors thus hetero atom readily incorporates to the carbon structure.
[2.31] Moreover, especially in the case of Ti(C,N)-CDC (CN), not only micropore,
but also meso- and macropore can be developed due to the decrease of carbon density
in precursor lattice and gasification of unstable nitrogen and carbon as the form of
CClL4 (g), N2 (g), CxNy (g). [2.32] Thus, CN has hierarchical pore structure. The
incorporation of nitrogen atoms and the hierarchical pore structure of CN exhibit
synergetic effect thus CN shows the superior performance for supercapacitor and
water treatment application. [2.32, 33] Beyond the mono atom doping, additional
boron doping in CN was achieved successfully via the chlorination of Ti(C,N) and
TiB, hand mixture. [2.34] TiB; served as the boron doping source and boron was

supplied into CN through two routes; solid-state diffusion (the direct route) and BCl;

¥ 3
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(g) (the indirect route). It was presumed that introduction small amount of boron in
CN could stabilize the unstable CN structure and facilitate the nitrogen incorporation.
Thus, boron and nitrogen co-doped porous carbon (CNB) having hollow structure
could obtained by the chlorination of Ti(Co3,No7) and TiB; hand mixture. [34] This
hollow CNB had the excellent CO, gas storage capacity and outstanding oxygen
reduction reaction peferomance due to the hollow structure and abundant nitrogen
species, especially pyridinic N. [2.34, 35] The introduction of Fe in CNB was also
attempted to synthesize atomically dispersed Fe-CNB by the chlorination of
Ti(C,N)-TiB2-iron acetylacetonate hand mixture. It was experimentally observed
that the addition of boron facilitates the atomic dispersion of Fe atoms and
incorporation of abundant nitrogen functional groups in Fe-CNB, resulting in
significant development of Fe-Ny active sites. [2.32] Thus, Fe-CNB shows an

outstanding electrocatalytic performance for oxygen reduction reaction (ORR).
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Figure 2.7. Timeline of synthesis of heteroatoms-doped carbon materials using

chlorination process.
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2.2. Role of boron in carbon structure

Boron can act as a dopant that substitutes into the carbon layer and accepts electrons
from the adjacent carbon atoms shown in Figure 2.8. Because its atomic radius is
slightly small than carbon, and its electronegativity (2.0) is less than carbon (2.5)
which modifies the electronic structure of the carbon layer. [2.36, 37] Lowell
reported that the solid solubility of boron in graphite is 2.35 at.% at 2350 °C. [2.38]
R. Faccio et al. reported the ad-initio-DFT/GGA study for the introduction of boron
atom to carbon layer, and demonstrated that substituted boron atom can induce the
structural distortion of the carbon layer, resulting in change of electronic and

magnetic properties of carbon layer. [2.39]

Meanwhile, Boron also serves as a structural linker, promoting the formation of
the carbon structure. X. Blase et al. reported that boron atoms can catalyze the growth
of carbon nanotube. [2.40] The M. Terrones group reported that boron interstitial
atoms act as efficient double-walled carbon nanotube (DWNT) welders, as shown in
Figure 2.9. [2.41-43] Boron atom creates a covalent junction between DWNTs; thus,
significantly lowering the temperature that the coalescence of nanotubes occurs.
[2.41] The facilitation of carbon structure formation by boron was also reported in
the previous studies on the diamond. Bernholc et al. reported that carbon self-
diffusion activation energy in diamond could be decreased by the highly charged
vacancy. [2.44] These studies indicate that the introduction of boron can facilitate

the formation of robust carbon structure.

In addition, Boron serves as the graphitization catalyst. A.Oya et al

demonstrated that the boron accelerate the homogenous continuous graphitization
21 © 11 &1
39 A0 -;_-1_,! (%],



during the high temperature heat-treatment (1800 — 2600 °C) of several carbon
precursors. [2.45] Pu et al. reported that the introduction of a small amount boron

could facilitate the sp’ bonding formation and graphitization in the synthesis of

diamond-like carbon. [2.46]
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Figure 2.8. The schematic presentation of BCx materials (left) top view and (right)
side view. [2.47] Copyright 2010, Elsevier.
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Figure 2.9. Molecular models showing the effect of intercalated B atoms between

SWNTs. (a) Front and side view of the starting system for the MD calculations: two
adjacent C150H20 (5,5) open carbon nanotubes with 12 intercalated boron atoms.
(b) Front and side view of the system after 5 picoseconds of calculation, with the
indication of the nanotube diameter (A). The boron atoms start to bridge the two
nanotubes, inducing a strong interaction between them. (c) Crosssectional view of
the atoms between both nanotubes after 5 picoseconds, with the C atoms of the back
nanotube colored in blue for better visualization. Large “holes” are created in both
ideal structures and the two lips of the nanotubes are only connected with a few
bonds. (d) HRTEM image of triple-walled nanotube T-junction derived from boron
catalyzed DWNTs annealing. [2.41] Copyright 2005, ACS Publications.
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2.3. Borocabonitrides (BCN) material

Graphite is a versatile material having unique semi-metallic properties. In opposition
to graphite, hexagonal boron nitride (h-BN), also called white graphite due to the
structural similarity with graphite, having unique insulating properties. The
structural similarity and the similar atomic radius of boron, carbon, and nitrogen
enable graphite and h-BN to hybridize. The hybrids of these layered materials, called
BCyN;, (for brevity abbreviated to BCN) material, are generally anticipated to have
semiconducting properties [2.48, 49], as described in Figure 2.10. As the re-
discovery of monolayer graphite (so-called graphene) by Geim and co-workers in
2004 opened a new horizon of two dimensional (2D) layered materials [2.50], the
interest for the hybridization of graphene and h-BN has increased dramatically.
Pioneering research in graphene reveals that Hall effect (electron acts as massless
Dirac fermions) can occur in graphene thus graphene has extraordinarily high
electron mobility and also shows semi metal or zero bandgap semiconducting
property along with unique thermal and mechanical properties. [2.48] Unlike
graphene, h-BN monolayer is an insulator, its bandgap could be up to ~ 6 eV. [2.51,
52] Theoretically, the introduction of B-C-N ternary system into layered hexagonal
structures, the bandgap tuning, from zero bandgap to insulator, is feasible depending
on the configuration. The h-BN domain in BCN can act like an “infinite” barrier,
which results in the quantum confinement and/or spin-polarization at a particular
graphene-h-BN boundary. [2.53-55] Thus, small bandgaps opening can occur in
graphene, which endows the unique properties, such as magnetic, electrical, optical,

mechanical, and electrochemical properties, appropriate for a wide range of
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application. [2.49, 56]

Currently, BCN material has been applied to the sensor, transistor, gas adsorbent,
electrocatalyst, and energy storage field. [2.48, 49, 57-59] In particular, BCN
materials have been attracted great interest as the promising electrocatalyst. [2.36,
60, 61] Heteroatoms (nitrogen and boron) doping sites or carbon atoms near hetero
atoms can serve as the active site at the surface of BCN materials. Also, depending
on the configuration of boron, carbon, and nitrogen atoms, the electronic properties
can be varied, which enables BCN material to have versatility as the electrocatalyst
for various electrochemical reactions (Figure 11). [2.36, 62] The abundance and cost
of the elements further enhance the applicability. However, the development of a
cost-effective and robust synthetic process is still insufficient, which is a bottleneck
of the practical application of BCN materials. Gas phase synthetic routes, typically
chemical vapor deposition (CVD) method and solid phase synthetic routes (pyrolysis)

are the most representative method for BCN material synthesis (Figure 2.12).
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Figure 2.11. a) Schematics of three compositions BC7N, (I), B.C,N» (II), and BCsN
(I1I), along with their symmetrically inequivalent configurations. C (black), B
(green), and N (red). bl) DOS for four configurations of BC;N> (I). b2) Projected
DOS of Ia. b3) DOS of I1Ia and IIIb configurations of BCgN. b4) Projected DOS of
II configuration of B,C:Na. ¢) Study of the effect of BN and the CN domains on HER
activity of BxCyN,. Schematic of B,C¢N, (IV), (b) B2CsN3 (V) (C-N ring is marked
by black circle) and their corresponding DOS. d) The comparison of the Fermi
energies and HER energy level with the conduction and valence band edge positions.
Valence band and conduction band is denoted by black and red, respectively. Green

dots are the Fermi levels. [2.62] Copyright 2016, Royal Society of Chemistry.
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Figure 2.12. Schematic diagram of Chemical vapor deposition (CVD) method and
pyrolysis method. Copyright 2018, Elsevier. Copyright 2018, John Wiley & Sons,

Inc.
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2.3.1. Synthesis of BCN material using gas phase synthetic route

Chemical vapor deposition (CVD) method has been generally used to produce the
graphene and boron nitride. Combining the synthetic process of graphene and boron
nitride, many research reported the synthesis of BCN having graphene-BN
heterojunction via CVD method. Badzian et al. firstly applied CVD process to
synthesizing BCN material. [2.56] They used the chloride of carbon and born as the
precursors and heated these precursor gases in the mixture of hydrogen and nitrogen
atmosphere to 2000 °C

BCl; (g) + CCLi(g) + N (g) + Ha (g) = BCN (s) + HCI (g) (2000 °C)

The boron trichloride is one of the representative boron sources. The reaction
between boron trichloride and hydrocarbon-containing compounds accompanying
the elimination of formed HCI has been a common strategy for constructing B-C
linkage. Kaner, Bartlett, and co-workers synthesized B/C/N hybrid film by the CVD
method using reaction, as shown in following Equation. [2.63]

BCl; (g) + C2Hs (g) + NH; (g) = B/C/N hyrid(s) + HCI (g) (400 - 700 °C)

In addition, Bo.4gsCo.02Noass and Bo35Co30No3s were produced at 400 and
700 °C, respectively. BCi 6N was obtained by gas phase reaction using BBr3;, NH3,
and ethylene as the precursors. [2.64] L. Ci et al. reported the synthesis of BCN
sheets on Cu substrates using the decomposition of methane and ammoniaborane
precursors at 1000 °C and controlled the composition of BCN sheets in a wide range.

[2.65] G. Han et al. reported the synthesis of graphene/BN nanosheets on Cu foil
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synthesized by atmospheric pressure CVD (using CHs-Ar mixture gas and ammonia
borane at 1057 °C). [2.66] Y. Gong eta al. devised the conversion of graphene to
BCN using heat treatment of boric acid powder in a flow of NH3-Ar mixture gas at

1000 °C. [2.67]
2.3.2. Synthesis of BCN material using solid phase synthetic routes

The pyrolysis of the mixture of urea (nitrogen source), boric acid (boron source),
carbon precursor, such as exfoliated graphene (EG), glucose, and activated carbon,
is one of the representative method to produce BCN material. [2.68-71] In a typical
pyrolysis synthesis, nitrogen, boron, and carbon source are mixed in water with
different ratios and dried to obtain slurry or powder. This dried mixture is then heated
at targeted temperature, generally 900 -1000 °C, in nitrogen or argon atmosphere.
The key reactions during the pyrolysis may be represented by the following
equations:

2H;BO; — B,03 + 3H,0

CO(NHz); — NH; + HNCO

B»O3 + 2NH3 + 2C — 2BCN + 3H,0

B,O3 + 2NH3 + 4C — 2BCoN +3H,0

During the heat treatment, boric acid is transformed to boron oxide and urea is
transformed to ammonia gas phase. The composition of produced BCN can be varied

depending on the precursor mixture ratio as well as heat treating temperature.
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2.4. Graphitization

In the synthesis of the porous carbon material, the graphitization is one of the critical
effect that must be controlled. Since the degree of the graphitization in the porous
carbon material greatly affects the electronic properties and the pore structure. In the
perspective of degree of the graphitization, carbon materials can be classified into
two categories after high temperature heat treatment (above 2800 °C), graphitizable
carbon (GC) and non-graphitizable carbon (NGC). [2.72] Previous research
demonstrated that initial stacking and arrangement of carbon atoms (carbon domain)
in precursors is one of the major determinants, forming GC or NGC. [2.72] Figure
2.13 shows the overall crystallization process through treatment of carbon precursor

(cokes).

Range of
pefroleum cokes
and anodes

Crystallite size

Figure 2.13. Overall crystallization stages of cokes.

49 .__:Ix_s _'q.;:-' T



2.4.1. Mechanism of graphitization catalytic effect of metal based particles

The graphitization of GC can be facilitated by the metal-based particles. Even NGC
can be graphitized due to the catalytic effect of metal-based particles. The catalytic
graphitization has been investigated for decades and one of the key that synthesis of
various carbon nanostructure materials including carbon nanotube, carbon onion,
and carbon aerogel. [2.73-76]

The dissolution-precipitation mechanism and decomposition of metal carbides
has been accepted as the general mechanism of the catalytic graphitization. [2.75-
77] as shown in Figure 2.14. The dominant mechanism and the kinetic graphitization
is determined depending on the experimental conditions, including the phase of
supplied carbon, type and size of the metal-based particle, temperature, pressure, and
atomsphere. [2. 76, 78, 79]

In particular, the size of metal-based particle can be critical factor that affects
the kinetic of graphitization when its size is decreased below specific size (generally
less than 50 nm). [2.78-80] Since, the melting point of the metal-based nanoparticle
and eutectic temperature can be varied depending on the size of metal-based
nanoparticle and surface melting metal-based particle can accelerate the

graphitization.
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Figure 2.14. Diagrams of dissolution-precipitation mechanism (a) and

decomposition of metal carbides mechanism (b) of catalytic graphitization. [2.75,

2.77] Copyright 2009, ACS Publications. Copyright 1982, Springer Nature.
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2.5. Pore structure

2.5.1. Adsorption isotherm

Adsorption is a surface phenomenon that the adsorbates including atoms, molecules,
or ions from the bulk of the gas, liquid, dissolved solids adhere to the surface of
adsorbent. The concentration of the adsorbates at the surface has a higher than that
of the adsorbates in the bulk, and the formation of a film of the adsorbate occurs.
[2.81] There are two adsorption types: chemical adsorption (chemisorption) and
physical adsorption (physisorption). Chemisorption, which involves the direct
chemical bond formation between the adsorbate and the adsorbent surface. [2.82]
While physisorption does not involve chemical bonding, and Van der Waals (VDW)
attraction is fundamental interaction force. [2.83] The adsorption amount of the
adsorbate as a function of its pressure (for gas) or concentration (for liquid) at the

constant temperature is referred an adsorption isotherm.

The interpretation of the physisorption isotherm is essential to understanding
pore structure of adsorbent materials. The physisorption isotherms are classified as
six types based on the existence of pores and the strength of the adsorbate-adsorbent
interaction, shown in Figure 2.15.(a). [2.84] The Type I is an isotherm that has a
relative high adsorption value and saturates at low relative pressures. It demonstrates
the strong adsorbate-adsorbent interaction and the development of micropores. The
Type II isotherm represents unrestricted monolayer-multilayer adsorption and
typical for non-porous or macro-porous materials. The Type III isotherm indicates a

weak adsorbate-adsorbent interaction and a strong adsorbate-adsorbate interaction.
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It generally is observed in materials that have low adsorption potential on surfaces,
like organic polymers. The Type IV isotherm is similar to the Type II isotherm, the
difference is the existence of hysteresis loop attributed to capillary condensation
occurring in mesopores and the adsorption maximum before the saturation pressure
is reached. It is a typical isotherm for mesoporous materials. The Type V isotherm
appears in some porous adsorbents, where the adsorbent-adsorbate interaction is
exceptionally weak, comparing with the adsorbate-adsorbate interaction, for
example water vapor adsorption on microporous carbons. Finally, The Type VI
isotherm demonstrates the stepwise multilayer adsorption on uniform non-porous
surfaces. The step height in the isotherm corresponds to the monolayer capacity.

[2.85]
2.5.2. Hysteresis of isotherm

The hysteresis commonly appears in mesoporous materials’ adsorption-desorption
isotherms attributed to the difference in trend of adsorption and desorption. [2.85] It
has been extensively studied but its origin is not fully understood yet. It has been
accepted that the capillary condensation, evaporation in pores, and network effects
with different neck sizes of pores can induce the hysteresis. [2.86] In the context of
pore structure characterization, the understanding of physisorption hysteresis is
essential. Thus, measurement of adsorption-desorption isotherms using nitrogen
sorption at 77K has been routinely used for characterizing porous materials.

The hysteresis loop can be categorized to four types, adopted by the [UPAC
(show in Figure 2.15.(b)). For the type H1 loop, the adsorption and desorption

isotherms are close to the vertical and parallel to each other over a narrow range in
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partial pressures. It represents the development of the mesopore channel having good
pore connectivity and narrow pore size distribution. [2.87, 2.88] The H2 type loop is
observed in more complex pore structures having high interconnectivity of pores.
[2.89] Network effects of pores are prominent. The distribution of pore sizes and the
pore shape is not well defined or irregular. Either pore-blocking/percolation in pore
necks in a narrow size range or cavitation induced evaporation can cause a steep
branch on the desorption isotherm. [2.90] The H3 type loop is obtained by non-rigid
aggregates of plate-like particles and adsorbent that possesses the macroporous pore
network not fully filled with the adsorbates. The lower limit of the desorption
isotherm appears at the cavitation-induced p/p,. [2.90] For Type H4 hysteresis loop,
adsorption and desorption isotherms are almost horizontal and parallel over a wide
range of partial pressures. It can be given by adsorbent materials that have large
mesopores embedded with abundant micropores. [2.91] It is noteworthy that the
lower limit of hysteresis loops is determined by the nature of adsorbate, not the
nature of adsorbent (e.g. for nitrogen at 77K, the lower limit of hysteresis is at p/p,

~0.42). [2.91]
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Figure 2.15. IUPAC classification of (a) physisorption isotherms (x-axis: relative

pressure (p/po) and y-axis: amount of adsorbate (V) and (b) hysteresis loops of

adsorbent materials.
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2.5.3. BET method

In 1938, Brunauer, Emmett and Teller suggested the multilayer adsorption theory
(BET theory), extending the Langmuir’s monolayer theory to multilayer adsorption.
The BET equation has been widely used for evaluating the surface area of adsorbent
materials. The BET method is based on the following hypotheses: [2.85] 1) the
surface is energetically homogeneous, indicating that all adsorption sites have the
identical adsorption energy; 2) no lateral interaction between adsorbates; 3) the
second and higher layers’ adsorption energy values are equal to adsorbate’
condensation energy; [2.91]

The practical BET equation in the linear form for evaluating the surface area is as

following equation: [2.90]

£ 1 c-1

- p
1p0p_nc+ c (o)
( ) m 0
Po

where n is the spectific amount adosrbate; n,, is the specific monolayer capacity;
and C is the fitting parameter.
On practical usage of BET method, the measured physisoprtion is transformed into
the ‘BET plot’ obtianed by BET equation, and n,, can be derived from the proper
linear region of the plot. The specific surface area (a) is obatined as follwing relation:
[2.90]

a= ny,X L X g,/ m

in which oy, is the molecular cross-sectional area.
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2.6. Electrochemistry

2.6.1. Electrochemistry kinetic

The electrochemical reaction is oxidation reaction or reduction reaction i.e. chemical
reaction involving electron transfer. Oxidation reaction in electrochemistry is
electron generating process, and reduction reaction in electrochemistry is electron
consuming process. [2.92]

Fe** - Fe*'+e (oxidation)

Cu**+2e — Cu (reduction)

The electrochemical system can be obtained by constructing a closed loop
including more than two electrodes (the work electrode and counter electrode) where
oxidation reaction and reduction reaction occur respectively. The basic
electrochemical system consists of anode, cathode, electrolyte and external circuit,
as shown in Figure 2.16.

The anode is electrode that oxidation reaction occurs, and cathode is electrode
that reduction reaction occurs. Electrons produced in the anode move to cathode
through the external circuit, thus current is generated in the electrochemical system.
In response to current, the charge transfer is also accompanied by the cation and

anion through the electrolyte.

J
57 -"\-\."i '.;'



gl b A
% sl =
g is
(0] R
. Closed loop =
e
"""""""""""""" » © ions
(DTS 1 SRR

ic = |i)] = i (electrolyte)

Figure 2.16. Configuration of electrochemical system with the closed loop. [2.92]

Copyright 2014, FREEACADEMY INC.

The electrochemical reaction of the electrode can be induced by the electron
energy in the electrode using the potentiosatat. As shown in Figure 2.17, in the
cathode, when electron energy of electrode is sufficiently increased, the electron
energy in electrode is higher than the energy level of the lowest unoccupied
molecular orbital (LUMO) of chemical compound (reactant). Then, electrons in
electrode can be transferred to reactant, and reduction reaction occurs. Vice versa in
the anode. The electron energy of electrode is represented as the electrochemical
potential, and equilibrium potential that electrochemical reaction can spontaneously

occur can be formulated as followed, so-called Nernst equation; [2.92, 2.93]

where, Eeq is equilibrium potential; E° is standard electrode potential; n is number of
electrons; F is Faradaic constant; R is ideal gas constant; ¢ is activity of oxidants;

and a® is activity of reductants.
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Figure 2.17. The electrochemical reduction reaction in the cathode with the change

of electron energy of the electrode. [2.92] Copyright 2014, FREEACADEMY INC.

Meanwhile, Nernst equation is based on the view of thermodynamic, i.e.
providing guideline for the standard that reaction can occur spontaneously, however
cannot explain the how fast the reaction occurs. In the electrochemical reaction in
electrode, the reaction progresses through the multi-steps (Figure 2.18). Basically,
the reactant should transfer from the solution to the surface of electrode since
reactant should be close enough to electrode for the electron tunneling. This is
defined as mass transfer. The reactant near to the surface electrode forms the product
through charge transfer reaction induced by the electron. The slowest step is the rate-

determining step, which determines the kinetics of the electrochemical reaction.

[2.92]
Charge Mass
transfer transfer
. FeCp,*
—_— :‘
T FeCp,
Electrode Solution

Figure 2.18. The charge transfer and mass transfer at the surface of electrode. [2.92]
Copyright 2014, FREEACADEMY INC.
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The kinetics of the electrochemical reaction is consistent with the net current
of the electrochemical system. The correlation between the potential (voltage) of the
electrochemical system and the net current of system (i,,.,) can be expressed by the

following equation: [2.92, 2.93]

CO (0’ t) _ﬁnF(Eappl_Eeq) CR (0, t) (1_ﬁ)nF(Eappl_Eeq)
e RT — e RT

lnet = &
net 0 Cg C;

where, ipis exchange current; f§ is symmetry factor; E is applied popential; E¢q is
equilibrium potential; €, and Cj are the bulk concentrations of oxidant and
reductants, respectively; C,and Cy are the concentrations of oxidant and reductants
at the surface of anode and cathode, respectively.

When, the charge transfer is the rate-determining step in the reaction,
Co(0,t)/C5 = Cgr(0,t)/Ci; = 1, the equation can be rewritten as follow, so called

Butler-Volmer equation: [2.92, 2.93]

BnF (Eqppi—Eeq) (1-BINF(Egppi—Eeq)
iO e RT —e RT

lnet =

The representative electrochemical systems are electrolytic cell and Galvanic
cell. The electrolytic cell is used to synthesize the targeted chemical compound
through the electrochemical reaction by supplying additional electrical energy. While
Galvanic cell is used to produce electrical energy using the spontaneous
electrochemical reaction. [2.92]

The example of electrolytic cell for electrolysis of NaCl solution shown in
Figure 2.19, the electrochemical reactions that occur in the two electrodes are as
followed; [2.92]

Cathode: 2H,0 + 2e — Ha(g) + 20H" E°=1.36V (vs. NHE)

Anode: 2CI" — Clx(g) + 2e E’=-0.84V (vs. NHE)
§ b
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Total: 2H,O + 2Cl'— Clx(g) + Ha(g) + 20H" AG° >0

The electrochemical reactions are not spontaneous (AG? > 0) thus addition
electrical energy should be supplied. The relationship between the potential of
electrodes and current is plotted in Figure 2.20. If the potential of cathode has a more
negative value based on Eg, (-0.84 V), the current (cathodic current, i.) increases
exponentially. For the anode, anodic current (i,) exponentially increases as the
potential of anode has a more positive value based on Eg, (1.36 V). The electrode
current represents the electrochemical reaction rate. The applied potential (Eqpp;)
that should be supplied to the cell is determined by the thermodynamic and kinetics,
as shown in a following equations: [2.92]

E€ = E¢q — Ne, E* = E¢qg + na (lig] = ic #0)

Ecen = Eéq — Eéq (ligl= i, =0)

Egppt =(E* — E€) + iRtotm

Eappt = Ecen + NMa T Ne t 1Reotar

Riotal = Rsotution T Rseparator T Rcircuit

E_e; is thermodynamic decomposition potential (voltage) that determines by the
difference between the equilibrium potential (voltage) of the cathode and anode.
When E_.;; is applied to the cell, although the electrochemical reaction can occur
thermodynamically, the current is zero in the cell. In addition to E_.;;, additional
potential is required to induce the electrolysis of NaCl solution, which is denoted as
the overpotential (, and 71.). Not only the overpotential of electrode, the additional
voltage that compensates the iR drop, sum of all resistances (attributed to solution,
separator, and circuit) in the cell should be applied.

Therefore, to induce the electrolysis of NaCl solution, Eg;,,; should be applied to
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the cell, and the reaction rate of electrolysis (current) is increased as Egp,;,; increases.

ui St
= =
2e 2e
2cr 2e 2e 20
> HC
Cl(g) Hax(g) + 20H™
Anode Cathode
@ electrode © electrode

Figure 2.19. The electrochemical reaction in electrolytic cell. [2.92] Copyright 2014,

FREEACADEMY INC.
i A Cl+2e—2CI 9H,0 + 2¢ —> Hy+ 20H
/1 36 1
By T
/ i  E(-)(vs. NHE)
- ’7 > / :
fa lr ! ;
E Eﬂcq Eeq E°
2CI" — Cly +2e H, +20H — 2H,0 +2e

Figure 2.20. The current variation with the potential in the cathode and anode in

electrolytic cell. [2.92] Copyright 2014, FREEACADEMY INC.
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The example of Galvanic cell is fuel cell (Figure 2.21.), the electrochemical

reactions that occur in the two electrodes are as followed; [2.92]

Cathode: O, + 4H' + 4e — 2H,O E°=1.23 V (vs. NHE)
Anode: 2H, — 4H" + 4e E’=0.0 V (vs. NHE)
Total: 2H, + O, — 2H,O AG® = — 475 kJ/mol

The reactions are spontaneous (AG°® > 0), the potential between the two electrodes
can be derived by the AG® = —nFE?,;, equation, having 1.23 V. This potential
(voltage) is denoted as electromotive force, attributed to thermodynamic of the
electrodes. However, the actual working voltage of the cell is less than electromotive
force. Figure 2.22. shows the potential-current relationship of the electrodes. When
the potential difference between the electrodes is E2,;;, the current is zero. Due to
the overpotentials of electrodes and iR drop of cell, the current is generated in lower
voltage than E2,;;. The working voltage of the cell (E,,x) is expressed as follow;
[2.92]

¢ =Egq — M, E* = Egg + 1a (lla] = i #0)
Ewk = (E° —E%) —iR¢otar
Ecen :(Eecq - qu ) (ligl= i, =0)
Ewk = Ecen — Na — Nc — Reota
To maximize the cell efficiency, it is crucial to minimize the overpotential of

electrodes and the resistance of the cell.
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Figure 2.21. The electrochemical reaction in Galvanic cell. [2.92] Copyright 2014,

FREEACADEMY INC.

O, + 4H" + 4e — 2H,0O
I
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By B B B,
2H, — 4H' +4e

Figure 2.22. The current variation with the potential in the cathode and anode in

Galvanic cell. [2.92] Copyright 2014, FREEACADEMY INC.
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2.6.2. Electrocatalytic reaction (ORR)

Among the various types of the fuel cell using the different electrolyte, the proton
exchange membrane fuel cell (PEMFC) has been actively studied. Because FEMFC
can generate the electrical energy at low temperature (< 100 °C) at ambient condition
appropriate for transport application and portable device application. The oxygen
reduction reaction (ORR) occurs at the cathode. The typical ORR with the type of
the electrolyte is summarized in Table 2.1.

The current-overpotential is following equation: [2.95]

i .0 Nao®oFnc Nngo(1-ap)Fnc
ic = lg, (e RT —e RT

where i. is the ORR current density; i5, is the exchange current density; ngo is
the number of electrons transferred in the rate-determining step; @, is the transfer
coefficient; F is the Faraday constant; 7. is the overpotential of ORR; R is the
gas constant; and T is the temperature.
ip, is an essential kinetic parameter that represents the electrochemical reaction rate
at equilibrium. The higher i5, value indicates the rapid reaction.
The ORR proceeds through two pathways: i) oxygen is directly reduced to water
(H20) via 4¢” ORR; ii) oxygen is firstly reduced to hydrogen peroxide (H,O») via 2¢
ORR, followed by the additional reduction to H,O via 2e- ORR. H;O; also can be
remained as the final product and can be diffused to the electrolyte. [2.95]
Although there has been active the debate on elucidating ORR mechanism at
atomic scale, the ORR mechanisms are still not fully understood. The prevalent

mechanisms of ORR are summarized in Figure 2.23. The oxygen molecule (O,)
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diffuses to the surface of electrode, and adsorbed O, is formed (O2*). O* can be
reduced through the three pathways. [2.96] 1) the dissociation pathway: the O—O
bond of O,* breaks directly, and an O* intermediate is formed. The as formed O* is
reduced to OH* and to H,O*. 2) the associative pathway: O»* is reduced to OOH*
and then the cleave of the O—O bond occurs, forming the O* and OH* intermediate.
3) the peroxo (or 2nd associative) pathway: O,* is reduced to OOH* and to HOOH*.
The dominant pathway is determined with the reaction condition and electrode
materials. The Density functional theory (DFT) calculations reported that the
dissociation pathway and associative pathway can be dominant ORR process at low
oxygen coverage and at high oxygen coverage, respectively. [2.97]

Generally, the kinetics of ORR is very slow and hinders the practical usage of
ORR to applications, including PEMFC and H»O, production. In order to improve
the kinetics of ORR, the electrocatalyst is required. Considering ORR mechanisms,
the adsorption of intermediates (O*, OOH*, and HOOH*) is crucial to ORR kinetics.
Norskov’s group suggests that the adsorption of oxygen molecules on the electrode
can be the origin of the overpotential of ORR. [2.98, 2.99] The binding energy of
intermediates adsorbed to the electrode surface determines the ORR activity. If the
binding energy is too weak, the charge transfer by the electron and proton to the
adsorbed oxygen is limited. If the binding energy is too strong, the desorption of
product (H>O) is sluggish, resulting in the blocking of the ORR active site for further
oxygen adsorption. Therefore, an electrocatalyst which has a moderate binding
energy to the intermediates is necessary.

So far, Pt-based catalyst has been dominantly used for practical application. It
is expensive, and have other problems, including CO deactivation. [2.99] There is

still enough room for improving the performance of ORR electrocatalyst and

b i 211 |
6 6 .':l'\-\."i —- T I. [w]

-
|



tremendous efforts has been given to identifying an alternative ORR electrocatalyst.
The relation between the ORR activity and the intermediate binding energy for
various electrocatalysts including noble-metal, earth-abundant metal, doped
graphene are identified and exhibits volcano-like trend, as shown in Figure 2.24. The
electronic structure of these catalyst is the key that determines the binding energy of
the intermediates. [2.99] Therefore, the controlling the electronic structure of
elctrocatalyst to have the appropriate binding energy of the intermediates is essential

for improving the catalytic properties of ORR. [2.96, 2.99]

Figure 2.23. Proposed pathways for ORR. (black spheres: catalyst atoms; red
spheres: oxygen atoms; white spheres: hydrogen atoms; yellow arrows: O—O bond
cleavage; and blue arrows: the proton or electron transfer.) [2.96] Copyright 2016,
John Wiley & Sons
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Figure 2.24. Vocalano plot for metal ORR catalsyts (a), and for heteroatoms-doped
graphene catalysts. [2.100, 2.101] Copyright 2004, 2014, ACS Publications.

Table 2.1. Thermodynamic electrode potentials of ORR electrode. [2.94]

Electrolyte

ORR reactions

Thermodynamic
electrode potential at

standard conditions, V

Acidic aqueous

solution

0>+ 4H" +4e — H.0
0+ 2H" + 2e — H,0»
H,O,+ 2H"+ 2e— H,O

1.229
0.70
1.76

Alkaline aqueous

solution

0+ H,0 +4e — 40H"

0O,+ H,O +2e— HO, + OH"

HO:> + H, O+ 2e— 30H"

0.401
— 0.065
0.867

Non-aqueous

aprotic solvents

O;+e — Oy

Oy+e — 0>

Dependent on the type of

solvent
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2.7. Thermodynamic tools

The standard Gibbs free energy of a pure compound can be defined as follow: [2.102]
Gf =H?— TS?

where GP represents the standard Gibbs free energy; Hf is the standard enthalpy

of A; S? is the standard entropy of A, and T is the absolute temperature.

H? and S7 have relationship with C,, as follows: [2.102]

T

T C.
1_1'1q = AHg‘)S K + fzgg KCp dar > S’IO" = 52098 K + fz _pdT

98 K T
where C), is isobaric specific heat capacity; AHgzsg  is enthalpy for compound at
298 K with reference of enthalpy of pure stable elemental species; SPog g 1S
standard entropy at 298 K.

The Gibbs free energy of gas species i can be written as follows:

Gi = G +RTInp;

where G; is molar Gibbs free energy of gas species i in standard state; p; is
pressure of gas species i; R is gas constant; T is absolute temperature.

In the solid or liquid solution, the Gibbs free energy of A solid or liquid
solution can be expressed as follows; [2.102]

Gacin soim) = GApurey + RTInay

inwhich, Gf is molar Gibbs free energy of pure A; a4 is activity of A in solution.
RT Ina, term represents the change of Gibbs free energy of A in solution due to the
interaction with surrounding species, and a4 in dilute solution showing Henrian
behavior is defined as follows: [2.102]

Pa
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where p, is vapor pressure of A in solution; p3 is vapor pressure in equilibrium of
pure A; Y, is activity coefficient.

For the chemical reaction involving solid or liquid solution,

aA+bB(g)=cC+dD (g)

the change of Gibbs free energy of the reaction is obtained by AG,y, =

Z Gproducts - Z Greaction-
In equilibrium condition, AG,,, = 0 and AG® = —RTIn (ach —=—0).

In A-B solution (solid or liquid solution), the Gibbs free energy of A-B

solution is expressed as follow; [2.102]

Gsotution = Z x; Gy

= (4GP + x5GH) + RT(xylnay + xglnag)
When A and B are ideal solution, y, =1, yg =1
Gsotution = (xaGZ + xpGg) + RT (x4lnxy + xplnxp)
When A and B are regular solution, RTIny, = Qupx3
Gsowution = (x4G4 + x5Gg) + RT (x4lnx, + xplnxg) + Qupxsxp
in which €,pis regular solution parameter.
When A and B are general solution, y, = f (x,T)

Gsotution = (4G9 + x5G2) + RT(xylnxy + xplnxg) + G

E ‘UAB xAxB

i,j =1

. . ij . .
in which w), is general solution parameter.
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2.7.1. Phase diagram

Phase diagram is the collection of minimum Gibbs free energy assemblage of given
system in equilibrium condition, as shown in Figure 2.25. The thermodynamically
stable phases in the condition of given system, including temperature, pressure, and

composition, can be predicted using phase diagram.

Figure 2.25. The derivation of phase diagram of binary system (left) from the
minimum Gibbs free energy assemblage of given system in equilibrium condition

(right). [2.103] Copyright 2009, CRC press. ; _
9 1 &) —
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2.7.2. Ellingham diagram

Ellingham diagram is a graphical form that give a guideline for the feasibility of
chemical reaction based on the thermodynamic (the change of the Gibbs free energy
of the reaction, AG,.,). It is practically used for the gas involving reaction, various
metal compounds, including carbides, nitrides, oxides, and sulfides.

Figure 2.26 shows Ellingham diagram of the metal oxidation reactions. [2.102]
The left y-axis represents the change of standard Gibbs free energy of the oxidation

reaction (AG?) and right y-axis correspond to the oxygen partial pressure (p 02) in

Figure 2.16. For comparison, all AG° values for oxidation reaction are calculated
by the reactions involved the same quantity of oxygen (one mole O3). AGyyp
varying with p 0, Can be calculated by the superimposition of an AG® = RTInp 0,
line on Ellingham diagram. [2.102] The thermodynamic stability of the metal oxide
is increased, as the position of the oxidation reaction line is lower. By comparing the
AG® values, the preference of oxidation and reduction between the different metal

compounds can be predicted using this Ellingham diagram.

F
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Figure 2.26. Ellingham diagram for considering the standard Gibbs free energy of
various oxide compounds according to the temperature. [2.102] Copyright 2014,
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Chapter 3. Experimental

3.1. Chlorination

The chlorination process was conducted in a customized chlorination reactor setup,

schematized in Figure 3.1.

®)

r
I/

3)

“@
2) (6) )

M
Figure 3.1. Schematic diagram representing chlorination reactor setup: (1) gas

cabinet, (2) flowmeter, (3) horizontal quartz-tube, (4) tube furnace, (5) crucible
containing starting materials, (6) H2SOs4 solution, (7) KOH solution, and (8) gas
detector.

The procedure of chlorination process is summarized in Figure 3.2.

3. Chlorination

4. Coadling, Ar

5.H, treatment (2 h

5. Furnace
Cooling, Ar

. Heating, Ar
(13.3 °C/ min)

Temperature (°C)

1. Ar purging,
(0.5 h)

>
Time (h)

Figure 3.2. The heating schedule of the chlorination process to synthesize the porous

carbon materials.
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3.2. Preparation of CB/CNB materials via the one-pot

chlorination process

3.2.1. Raw powder synthesis

Raw powder synthesis: Ti(Ci.x,Nx) powders and in-situ Ti(Ci.x,Nx)-TiB, composite
powders were synthesized via high-energy ball milling and carbothermal reduction,
which is a the general method for transition metal compound nano-powder. The
starting powders were TiO; (particle size: < 20 pm, purity: 99%, Sigma-Aldrich,
St.Louis, MO, USA), graphite (particle size: 1.65 um, purity: 99%, SeungLim
Carbon Metal Co., Ansan, Korea), and TiB, (particle size: < 10 um, Sigma-Aldrich,
St.Louis, MO, USA). These raw materials with appropriate molar ratios according
to Egs. (1) and Eq. (2) were mixed dry to obtain target compositions of Ti(Ci.x,Nx).
m and n values in Eq.(2) were set to meet the mixing molar ratio of carbon to boron
in the precursors (the ratio was fixed to 1:1 in all specimens), depending on x value
in Ti(CixNy), x= 0.0 and 0.3. The mixtures were ground using a planetary mill
(Pulverisette 7, Fritsch, Idar-Oberstein, Germany) at 200 rpm for 5 h. The milling
was conducted at a ball-to-powder weight ratio of 40:1. WC-Co balls and a WC—Co
coated steel jar were used for milling.

TiO, + (3-x) C+ (1/2)xN2 =Ti(C1,Ny) +2CO  (x=0.00r0.3) (1)

m TiO; + m(3 - x) C + m(1/2)x N2 + n TiB, = m Ti(Cix,Nx) + 2m CO + n TiB, (x =
0.0 or 0.3) )

The milled powder mixtures of various compositions were loaded into a graphite
furnace, and the carbothermal reduction was conducted at 1400 °C in 10 torr

vacuum for 2 h to synthesize TiC and TiC-TiB; composite. The same procedure was
§ ¥
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followed to synthesize Ti(Co.7,No.3) and Ti(Co.7,No3)-TiB, composite except that the
atmosphere was changed to10 torr N,. The successful synthesis of Ti(Co.7,No.3) (or
TiC) and Ti(Co.7,No.3)-TiB: (or TiC-TiB>) composite is verified by XRD and FE-SEM

analysis, as shown in the appendix 1.1 section.

3.2.2.  Synthesis of samples

Chlorination: High purity Cl, (99.995 %), Ar-10 vol.% H,, and H» (99.999 %) gases
were introduced as reactive and purging gases to a reaction chamber equipped with
a carbon sheet boat installed in the horizontal quartz tube. All the gas flow rates were
controlled with the flowmeter. Two grams of starting material (Ti(C.x,Nx) or Ti(C;.
»Nx)-TiB, composite) was loaded in the carbon boat. The temperature of the reaction
chamber was controlled by SiC heating materials and R-type thermocouple was
installed to measure the specimen temperature. The quartz tube was purged with Ar-
10 vol.% H, mixture gas (100 SCCM) over 30 minutes prior to each experiment and
the furnace was heated to 800 °C in the same atmosphere with a ramp rate of
13.3 °C/min. During the chlorination experiment, only pure Cl, gas was supplied for
3 h at the flow rate of 12 SCCM. After the chlorination reaction, Cl, gas was replaced
by Ar-10 vol.% H» gas (50 SCCM) and the furnace was cooled down to 600 °C. At
this temperature, H, gas (20 SCCM) was employed for 2 h in order to remove any
residual Cl, gas and residual chlorides trapped in the pores of final products.

Synthesis of C and CN: C and CN were synthesized via the chlorination of
synthesized TiC and Ti(Co.7,No.3), respectively. They were set as a control group to

examine the effect of boron on C and CN.

B
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Synthesis of G-CB and G-CNB: G-CB and G-CNB were synthesized by the gas
transport method. The commercial micron-size TiB., and synthesized TiC and
Ti(Co.7,No.3) were separately located in reaction crucible. The C:B molar ratio in raw
Ti(Cix,Nx) and TiB: was fixed to be 1:1. During the chlorination process, boron was
supplied to the surface of C and CN only in the form of BCls gas produced by

chlorination of TiB,.

Synthesis of D-CB and D-CNB: D-CB and D-CNB were synthesized by the direct
bond method. The preparation of powder was just the same as TiC or Ti(Co.7,No3)
except a proper amount of commercial micron-size TiB, powder added into oxide
and graphite mixture. During the carbothermal reduction, TiC and Ti(Co.7,No3)
formed on the surface of TiB,. Thus, direct junction of TiC (or Ti(Co.7,No.3))-TiB»
was established well and their contact area was maximized as shown in the appendix
1.1 section. Therefore, during the chlorination, boron atoms could be readily
supplied to C and CN structure through solid-state atomic diffusion. The C:B molar
ratio in all samples was fixed to be 1:1 which was exactly the same ratio as used in

G-CB and G-CNB.
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3.3. Preparation of BN embedded porous carbon via one-pot

chlorination process

3.3.1. Raw powder synthesis

Ti(Co.3,No.7) powder and Ti(Co3,No.7)-TiB, composite powder were synthesized via
the high-energy ball milling and the carbothermal reduction in nitrogen atmosphere.
TiO; (particle size: < 20 um, purity: 99%, Sigma-Aldrich, St.Louis, MO, USA),
graphite (particle size: 1.65 pm, purity: 99%, SeungLim Carbon Metal Co., Ansan,
Korea), and TiB: (particle size: < 10 pm, Sigma-Aldrich, St.Louis, MO, USA) were
used as the raw materials. These powders were mixed dry with appropriate molar
ratios according to Egs. (1) and (2). m and n values were set to meet the 4:1, 4:4, and
1:4 mixing molar ratios of carbon to boron in the precursors. The mixtures were
ground using a planetary mill (Pulverisette 7, Fritsch, Idar-Oberstein, Germany) at
200 rpm for 5 h. The milling was performed at a ball-to-powder weight ratio of 40:1.

WC-Co balls and a WC—Co coated steel jar were used.
TiO2 + 2.3 C+ 0.35 N2 = Ti(Co3,No.7)+ 2 CO (H

m TiO; + 2.3m C + 0.35m N; + n TiB2 = m Ti(Co3,No7) + 2m CO + n TiB;

2

The milled powder mixtures were loaded into a graphite furnace, and the

carbothermal reduction was conducted at 1400 °C in 10 torr N> atmosphere.
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3.3.2.  Synthesis of D-BNC

Two grams of starting Ti(Co3,No.7) or Ti(Co3,No7)-TiB> materials were loaded in the
carbon boat and installed in the horizontal quartz tube. High purity Cl, (99.995 %),
Ar-10 vol.% H,, and H» (99.999 %) gases were supplied as reactive and purging
gases, and thier flow rates were controlled with the flowmeters. The temperature of
the tube furnace was controlled by SiC heating materials and a R-type thermocouple
was installed to measure the temperature of reaction zone. Samples were loaded into
the tube furnace at room temperature. The quartz tube was purged with Ar-10 vol.%
H, mixture gas (100 sccm) over 30 min prior to each experiment and the furnace was
heated to a targeted temperature (400, 600, 700, 800, and 1000 °C) with a heating
rate of 13.3 °C/min. During the chlorination, Cl, gas was supplied for 3 h at the flow
rate of 12 sccm. After the chlorination, Cl gas was replaced with Ar-10 vol.% H:
gas (50 sccm) and the furnace was cooled down to 600 °C. At this temperature, H»
gas (20 sccm) was supplied for 2 h in order to remove any residual Cl, gas and
chlorides trapped in the pores of final products. Then, the furnace was cool down

to room temperature, and the sample was taken out after the experiment.

3§ 53 17
79 -"-\."i ':".I |



3.4. Preparation of M-CN/CNB materials via the one-pot

chlorination process

3.4.1. Chemical

Starting materials were commercially available micron-sized Ti(Cos,Nos) solid
solutions (Treibacher Industrie AG, 99.5 %; 1 — 2 um), micron-sized TiB2 (particle
size: < 10 pum, Sigma-Aldrich, St.Louis, MO, USA), iron (III) acetylacetonate
(Fe(acac)s, > 99.9 % trace metal basis, Sigma-Aldrich, St.Louis, MO, USA), and
nickel (II) acetylacetonate (Ni(acac)s, > 99.9 % trace metal basis, Sigma-Aldrich,

St.Louis, MO, USA).
3.4.2. Synthesis of M-CNB

M-CNB were synthesized via the chlorination of commercial Ti(Co5,Nos), micron
TiB, and M(acac)x (Fe(acac)s, Ni(acac),) mixture. Precursors were mixed by hand in
an agate mortar for fifteen minutes before the chlorination reaction. The chlorination
reaction was proceeded at 800 °C for five hours at same heating rate to the previous
section. For controlled experiment, M-CN were also synthesized in the same
procedure as synthesis of M-CN, but without boron precursor. Ti(Cos,Nos) and
M(acac)x (Fe(acac)s, Ni(acac),, or Co(acac),) were mixed by hand in an agate mortar
for fifteen minutes before the chlorination reaction. The chlorination reaction was

progressed for five hours at 800 °C.
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3.5. Preparation of M-CN/CNB materials via the one-pot

pyrolysis process

3.5.1. Chemical

Iron nitrate (III) nonahydrate (99.99 % trace metal basis, Sigma-Aldrich), Nickel (II)
nitrate hexahydrate (puriss. p.a, > 98.5 % (KT), Sigma-Aldrich), Urea (99.0-100.5 %,
Sigma-Aldrich), boric acid (H3BO3, 99.5 %, Cica-Reagent, Kanto chemical Co., Inc ),
and Poly(Ethylene Glycol) (PEG) (average Mn 2,050, chips, Sigma-Aldrich) are
used as the source of Fe, Ni, N, B, and C in the present study. All chemicals were

used directly in the experiment without additional purification process.
3.5.2. Synthesis of M-CNB

Synthesis of the M-CNB(20)-T and M-CN-T: The metal nitrate (Iron nitrate (III)
nonahydrate (12.0 mg, mmol) or Nickel (II) nitrate hexahydrate (4.4 mg, mmol)) was
mixed with urea (5.0 g), PEG (0.5 g) and boric acid (0.15 g) for M-CNB(20)-T and
zero amount for CN in 100 ml DI water. This mixture was stirred and dried at 80 °C
overnight. The obtained powder was ground and contained in an alumina crucible.
Then, the sample in an alumina crucible was loaded into an alumina tube furnace for
next treatment. The Ar gas purging was initially conducted for 1 h at room
temperature. The heat treatment was then carried out at the target temperature (600,
700, 800, 900, 950 and/or 1000 °C) for 4 h according to the heating schedule as

shown in Figure 3.3.
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Figure 3.3. The heating schedule of the pyrolysis process to synthesize the porous

carbon materials.

Synthesis of the controlled sample: The Fe-CNB(1)-950 and Fe-CNB(5)-950 were
synthesized using the same process as Fe-CNB(20)-950. The amount of boric acid
for these two samples were 7.5 mg and 37.5 mg, respectively. The Fe-CN-700-1min
and Fe-CNB(20)-700-1min were also prepared by doing 1 min heat treatment at

700 °C.
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3.6. Characterization

The average yield for carbon products obtained after chlorination was calculated by
the following equation and Three samples were tested under the same experimental

condition:

Obtained mass (g)
Theoretical mass of C+N in Ti(Ci—yx,Ny)

Yield(%) =

X 100 (1)
3.6.1. Structural analysis

Morphological analysis and Eenergy Dispersive Spectrometry (EDS) analysis were
carried out using High Resolution-Transmission Electron Microscopy (HR-TEM,
JEM-2100F, JEOL Ltd., Japan) and Field Emission-Scanning Electron Microscopy
(FE-SEM, MERLIN Compact, ZEISS, German). X-ray diffraction (XRD) spectra
were obtained using X-ray diffractometer (D-MAX2500-PC, Rigaku, Japan) with
Cu-Ka radiation (4: 1.54A) operated at 200 mA and 40 kV. Raman analysis was
conducted using Raman spectroscopy (LabRamn HV Evolution, HORIBA, Japan)
using an Ar ion laser (514.5 nm) at 50x magnification (~2 pm spot size). Gas
adsorption analysis was performed using BELSORP-MAX (BEL JAPAN INC.,
Japan) with N, adsorbate at 77 K. The BET SSA was determined from P/Py range
between 0.01 atm to 0.15 atm. Before each gas adsorption measurement, the
specimen was pre-heated at 300 °C for 24 hours under vacuum to remove any

residual water and other physically adsorbed impurities.
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3.6.2. Chemical analysis

X-ray photoelectron spectroscopy (XPS) analysis was carried out at Pohang
Accelerator Laboratory (PAL) 10A2 beamline (HRPES-II, hv = 650 eV). The
binding energy of 284.5 eV was selected as a reference for C 1s. X-ray photoelectron
spectroscopy (XPS) analysis was carried out using an Electron Spectroscopy for
Chemical Analysis (AXIS SUPRA, Kratos Axis Supra, UK). A binding energy of
284.5 eV was selected as a reference for C 1s. Electron Energy Loss Spectroscopy
(EELS) measurements and the corresponding elemental mapping were conducted by
Tecnai Fe20 (FEI) at 200 kV. Fourier transform infrared spectra (FTIR) were
recorded in Vacuum FT-IR/Microscope spectrometer (Vertex-80V/Hyperion2000,
BRUKER, German). Elemental analysis for carbon and nitrogen element was carried
out using Elemental analyzer (Flash 2000, Thermo Fisher Scientific, Germany). The
Inductively Coupled Plasma spectrometer (ICP) analysis was performed to measure
the content of boron and metal element by ICP-Atomic Emission Spectrometer (AES)
(OTIMA 4300DV, Perkin-Elmer, USA). X-ray absorption near edge structure
(XANES) was used for the chemical state analysis and coordination symmetry, and
extended X-ray absorption fine structure (EXAFS) was used to elucidate the local
geometric factor around iron. XANES analysis was conducted after background
subtraction and normalization. The EXAFS signals for the Fe K-edge of the samples
were extracted and were Fourier-transformed (FT) over the k-space range of 2.5 —
10 A-1, using k3 weight and a Hanning window. All experimental measurements are
conducted from 10C Wide-Energy XAFS beamline of Pohang Light Source (PLS-

).
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3.6.3. Oxygen reduction reaction (ORR) activity measurement

The electrochemical measurements for the H,O; production of CBs, CNBs, and D-
BNCs were performed using an Autolab electrochemical potentiostat (PGSTAT302N,
Metrohm). For the rotating ring-disk electrode (RRDE) measurements (Pine
Instruments Corporation), a standard three-electrode cell was used for the
electrochemical tests. Ag/AgCl electrode was used as a reference electrode, a
graphite rod was used as a counter electrode and the catalyst film coated disk
electrode of RRDE (glassy carbon electrode, 0.2475 cm? area) was used as the
working electrode. Before measurement, the working electrode was polished
mechanically with alumina suspension (Buehler) and rinsed with deionized water.
To prepare the ink, as-synthesized catalysts (5 mg) were mixed in 1 mL of solution
containing 950 pL of isopropanol (Sigma aldrich) and 50 pL of 5 wt.% Nafion
solution (Sigma aldrich), followed by ultrasonication for 20 min to form
homogeneous inks. 4.95 uL of the catalyst ink was then drop-casted onto a disk
electrode of the RRDE tip spinning at an initial rate of 100 rpm and advanced to 400
rpm to achieve uniform catalyst layer and electrode coverage, then the electrode
catalyst loading was 100 pg cm?. ORR performance was evaluated with cyclic
voltammetry (CV) measurement between 0.05 and 1.05 V (vs. RHE) in O»-saturated
0.1 M KOH electrolyte at a scan rate of 5 mV s and a rotation speed of 1600 rpm,
while holding the potential of Pt ring electrode at 1.2 V (vs. RHE). All measured ring
currents were also corrected using the collection efficiency of RRDE setup. The
reduction currents for ORR were corrected by subtracting the current obtained in an
Ar-saturated electrolyte from that measured in O,-saturated conditions. The H,O»

selectivity was calculated using the following equation:
T
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IT/N

Ig + IT/N

Selectivity (%) =200 X )

where I, and /; denote the ring current and disk current, respectively, and N is the
collection efficiency of RRDE set-up. The outer-sphere electron transfer kinetics
were evalutated using Nicholson method. We employed the [Ru(NH3)6]*"** as a
redox probe to characterize the electrochemical properties of carbon based electrodes.
CV was performed from -0.6 to 0.2 V (vs Ag/AgCl) at a scan rate of 50 mV s in Ar-

saturated electrolyte of 0.1 M KCI + 1 mM [Ru(NH3)6]Cl,. The CV data were iR-

corrected with 97%. The redox peak ex-situ (4E,) was used to calculate the electron

transfer with the following equation:

nmDunF

0
RO = [ 3)

where £, ¥. D, v and n represent the rate constant, charge transfer parameter,

diffusion coefficient of [Ru(NH3)6]>”**in 0.1 M KCI (8.43 x 10 cm? s!),% scan rate,

electron transfer number (1 for the Ru redox complex). The ¥ is determined by the
AE, value, then the rate constant is able to be derived with 4E,. The equation is as

follow:

0 _ DvnF. __nFAEp
k° =154 x /RT exp[ 4RT] 4)

The CV measurement was repeated several times and averaged 4E, was able to be

obtained.

86 H 2-1tlH



To quantitate the amount of H,O, molecules and achieve high peroxide
concentrations, we performed the electrochemical ORR in a microfluidic cell. For
the electrosynthetic follow cell test, 0.1 mg/cm? of carbon catalyst was air-brushed
onto 5 cm? INT-30A GDL electrodes as ORR cathode. 5¢cm? of nickel foam (pressed)
electrode was used as anode. The two electrodes were placed on opposite sides in
the flow cell without a membrane separator. O,-saturated KOH (1.0 M concentrated)
with 10 mM EDTA was used as electrolyte and stabilizer each. The cathode was open
to the atmosphere. The flow rate of KOH solution was 10 mL/min, as controlled by
a peristaltic pump, and the electrolyte (total 40 mL) was reflux to obtain the
concentrated H,O» product solution. Two types of flow field were used with or
without the hole for reference electrode (Ag/AgCl, RE-1CP, ALS), to conduct two-
or three-electrode cell configuration. A current of 250 mA was employed for H,O»
production. After the electrochemical reaction, the generated amount of H>O, was
detected by titrating with standard ceric sulfate solution. The Faradaic efficiency (FE)
of the electrosynthetic cell for H>O, production is calculated using the following

equations.

FEcen = (generated H,O» [mol]) - 2 - 96485 / (total amount of charge [C])

The 4 electron pathway ORR performance for M-CN and M-CNB materials
was measured with an Autolab potentiostat (PGSTAT302N, Metrohm) in a standard
three-clectrode cell with a graphite rod as a counter electrode and a saturated
Ag/AgCl as a reference electrode. The catalyst ink was prepared by dispersing 10

mg catalyst in 500 pL Nafion solution (400 pL 2-propanol (Sigma-Aldrich), 50 uL

water, and 50 pL Nafion solution (5 wt%, Simga-Aldrich)). The working electrode . _

1

87 -':lx'l



was prepared by dropping the catalyst ink (8.66 pL) onto the glassy carbon (0.248
cm2) of the rotating ring-disk electrode (RRDE, Pine, E7R9 series tips) which was
left for drying at room temperature. This resulted in a catalyst loading of 700 pg/cm?2.
Before the electrochemical experiments, the Ag/AgCl reference electrode was
calibrated against a Pt electrode in the H2 purged electrolyte. Accordingly, all of the
potentials shown are the RHE scale. The ORR performance was measured in an O2-
saturated 0.1 M KOH (Sigma-Aldrich, 99.99 wt%) solution at a rotating rate of 1600
rpm and a scan rate of 10 mV/s at 293 K in a water bath. The non-Faradaic
capacitance term was calibrated by reduction of cyclic voltammetry under Ar at the
same scan rate. The total electron transfer number was calculated from the disk/ring
current of the RRDE system, setting the Pt ring potential at 1.2 VRHE.
Supercapacitor performance was conducted by using the same system. The specific
capacitance of these carbonaceous materials were measured in a I M KOH solution

purged with Ar gas.

3.6.4. Electrical conductivity

We conducted the Electrochemical impedance spectroscopy (EIS) with three-
electrode cell which is same with the electrochemical ORR measurement using EIS
instrument (Zennium, Zahner). The measurement was obtained under a constant
voltage (0 V vs. RHE) in Ar-saturated 1.0 M KOH electrolyte. The frequency range

is from 100 mHz to 100 kHz with a 5 mV amplitude.
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3.7. Theromdynamic calculation

3.7.1. Thermodynamic equilibrium calculation

The FactSage thermochemical software (version 7.3) [3.1] was employed to perform
the thermodynamic equilibrium calculations and phase-diagram calculations. The
stable phases formed by the chlorination of the Ti(C,N) solid solution and Ti(C,N)
solid solution-TiB, mixture were calculated depending on the mole of Cly(g) and
temperatures. FACTPS databases and FSStel database were used for all
stoichiometric solids and Ti(C,N) solid solutions, and gas species in the Ti-C-N-Cl
and Ti-C-N-B-Cl system. The identical thermodynamic equilibrium calculations
were conducted in the chlorination of 1) Fe- Ti(C,N) solid solution system, 2) Fe-
Ti(C,N) solid solution-TiB, system 3) Ni- Ti(C,N) solid solution system, 4) Ni-
Ti(C,N) solid solution-TiB; system. All thermodynamic calculations were performed
for a closed system at a constant total pressure of 1 atm. The thermodynamic
calculation was used to simulate Fe-CN and Fe-CNB(20) synthesis process. In the
calculation, both PEG and Urea for carbon and nitrogen source are considered
together with Fe and B,O;. All possible solids, liquid oxide, and gas phase were

considered in the equilibrium calculation.
3.7.2. Phase diagram calculation

The phase diagrams of Fe-C, Fe,B-C, Ni-C, Ni;B-C, and Ni;B-C system at constant
total pressure of latm were calculated using the FactSage thermochemical software

(version 7.3)
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To calculate the phase diagram in nano-scale, The surface energy contribution
on the molar Gibbs free energy of solid phases is calculated as follows assuming a

spherical shape of radius r [3.2].

3 vu(T) - Vi(T)
r

GSsurface —

where y; is the surface tension and V; is the molar volume. The surface tension of
pure elements is determined based on the relationship between the empirical surface

tension and thermodynamic property of various elements [3.3].

_DHsg AHgg i
A 1091 NPy

where AHgg; is the heat for solid-gas transformation, 4; is the molar surface area,
and N, isthe Avogadro number. The temperature dependence of surface tension is
derived through a similar approach using the entropy for solid-gas transformation.
The molar volume temperature dependence is derived assuming a typical volume
expansion of 10 percent from solid phase at 0 K to liquid phase at melting

temperature.

For the surface tension and molar volume of stoichiometric compounds, the
sum of fractions of each constituent is applied to calculated the surface term of the
Gibbs free energy. The Gibbs free energy of solid solutions modeled using the
Compound Energy Formalism (CEF) [3.4] is modified by introducing the Gibbs free
energy of the surface term to the endmembers of each solid solutions while
maintaining the identical interaction parameters. The Gibbs free energy of liquid
phase remains identical as the Gibbs free energy of bulk term without any surface

energy contribution.
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The CALPHAD method using thermochemical software FactSage [3.1] with
the reassessed Gibbs free energy of each phases composed of the bulk and surface

term is used to predict the phase diagram in nanoscale.

3.8. Oxidation stability

The thermal gravimetric analysis (TGA) was carried out using at air condition. The

samples are heated to 1000 °C and the heating rate was 5 °C/min.
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Chapter 4. Synthesis of heteroatoms (B, N, and O)

doped carbon via one-pot chlorination process

4.1. Research highlight

e B-doped carbon (CB) and B and N Co-doped carbon (CNB) were

successfully synthesized using a one-pot chlorination process.

e TiC-TiB, powder Ti(Co.7,No3)-TiB> powder used as the original raw

precursors to produce CB and CNB, respectively.

e To maximize the atomic diffusion of boron in TiB; into carbon structure

during the chlorination, the direct bond method was used, maximizing the

interface between TiC (or Ti(Co7,No3))-TiB..

e The samples obtained by chlorination of direct bonded TiC-TiB, and

Ti(Co.7,No.3)-TiB, powder are denoted as D-CB and D-CNB, respectively.

e D-CB has oxygen rich carbon layer and D-CNB has nitrogen-rich (Pyridinic

N) carbon layer at the surface. Boron atoms in TiB: readily diffuse into

carbon structure during the carbon structure formation stage in the

chlorination, and significantly facilitates the development of hetero-atom

doped carbon structure.

e The oxidation stability and electrocatalytic activity for oxygen reduction

reaction (ORR) of D-CB and D-CNB are greatly changed. D-CB and D-

CNB show excellent 2e” pathway and 4e” pathway ORR performance,

respectively.
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4.2. Introduction

The porous carbon material is a key material for a sustainable society. However, its
high chemical inertness brings out low activity in a chemical reaction on the surface.
Thus, porous carbon material (C) without any dopant has obvious limitations in the
energy and environmental applications. To overcome this drawback, introducing
heteroatoms into carbon, which is an effective strategy that mutates carbon’s
characteristics, has been actively studied. [4.1-4] Boron and nitrogen are the most
representative dopant elements. Nitrogen can be easily doped in and out of the
carbon layer. Numerous synthetic methods for nitrogen-doped porous carbon (CN)
have been reported. Post-treatment of carbon in the nitrogen-containing atmosphere
and direct pyrolysis of nitrogen-rich precursors have been most commonly used.
[4.5-9] Comparing with CN, boron-doped porous carbon (CB) has been less studied
due to the difficulty in doping boron in carbon matrix. In general, boron doping
requires high temperature (>1000 °C) and special material preparation (boron

contained precursors). [4.10-12]

Beyond the mono-atom doping, co-doping of boron and nitrogen has attracted
great attention. Boron and nitrogen co-doped porous carbons (CNBs) show superior
optical, electrical, and electrochemical properties. [4.13-16] Boron and nitrogen can
act as an electron donor and acceptor, respectively, due to the difference between
their electronegativity in the carbon substrate. Thus, boron and nitrogen play a
complementary role when they are substituted into a carbon network simultaneously.
This synergetic effect enhances the physicochemical properties of carbon material.
[4.17-19] In many CNB synthesis methods including pyrolysis and chemical vapor
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deposition, nitrogen and boron are introduced to carbon during the formation of
carbon structure. Boron is also known to act as a carbon structure former as well as
a substituent. Blase et al. [4.20] reported that boron atoms could catalyze the growth
of carbon nanotube. Endo et al. [4.21] showed that boron interstitial atoms could act
as carbon nanotube welders and coalescence accelerator by creating covalent

connections among nanotubes.

Our research group successfully synthesized C and CN via the chlorination of
TiC and Ti(C,N), respectively, [4.22] which is a carbide-derived carbon (CDC)-
motivated process. [4.23, 24] Chlorine gas selectively extracts Ti metal atoms in the
form of TiCl4 gas. As a result, highly nanoporous C and CN can be obtained without
any template. Furthermore, we also reported the facile synthesis of CNB that had a
hollow morphology along with a highly micro-and mesoporous pore structure via
the chlorination of Ti(C,N)-TiB, mixture. We demonstrated that a small amount of
boron from TiB; could stabilize the CN structure with significant amount of nitrogen
functional groups. [4.25, 26] However, the role of boron during the formation of

carbon structure was not clearly understood in the previous studies.

In this study, we designed two different boron doping methods (gas transfer and
direct diffusion) to C and CN during the chlorination process to elucidate the role of
boron in the development of porous carbon structure. The schematic diagram in
Figure 4.1 presents two different boron supply routes adopted in the present study.
In the direct bond method (solid-state boron diffusion), the TiB, and TiC or Ti(C,N)
mixture produced by mechanically milling was employed as starting materials in
chlorination process. The carbon materials produced in this method are denoted to
D-CB and D-CNB. For the gas transfer route, TiB, and TiC or Ti(C,N) starting
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materials were placed separately during the chlorination process. TiB, was reacted
to Cl, gas, and BCl; gas species could be transferred to TiC or Ti(C,N) during the
formation of the C or CN. The C and CN materials produced by this method are

denoted as G-CB and G-CNB materials.

We demonstrate that the addition of boron via the direct bond method more
effectively induce the formation of the heteroatoms-rich (oxygen and/or nitrogen)
carbon structure. The resultant D-CB and D-CNB show improved 2 ¢ and 4e
pathway oxygen reduction reaction (ORR) performance, respectively. This result is
expected to provide useful guideline for boron doping to synthesize functional

heteroatoms doped porous carbon materials.
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<Direct-bond method>

Modure of and THC N,
i @Cl(g) B

Titanium boride; TiB,

Titanium carbonitride 44 BCl(g) ®Cl(g)
(or carbide); THC, N,)

Figure 4.1. Boron doping methods used in the present study: Direct-bond method
(physical contact of C,N, and B precursors) and gas-transport method (separation of

B precursor with C and N precursors ).
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4.3. Structural variation of CBs and CNBs

The transmission electron microscopy (TEM) analysis (Figure 4.2) was conducted
to investigate the influence of boron to the morphology variation of porous carbon
materials. The C chlorinated only from TiC (Figure 4.2a) retained the morphology
of original TiC powder. In the case of CBs, the coalescence of carbon particles occurs
in G-CB (Figure 4.2b) and more prominent in D-CB (Figure 4.2c). The coalescence
is also observed in FE-SEM images (Figures 4.5a-c). Moreover, the high-resolution
TEM (HR-TEM) images of D-CB presented in Figures 4.3k,I show the growth of
disorder carbon layers at the surface, which could result from the effect of direct
diffusion of boron atoms. CN and CNBs have a core-shell structure, as shown in
Figures 4.2d-f and 4. The morphology of CN is uneven and partially collapsed, losing
the shape of the original Ti(C,N) particle (Figure 4.2d). The overall morphology of
G-CNB (Figure 4.2¢) is similar to that of CN. In contrast, D-CNB has a thick and
distinct carbon shell, and the original shape of each Ti(C,N) particle is maintained
(Figure 2f, also see in SEM images Figure 4.5). All specimens have a turbostratic
structure which is the typical structure of carbide-derived carbon. [4.27] This is
verified through HR-TEM images (Figures 4.3 and 4.4) and the selected area
electron diffraction (SAED) patterns (inset of Figures 4.3 and 4.4). The SAED shows
two diffusive rings, (100)/(101) and (110)/(112) patterns with 0.21 nm and 0.12 nm
d-spacing, respectively, and one broad diffraction ring indicating inhomogeneity of
the (002) interlayer distance. In addition, partially ordered carbon layers were

observed particularly prominent in D-CNB (shown in Figure 4.41).

XRD patterns and Raman spectra in Figure 4.6 are consistent with the results
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from TEM analysis. In the XRD patterns (Figures 4.6a,b), all specimens have broad
(002) peak and (10) peak, located around 26.4° and 43°, respectively, indicating the
turbostratic structure of carbon. [4.28] The Raman spectra of all specimens (Figures
4.6¢,d) exhibit a broad D-band (~1356 cm™) and G-band (~1579 cm™), which
correspond to the out of plane lattice vibration from A modes of graphitic carbon
(D-band) and an ideal graphitic lattice vibrations mode with E,, symmetry (G-band),
respectively. [4.29] The simultaneous development of D- and G-band is typical for a
turbostratic carbon and is in agreement with the previous TiC-CDC study. [4.28] The
sharp (002) peak at 26.4° is detected in the XRD pattern of D-CNB, and Ip/Ig value
of D-CNB is marginally lower than those of CN and G-CNB, as shown in Figure
4.6e. Similarly, In/Ig value of D-CB is lower than those of C and G-CB. The decrease

in Ip/Ig value confirms the partial ordering in the D-CB and D-CNB.

The N, adsorption and desorption isotherms at 77 K (Figures 4.7a,b)
demonstrate the change in the pore structure of carbon materials due to the
introduction of boron. C and CBs have type I pores that only micro-pore less than 1
nm is dominantly developed, as exhibited by pore size distribution (PSD) plotted in
Figure 4.7c. In contrast, CN and CNBs have type I and IV pores, which indicate the
simultaneous development of micro- and mesopore, as shown in the PSD plot
(Figure 4.7d). [4.30, 31] In addition, all specimens show a sharp increase in the
adsorption at P/P¢=0.90-0.99 in isotherms, which demonstrates well-developed
macro-pores attributed to the agglomeration of original raw powders. The
quantitative values of pore texture are summarized in Table 4.1. The Brunauer-
Emmett-Teller (BET) specific surface areas of all specimens are as high as 1500 m?/g

or more, indicating that all samples are highly microporous. The formation of
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mesopore in CN and CNBs is due to the outflow of nitrogen gas and the
decomposition of CxNy because nitrogen exists in the raw powder (Ti(C,N)). [4.22]
The notable decrease of meso- and total pore volume more prominent in D-CNB can
be attributable to the development of robust carbon shell in CNBs accompanying the
reduction of large meso- and macropore originated from cavities developed by the

collapse of CN particles.

Figure 4.2. TEM images of C (a), G-CB (b), D-CB (c), CN (d), G-CNB (e), D-

CNB (f).
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Figure 4.3. TEM images and of C (a-c), G-CB(e-g), and D-CB (i-k) and HR TEM

image of C (d), G-CB (h), and D-CB (I).
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Figure 4.4. TEM images and of CN (a-c), G-CNB, (e-g), and D-CNB (i-k) and

HR-TEM images of CN (d), G-CNB (h), and D-CNB ().

Figure 4.5. FE-SEM images of C (a), G-CB (b), D-CB (c), CN (d), G-CNB (e),

and D-CNB (f).
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Figure 4.7. N2 sorption isotherm of C and CBs (a) CN and CNBs (b). The pore

size distribution (PSD) of C and CBs (c) and CN and CNBs (d).

Table 4.1. The yield, BET SSA and pore volumes of C, CBs, CN, and CNBs

Yield BET Micro pore  Meso pore  Total pore

Sample (%, C+N(raw 2 volume volume volume

mater.)) SSAM/G)  (cmig) cm’/g) cm’/g)
C 82.8 1700 0.69 0.16 1.14
G-CB 84.5 1537 0.65 0.11 1.12
D-CB 89.1 1740 0.73 0.18 1.34
CN 42.2 2099 0.77 1.51 6.54
G-CNB 49.1 1636 0.61 0.79 3.45
D-CNB 54.7 1533 0.58 0.60 1.93

gl
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4.4. Surface chemistry variation of CBs and CNBs

The incorporation of boron modified the composition and the bonding configuration
at the surface of CBs and CNBs, which is demonstrated by X-ray photoelectron
spectroscopy (XPS). The quantitative analysis (Table 4.2) shows that oxygen and
nitrogen content are also increased with the addition of boron. It is noteworthy that
D-CB and D-CNB have the highest oxygen and nitrogen content, respectively. The
oxygen content of D-CB was 6.07 wt.% higher than those of C (2.05 wt.%) and G-
CB (5.04 wt.%). The nitrogen content of D-CNB was 4.22 wt. % higher than those
of CN (2.00 wt.%) and G-CNB (3.25 wt.%). In contrast to the significant increase in
oxygen and nitrogen content, the boron content is still very low in all CBs and CNBs.
Although boron was barely detected in CBs by XPS analysis, it was observed by
inductively coupled plasma (ICP) analysis: 0.42 and 0.20 wt.% for G-CB and D-CB,
respectively. Boron was more readily detected in CNBs by both XPS and ICP

analysis, and the content was still very low (< 0.5 wt.%).

According to the high-resolution XPS spectra analysis, the Cls spectra of CBs
(Figure 4.8b) were deconvoluted into five components at 284.5, 285.4, 286.1, 288.7
and 290.5 eV, corresponding to sp” hybridized carbon, sp® hybridized carbon, C-O, -
0-C=0, and n-n* transition, respectively. [4, 32, 33] The increased area ratio of C-
O peaks, prominent in D-CB, exhibits that the introduction of boron induced the
development of edges, defects, and oxygen functional groups (C-O). The Cls spectra
of CNBs (Figure 4.10) are divided into six components, the same as CBs except an
extra peak at 285.2 eV. This extra peak is attributed to a C-N bond, indicating that
nitrogen atoms are incorporated into the carbon structure of CNBs. The N1s spectra
(Figure 4.9b) of CNBs are divided into three sharp peaks from pyridinic N (398.3
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eV), pyrrolic N (400.1 eV), and graphitic N (401 eV), along with two small peaks
from B-N (397.8 ¢V) and oxidic N (403.2 eV). [4.34-36] The contents of pyridinic
N (398 eV) and pyrrolic N (399 eV) in CNBs are significantly increased compared
with CN. Moreover, the increase in pyridinic N is more pronounced in D-CNB, also
shown in Table 4.2 and Figure 4.12. The B1s spectra of G-CNB and D-CNB (Figure
4.11) were deconvoluted into three and four components, respectively. Three peaks
located at 190.7, 191.9, and 193.1 eV in G-CNB are assigned to BC,O/h-BN,
BCO,/BN3, and B-O bonds, respectively. [4.34-36] These three peaks are also
exhibited in D-CNB. Furthermore, a small BCs peak appears at 189.7 eV, which is
the evidence that shows the carbon network linking effect of boron. The oxygen
content in CBs and nitrogen content in CNBs originate dominantly from the
increment of C-O bond and pyridinic N, respectively, despite low boron content. The
XPS results demonstrate that the introduction of a small amount of boron can trigger
the overall surface change in CBs and CNBs, particularly conspicuous in D-CB and

D-CNB.
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4.5. Oxidation stability of CBs and CNBs

The oxidation stability of CBs and CNBs was measured using thermal gravimetric
analysis (TGA), and the results are plotted in Figures 4.8a, 9a, and 13. The weight
loss of specimens in ambient air was measured with the variation of temperature.
The initial weight loss up to about 10 wt.% observed below 400 °C in all samples
was originated from the desorption of physically absorbed water and other impurities.
Thus, the results above 400 °C were mainly considered in this study. In the CB
system (Figure 4.13a), the oxidation onset temperature (the temperature that the rate
of weight loss reached 1 %/min) of D-CB was lower than C by 60 °C, see also Figure
4.8a. Furthermore, the differential thermal gravimetry (DTG) curves shown in Figure
4.13c exhibit that D-CB has the accelerated carbon oxidative gasification at a much
lower temperature than C. Similarly, in the CNB system (Figure 4.13b), D-CNB also
has lower oxidation onset temperature and faster weight loss compared with CN. On
the other hand, G-CB and G-CNB show much higher oxidation stability compared

with D-CB and D-CNB, respectively.
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4.6. Influence of boron in CBs and CNBs

By combining the experimental results in the present study and the previous
literature, the influence of the addition of boron in the C and CN structure can be
explained as followed. During the chlorination of TiC and Ti(Co7,No3), carbon
and/or nitrogen atoms instantly lose their bonds with titanium atoms due to the
selective extraction of titanium in the form of TiCls(g). Unbonded carbon and/or
nitrogen atoms are very unstable. Thus, they tend to be promptly rearranged and to
bond each other to re-form the carbon structure. When boron was supplied through
direct-bond method (direct contact between TiC (or Ti(C,N)) and TiB,), boron atoms
could directly diffuse into carbon structure form covalent bonds with carbon and/or
nitrogen atoms during the chlorination process. In this case, boron atoms acted as the
structure linker, as reported in previous carbon nanotube studies. [4.20, 21] Boron
atoms readily diffuse in carbon structure due their small atomic size [4.37] and
anchor the defect-rich and heteroatom-rich carbon layers that were hard to survive
in the harsh chlorination condition without the aid of boron by establishing a covalent
bond with carbon and heteroatoms (oxygen and nitrogen) and facilitated the partial
ordering in carbon structure by improving self-diffusion of carbon atoms. [4.38] In
addition, some boron atoms served as the dopants, facilitating the incorporation of
heteroatoms (oxygen and nitrogen) and the formation of vacancies in the carbon
layer. [4.39, 40] Therefore, atomically diffused boron atoms significantly promoted
the development of defective and heteroatom-doped carbon networks, resulting in
noticeable structure and surface chemistry alteration of D-CB and D-CNB, as shown

in previous sections.
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On the other hand, when boron was supplied in the form of BClsi(g) (gas
transport method), boron atoms could limitedly participate in the formation process
of carbon structure. B-Cl bond-breaking must be preceded to boron incorporation to
the carbon structure, [4.41] which seems to impede the immediate introduction of
boron in the early stage of carbon and nitrogen atoms rearrangement. Hence, when
boron was supplied by the gas transport method. Boron’s role as the structure linker
was limited, and boron dominantly acted as a dopant that substituted into unstable
sites, such as the edge and defects in already formed carbon layer inducing the minor

structure and surface characteristic change of G-CB and G-CNB.

In addition, the difference in oxidation stability can be the one of indicators that
shows the development of heteroatoms-rich carbon layers. According to previous
studies about the oxidation behavior of carbon material, substitutional boron can
enhance the oxidation stability of carbon material. [4.42, 43] Boron atoms bond with
the specific surface reactive sites such as edges, defects, oxygen, and nitrogen-doped
functional groups which are vulnerable to oxidation in the carbon layers. Doped
boron can be oxidized to boron oxide, which inhibits the gasification of reactive sites.
[4.42, 43] On the other hand, boron enables to induce the development of defective
heteroatom-doped (oxygen or nitrogen) carbon layer, which undermines the
oxidation stability of carbon material. [4.5] Depending on the degree of these two
opposite effects of boron, the apparent oxidation stability of CBs and CNBs can be

determined.

The structure, surface chemistry, and oxidation stability variation of the CBs
and CNBs materials by the chlorination process depending on the boron supply

methods can be demonstrated as follows:
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C system: In the case of D-CB, atomically diffused boron atoms in solid-state serve
as both dopants and carbon structure connectors. As a result, the coalescence of D-
CB particles is prominent (Figure 4.2c), which seems to be attributed to the structural
linking effect of boron. The oxygen-rich carbon layers are well-developed in D-CB
along with the increment in the yield (89.1 %), compared with C (82.8 %) with no
boron, as shown in the XPS results (Figure 4.8b) and Table 4.2. Thus, D-CB shows
the lowest oxidation stability compared to C and G-CB, as shown in Figures 4.8a

and 4.13a,c.

In the case of G-CB, boron supplied through BCl3(g) serves dominantly as a dopant.
The coalescence of G-CB particles is limited (Figure 4.2b). They incorporated into
the near edge and defect in the carbon layer and induced the additional doping of
oxygen. However, the increase in the oxygen content, yield, and structure variation
were limited in the case of G-CB compared with C without boron. It should be noted
that oxygen was unintended, but it always exists in raw powder and chlorination gas

as an impurity.

CN system: Formation of carbon structure can be influenced by both nitrogen and
boron. Comparing with TiC, the volumetric density of carbon in Ti(C,N) is low due
to the existence of nitrogen. As C-N bond is unstable in high temperature (> 600 °C),
most of the nitrogen atoms and some carbon atoms can transform to N», CiNy, and
CNCI gas species during the chlorination process. Thus, when the CN structure is
developed at the surface of Ti(C,N), unstable carbon and nitrogen atoms unbonded
from Ti located below the surface could actively diffuse into the surface to form the
stable nitrogen doped-carbon shell or transform to gas species. [4.44] Resultant CN

has an irregular carbon core-shell structure, as shown in the TEM result (Figures

B
109 -"-\."i —



4.2d and 4.4a).

In the case of D-CNB, boron atoms can diffuse into the surface of carbon in the early
stage of shell formation, and serve as both the structure linker and dopant. Thus, the
formation of the boron and nitrogen co-doped carbon shell accompanying partial
ordering of some carbon layer in the shell could be facilitated. The development of
carbon shell of D-CNB is prominent and the thickness of shell was 8.77 nm, much
thicker than that of CN (3.02 nm), which led to a significant increase in yield (54.7 %)
compared with CN (34.6 %), as exhibited in the TEM results (Figures 4.4 and 14).
Furthermore, even though the content of boron was small (< 0.5 wt.%) in D-CNB,
the nitrogen content, especially in the form of pyridinic N, is increased remarkably,
as illustrated in the XPS results (Figure 4.9b). This indicates the significant
development of pyridinic N-rich carbon shell in D-NCB. Thus, the oxidation stability
of D-CNB is significantly decreased, compared to the CN and D-CNB, as shown in

Figures 4.9a and 13b,d.

When boron was supplied via the gas-transport method, the role of boron as the
carbon structure linker was limited, and boron atoms predominantly acted as the
dopant. This may happen because boron supply could be insufficient to participate
in the early stage of carbon structure formation. As a result, the development of
nitrogen-rich carbon layers is limited. G-CNB showed only a small increase in
nitrogen content (3.25 wt.%), shell thickness (4.57 nm), and yield (49.1 %) compared
with CN. In addition, G-CNB shows the higher oxidation stability since the active

site protecting effect by doped boron is predominant.
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4.7. Electrocatalytic properties of CBs and CNBs for oxygen

reduction reaction

The electrochemical performances of CBs and CNBs for the oxygen reduction
reaction (ORR) were examined in O»-saturated 0.1 M KOH electrolyte with the
rotating ring-disk electrode (RRDE). The ORR activity and H»O, selectivity of CBs
and CNBs are presented in Figures 4.8 and 9, respectively, and the ring current was
adjusted by the collection efficiency of RRDE set-up. It revealed that the
introduction of boron via the direct bond method could further improve the ORR
activity in both C and CN systems, as indicated by the positively shifted polarization
curve of CBs and CNBs compared with C and CN. Notably, the CBs deliver much
higher H,O: production current than CNBs, showing selectivity towards 2e- ORR
kinetics (Figures 4.8c, d). On the other hand, when the boron atoms were introduced
into the CN surfaces, the H.O» selectivity decreased and predominantly produced

H,O by 4e” ORR reaction path (Figures 4.9¢c, d).

In the case of CBs, oxygen doped defective carbon layers could enhance the
electrocatalytic activity better than regular turbostratic carbon layer in C, which
seems to be the effect of boron doping. Recently, oxygen functional groups in carbon
edge sites turn out to be effective for enhancing the ORR performance, especially
for 2e” mechanism. [4.32, 33, 45] The oxygen-rich and defective nature of D-CB was
verified by Raman spectroscopy (Figure 4.6¢) and the higher C 1s XPS signals
(Figure 4.8b) for the oxygenated carbon species and ones placed on defect sites. We

provided the experimental evidence elucidating the role of oxygen doping sites on
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the ORR activity. Tafel slopes for C and CBs were similarly close to 59 mV dec”,
indicating that the ORR kinetics is limited by the first electron transfer to the O;
under the Temkin adsorption conditions (Figure 4.15). [4.46] Thus, the outer-sphere
electron transfer ability of these C and CBs would modulate their ORR activities. To
assess the electron transfer rates of them, an outer-sphere redox system of
[Ru(NH3)6]*"”*" was conducted (more details are described in Supplementary
information). The difference between two peak potentials of cyclic voltammograms
(CV), shown in Figure 4.16, decreased as boron sources are incorporated in carbon
lattice, implying the electron transfer rate was enhanced (Figure 4.8e). Therefore, the
further developed carbon edge sites, O-doping sites, on the surface of D-CB
(compared to C and G-CB) can boost the reaction rates while maintaining a high

selectivity of H,O» production, not affecting the ORR mechanism.

For the CN structures, the increase in pyridinic N among nitrogen components
was more pronounced in D-CNB, as shown in Figure 4.12. Generally, pyridinic N
that prefer to be located on the edges or defects of the carbon materials is considered
as the most efficient nitrogen species for 4e” pathway ORR, [4.47,48] but it is
difficult to selectively generate pyridinic nitrogen atoms. The introduction of boron
atoms via the direct bond method can be the breakthrough methodology to
selectively increase pyridinic N (25 % of N in CN to 56 % in D-CNB). In the case
of CN catalysts, the CV measurements with Ru complexes were also conducted to
evaluate the outer-sphere electron transfer rates (Figure 4.9¢). The calculated rate
constants of CN catalysts were somewhat higher than those of C and CBs catalyst,
but there was no pronounced tendency to the outer-sphere electron transfer kinetics

as the amount of nitrogen components changed. These results showed that the
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nitrogen dopants could offer a difference in the reaction mechanism for ORR,

supporting mainly the 4e” pathway reduction. That is, the ORR kinetics on the most

of nitrogen-doped carbon catalysts is prone to progress via an inner-sphere electron

transfer mechanism, in which O chemisorbs directly on the pyridinic N (or graphitic

N) active sites. [4.49] The ORR mechanism of CBs and CNBs is schematically

depicted in Figure 4.17. Consequently, it demonstrated that introducing boron

through the direct bond method was effective to synthesize the surface-activated C

and CN, resulting in improved electrocatalytic performance.
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electrode (dashed lines) (c), and the calculated selectivity at 0.1 M KOH (d). Peak

potential separation values and heterogeneous electron transfer rate constant (e).
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Table 4.2. The chemical composition of C, CBs, CN and CNBs measured via XPS.

The values in the parentheses are for bulk compositions taken by ICP measurement

for B.
Nitrogen functional groups
sampte  ©,. M - B - O
(wt.%) (wt.%) (wt.%) (Wt%) BN  Pyridinic Pyrrolic Graphitic Oxidic
bonding N N N N
(o4 97.84 N/A N/A 2.05 - - - - -
CB system 0.03
(TIC+TiB,- G-CB 94.79 N/A (0.42) 5.04 - - - - -
coe) 0.04
D-CB 93.78 N/A (0.20) 6.07 - - - - -
CN 94.03 2.00 N/A 3.75 0.73 26.05 12.70 60.13 0.39
CNB system 0.37
(TICN+TiB, - G-CNB 93.36 3.25 (0'34) 3.02 1.20 44.39 19.16 34.36 0.89
CNCDC) 0' =
D-CNB 91.21 4.22 (0'34) 411 0.97 56.44 20.70 21.42 0.47
a b [scne o raw C | icnB ER-9
— cC()
—— CN
cC()
co

— 0Cc=0
—— 7+ transition

Intensity (a.u.)
Intensity (a.u)
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Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 4.10. High resolution XPS C 1s spectra of CN (a), G-CNB (b), and D-CNB

(c).
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Table 4.3. Observed the separation of anodic/cathodic peak potential(AE, = Epa- Epc),

dimensionless rate parameter (W), and electron transfer constants (k) of CBs and

CNB:s.
Sample AE, L k°
0.378 (£
C 119.6 (+ 4.3) 0.036) 2.81 (£ 0.26)
TiC-TiB ) 0.462 (i
2 G-CB 109.6 (+ 2.9) 0.025) 3.43 (£ 0.18)
0.736 (=
D-CB 91.4 (x3.3) 0.057) 5.46 (x0.43)
CN 75.4 (£2.5) 1.59 (+ 0.20) 11.8 (£ 1.5)
Ti(Cy ;N 5)-TiB, G-CNB 80.0 (+ 2.6) 1.22 (£ 0.21) 9.1 (+1.6)
D-CNB 749 (£ 1.9) 1.63 (x 0.15) 121 (£1.2)
[Outer Sphere ET]
2e- pathway
H,0, [2e + 2] 26+ 2H1 >
[Inner Sphere Eﬂ Further reduction | [2e- + 2H]
S 9 o e + 4t H,0 2 2 paihuay
- —CO0O or C-0-C . C-N-C
CB carbons CNB carbons

Figure 4.17. ORR mechanism on CDC-CB and CDC-CNB carbons in alkaline
medium. The nitrogen-doped sites of D-CNB, especially pyridinic N, can mostly
catalyze direct 4¢ and (2e+2¢’) ORR mechanism. In the other hand, the oxygen-rich
defective sites of D-CB, induced by boron atoms in CDC-process, can facilitate the

outer-sphere electron transfer and boost 2e- ORR kinetics.
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Figure 4.18. ORR curves of D-CNB and Pt/C 20wt.% (Johnson Matthey) in O»-

saturated 0.1 M KOH electrolyte with 5 mV s on 1600 rpm.
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4.8. Conclusions

Boron atoms were introduced to the carbide-derived porous carbon and the
carbonitride-derived nitrogen-containing porous carbon in order to modify the
overall physicochemical characteristic of porous carbon. Two methods were used to
introduce boron to porous carbon in the chlorination process: Direct bond method
using a mixture of TiB, and Ti(C,N) powder and gas transport method where BCls
gas supplies boron to Ti(C,N) during the chlorination process. In the direct bond
method, boron atoms originated from TiB, could instantaneously diffuse into carbon
structure constructed by the chlorination of Ti(C,N) from the early stage of the
chlorination process. Diffused boron atoms played a pivotal role in the development
of the active site-rich surface of CB and CNB. Diffused boron atoms served as not
only the dopant but also the structure linker that anchored the unstable defective
carbon layer and induced the partial ordering of carbon layer by establishing covalent
connections with carbon and nitrogen atoms. As a result, D-CB had oxygen-rich
defective carbon layers developed at the surface facilitating the outer-sphere electron
transfer, which mainly contributed to the improvement of 2e- ORR kinetics. D-CNB
had thick boron and nitrogen co-doped shell where pyridnic N was exclusively
developed. Therefore, D-CNB exhibited excellent 4" ORR performance. In addition,
D-CB and D-CNB had lower oxidation stability compared with C and CN. These
results clearly indicated that the introduction of boron atoms during the carbon

structure formation process could facilitate the development of porous carbon having
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a reactive surface. Therefore, the direct bond method can be a simple and cost-
effective method to maximize the electrochemical properties of porous C and CN.
Furthermore, our result can improve the versatility of the chlorination process for
synthesizing the functional carbon material and also can provide the reassessment

for the role of boron in the porous carbon material synthesis.
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Chapter 5. Synthesis of BN embedded porous carbon

via one-pot chlorination process and its application

5.1.

for the H>O: production

Research highlight

BN nanodomains embedded porous carbon (BNC) was successfully

synthesized a one-pot chlorination process.

Direct bonded Ti(Co.3,No.7)-TiB, powder used as the original raw precursors
to produce CNB. The sample obtained by chlorination of direct bonded
Ti(Co3,No.7)-TiB2 powder is denoted as D-CNB-T (T = chlorination

temperature).

Boron atoms in TiB; diffuse into CN during the chlorination, and act as both
BN formation source and carbon structure stabilizer, which induce the

formation of BN nanodomains embedded porous carbon structure.

For achieving the high loading BN nanodomain carbon layers and highly
nanoporous structure simultaneously, 700 °C and 1:1:2.3 are decided as the
optimum chlorination temperature and optimum B:C:N molar ratio in the

raw precursors based on thermodynamic calculation and experiments.

D-CNB-700 applied as the electrocatalyst shows outstanding H,O:
production performance in alkaline medium. (H2O, selectivity = 88.3 %,
H,0; production rate = 4.65 mmol/h, durability = 10 h, faradaic efficiency
=~61 %)
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5.2. Introduction

Hydrogen peroxide (H20,) is one of the essential chemicals for various applications,
including pulp and textile bleaching, wastewater treatment, chemical synthesis, and
semiconductor cleaning, and the demand for H>O, has been increased significantly.
[5.1-3] For the large-scale H,O, production, the anthraquinone process has been
widely used. [5.1] Although this process is appropriate for centralized production, it
is an energy-intensive process and requires massive infrastructure, inevitably
accompanying the environmental problems. [5.1] Currently, there is a high demand
for decentralized production of H,O,. Thus, many researchers have focused on the
production of H»>O, through electrochemical synthetic route, and 2e oxygen
reduction reaction (ORR) is one of the promising candidates. [5.1, 2] Because it can
produce H>O; in room temperature and atmospheric pressure, is eco-friendly due to
the direct production of H>O, from O, and H,. To commercialize the ORR synthetic
process, the selection of the proper electrocatalyst is a prerequisite. The noble metal-
based electrocatalysts are ranked the first in terms of performance, but its high price
is always pointed out as a fatal drawback.[5.3] Thus, other alternative
electrocatalysts such as transition metal-based and carbon-based electrocatalyst have

been actively studied. [5.3-5]

In particular, great progress has been achieved in the metal-free carbon-based
catalysts. Numerous research has been performed to produce the heteroatom doped
porous carbon to improve the electrocatalytic activity for 2e” pathway ORR. [5.6-10]

The introduction of nitrogen or oxygen functional groups into porous carbon can
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significantly enhance the 2e” pathway ORR performance. [5.6, 7] Beyond the mono-
atom doped carbon, the boron-carbon-nitrogen (B-C-N) materials could be a suitable
candidate for the H,O- production electrocatalyst. The B-C-N materials have already
been applied in various optical, electrical, and electrochemical applications [5.11-13]
because it’s characteristics can be widely tuned with the variation of composition
from pure graphene to pure boron nitride (h-BN). [5.14] The B-C-N materials
manifested its high performance for 4¢- ORR. [5.15-19] Recently, the applicability
of the B-C-N materials as the electrocatalyst for the H>O, production has been
revealed, and the implantation of the h-BN nanodomains in porous carbon substrate

is demonstrated as the key for achieving high 2e” pathway ORR performance. [5.20]

Nevertheless, the structure-property relationships and the nature of active sites
in the B-C-N materials that endow the electrocatalytic activity are still less
understood. Moreover, there is a still lack of research on the control of a synthesis-
structure relationship to establish the practical B-C-N materials synthesis route.
Chemical vapor deposition (CVD) and pyrolysis method are the representatives for
synthesizing the B-C-N materials, but there are still limitations in the mass
production using such methods. The CVD method requires expensive chemicals and
sophisticated equipment. While the pyrolysis method inevitably involves the high
temperature (above 800 °C) treatment. [5.11, 21] Furthermore, both methods are
difficult to control the pore structure of carbon, especially, such as micro- and
mesopore and the doping level of boron and nitrogen, which are the major factors
determining the properties of the B-C-N material. [5.22] Therefore, the development
of alternative and economic B-C-N materials synthesis methods based on the

understanding of their synthesis-structure-property relationship is highly required.
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125 A =TH



Carbide-derived carbon (CDC) method that synthesizes carbon through
selectively extracting metal or metalloid atom in carbide lattice is one of the
representative methods for the synthesis of various carbon materials such as CNT,
diamond, and porous carbon. [5.23] In particular, the CDCs have two advantages
which are distinctive from other conventional carbon synthesis methods. The CDCs
synthesized through a conformal transformation reaction retain the original
morphology of raw materials. The CDCs are also highly microporous and has a
specific size of micro-pore which can be controlled depending on various carbide
precursors. [5.23, 24] Thus, the CDCs show high performance in various energy and
environmental applications, including supercapacitor, water desalination, and gas
storage. [5.25-28] However, to extract the metal atom, a reactive etchant such as the
halogen element (Cly) is required inevitably, which makes the CDC method to
synthesize only pristine carbon materials. This is an explicit limitation of the CDC

process.

To overcome the limitation of the conventional CDC process, our research
group proposed a synthesis method for the nitrogen-doped carbon via the
chlorination of Ti(C,N) instead of TiC. [5.29] Beyond the N-doped carbon, we also
synthesized B and N co-doped carbon having the hollow structure via the
chlorination of the Ti(C,N)-TiB, mixture. This hollow B and N co-doped carbon (less
than 1 at.% B and 10 at.% N) showed the excellent CO, gas storage and
electrochemical catalyst performance. [5.30, 31] We also reported the synthesis of
nanoporous boron nitride having a high H; storage capacity using the chlorination of

the TiN-TiB, mixture. [5.32] In a series of our previous studies, however, there has
21 © 11 &1
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been no research to effectively control the doping concentration of boron and

nitrogen in the CDCs.

In this study, the breakthrough technology to synthesize the BN embedded
nanoporous carbon (BNC) is proposed using the chlorination of the Ti(C,N)-TiB,
mixture. The well-established interface between nano-sized Ti(C,N) and micron TiB»
powders are obtained using the simple raw powder engineering (the direct bond
method). This interface enables boron atoms from TiB; to diffuse directly into CN
structure during the porous carbon formation stage, which is the key for implantation
of BN nano-domain in the carbon structure. The samples synthesized by the direct
bond method is denoted as the D-BNC-T, where T is the chlorination temperature.
By controlling the chlorination temperature and the composition of original raw
powder precursors, the B and N composition and pore structure of porous carbon can
be readily tuned. In particular, D-BNC-700 has abundant BN nano-domains in
porous carbon having a hierarchical pore structure. Thus, it exhibits the outstanding
electrocatalytic performance of the H,O, production by 2e pathway oxygen
reduction reaction (ORR). This study demonstrates that the high applicability of the

nanoporous B-C-N materials as the 2e” ORR electrocatalyst.
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5.3. Thermodynamic analysis on the chlorination reaction of

carbonitride and boride mixture

Thermodynamic calculations for the chlorination of Ti(Co3,No7)-TiB> and
Ti(Co3,No7) were performed using the FactSage thermodynamic calculation
software to understand the chemical reactions in the chlorination process. [5.33]
Although the nano-size effect and doping effect were not considered in calculations,
the thermodynamic calculations could still provide the key reactions in the
chlorination process under the full thermodynamic equilibrium condition. The
chlorination of Ti(Co3,No.7)-TiB> and Ti(Co3,No7) at 600 to 800 °C were calculated
with varying amount of chlorine, and the results are summarized in Figures 5.1a-f.
The overall chlorination reactions of Ti(Co.3,No.7) solid-solution and Ti(Co.3,No.7)-

TiB, mixture based on 1 mole of Ti and 2 moles of Cl, can be expressed as follows:

Ti(Co,3,No,7) s t2 Cl & — TiCl, @t 0.35 N, @t 03Cg (D

0.87 Ti(Co3,No.7) 5y + 0.13 TiB3 5) + 2 Cl () — TiCls () + 0.1745 N3 () + 0.26 BN

+0.261 C (2)

The calculation results for each starting material at 600 to 800 °C are almost the
same regardless of the temperature. Compared to the chlorination of Ti(Cy3,No.7) at
700 °C (Figure 5.1b), the chlorination of Ti(Co3,N¢.7)-TiB> at 700 °C (Figure 5.1a)
shows two distinct differences. The first is the formation of the BN phase in Ti(C,N)-
TiB, mixture. The h-BN phase can form from TiB: in the initial chlorination stage,

and it can be transformed to BCl; gas with the progress of chlorination process
b 5 I:
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(above 2.4 mole Cl,). Thermodynamic instability of the h-BN phase in high Cl,
region is also calculated at 600 °C and 800 °C, as shown in Figure 5.1c-f. The other
difference is the order of chlorination reaction of TiC and TiN content in Ti(Co.3,No.7)
solid solution. In the case of Ti(Co.3,No.7)-TiB2, TiN and TiB; react with Cl, gas to
form h-BN, followed by the chlorination of TiC to form C. That is h-BN formation
with Cl, gas is thermodynamically more favorable than the chlorination of TiC. On
the other hand, in the case of Ti(Co3,No7) powder, TiC is reduced first to form C,
followed by the chlorination of TiN to nitrogen gas. This means that h-BN or high
amounts of atomic B can be available during the formation of carbon structure and
thus may significantly influence to the carbon structure construction. In addition,
carbon stability is relatively low at 600 °C while it is increased as the chlorination
temperature increases. Figure 5.2 shows the thermodynamic calculation results of
three different mixture of Cl, gas and Ti(Co3,No.7)-TiB2 at the temperatures from 0
to 1200 °C. From our experience, the chlorination reaction kinetic is very slow below
500 °C. The calculation results for all three mixtures above 500 °C are nearly

independent of temperature. But the BN is calculated to be less stable above 1100 °C.
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Figure 5.1. Thermodynamic calculations for the chlorination of titanium

carbonitride and boride mixture. The synthesized products varying with amount of

Cl, in Ti(Co3,No7)-TIB, system (a), Ti(Co3,No7) system (b) at 700 °C.

Thermodynamic calculations for the Ti(Co3,No7)-TIB> system (a), Ti(Co.3,No7)

system (b) at 800 °C and identical calculations for the Ti(Co3,No.7)-TIB: system (c),

Ti(Co3,No.7) system (d) at 600 °C (Synthesized products vs. mole of Cl,).
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5.4. Challenging in h-BN implant in porous carbon substrate

Previous research presented the applicability of the B-C-N materials as the
electrocatalyst for H,O, production, and the interface of BN-carbon is demonstrated
the effective active site for 2e” pathway ORR. [5.20] The importance of BN-carbon
interface for 2e” pathway activity is also demonstrated by our experiment, the
evaluation of electrocatalytic properties of the graphene-BN sheet mixture, shown in
the appendix 1.2.1 section. Although the formation of the interface between graphene
and BN sheet in micron-scale brings the enhancement of 2e~ pathway ORR
performance, the improvement is limited. Because maximizing the BN-C interface
is less effective in micron-scale. Therefore, the implantation of BN nano-domains in
the porous carbon substrate is essential to maximize the 2e” pathway ORR

performance.

As well known, because B-N and C-C bonds have high stability, and C-N and C-
B bond stability are relatively low [5.21], the h-BN phase can be more likely formed
as a separate phase rather than being embedded into CN structure. Secondly, CN
formed by the chlorination of Ti(C,N) has the low thermal stability and form various
CiNy and CNCI gas species above 600 °C due to its high nitrogen content. [5.29, 34]
As boron can easily form BN, both nitrogen and Ti can be consumed during the
chlorination process of Ti(C,N) which can promote the gasification of the
remained carbon atoms in original Ti(C,N) powder. This is, a solid carbon structure
may not be developed well under the existence of B source. The difficulty in the

implantation of BN in the carbon substrate by the chlorination process is evident in
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controlled the experiment summarized in the appendix 1.2.2 section. When the B
precursor (TiB;) and C and N precursor (Ti(C,N)) are physically separated during
the chlorination process, only BCls(g) supplied to CN as the boron source. In this
case, most carbons atoms are gasified, and a small amount of BN-rich phase remains
as an impurity. Therefore, although the thermodynamic calculations show the
formation of BN and carbon in the chlorination process at above 600 °C, the
synthesis of BN embedded porous carbon material can be very challenging. In order
to successfully obtain the BN embedded porous carbon, an innovative idea in the

chlorination process is needed.

For achieving this, we introduce the direct bond method and synthesize the D-
BNC. By mechanical milling of micron-sized commercial TiB; particles with TiO;
and C under the N, atmosphere, nano-size Ti(Co3,No.7) aggregated on the surface of
micron-sized TiB, were obtained, as shown in appendix 1.1 section. Details of the
synthesis are described in the experimental section. In this way, the contact between
Ti(Co.3,No.7) and TiB> could be maximized in the starting materials prior to the
chlorination process. Thus, boron atoms from TiB; can directly diffuse to the surface
Ti(Co3,No.7) and interact with both nitrogen and carbon during the chlorination

process,.

In the present study, two main process parameters, chlorination temperature and

starting material composition, were investigated for the synthesis of D-BNC.
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5.5. Variation of D-BNC characteristics with chlorination

temperature

The chlorination temperature is certainly a major process parameter determining the
morphology, boron and nitrogen content, and pore structure of D-BNCs. The
morphology variation of D-BNCs depending on the chlorination temperature was
analyzed using TEM, as shown in Figures 5.3 and 5.4. D-BNC-400 has a turbostratic
carbon structure, and maintains the same shape of the original raw Ti(C,N) powder.
No hollow structure is observed. D-BNC-600 has the crumpled and collapsed shells
wrapping some remaining CxNy cores. D-BNC-700 also exhibits a similar structure,
but less amount of CyNy cores is observed. D-BNC-800 and -1000, on the other hand,
show the hollow structure that solid shells retain the raw powder shape with a small
amount of remaining core. The morphology of D-BNCs observed by FE-SEM
analysis (Figure 5.5) is analogous to the results of TEM analysis. All D-BNCs have
a turbostratic structure verified by the High-resolution (HR) TEM images in Figures
5.3d,h,1 and 5.4d,h. This is further confirmed in the selected area electron diffraction
(SAED) patterns of D-BNCs (insets of Figures 5.3c,g,k and 5.4¢,g). Two diffusive
rings which indicate (100)/(101) and (110)/(112) with 0.21 nm and 0.12 nm d-
spacing, respectively, and one broad diffraction ring proving inhomogeneity of the
(002) interlayer distance are observed in the SAED pattern. The structural analysis
of D-BNCs was also conducted by X-ray powder diffraction(XRD), shown in Figure
5.6. The two broad peaks centered at around 26.0 ° and 42.2 ° corresponding to (002)

and (10), respectively, appear in all D-BNCs regardless of the ch_llorin_ation
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temperature. These data indicate that all D-BNCs have a turbostratic structure, which

are consistent with HR-TEM analysis results.

X-ray photoelectron spectroscopy (XPS) analysis shows that boron and
nitrogen content in D-BNC is significantly varied with the chlorination temperature.
The quantitative analysis (Table 5.1) exhibits that D-BNC-700 contains a very high
content of boron (15.5 at.%) and nitrogen (22.0 at.%), while D-BNC-800 and 1000
contain a low amount of boron and nitrogen. In particular, boron content is less than
2.0 at.%. In the case of D-BNC-400 and 600, their boron and nitrogen contents are
high, but carbon contents are very low (below 26.0 at.%). In addition, there is a
significant amount of oxygen in the D-BNC:s at the low temperature, originated from

gas or original raw powder as an impurity.

The high-resolution (HR) spectra analysis was performed to examine the bond
configuration at the surface D-BNCs shown in Figures 5.7, 5.8, and 5.10. The Bls
bands of D-BNC-400, 600, and 800 (Figures 5.10a and 5.7a,c respectively) can be
separated into three components located around 190.1, 191, and 192.3 eV,
corresponding to h-BN, BC,0, and BCO»/BNj3, respectively. [5.17, 35, 36] While
the B1s band of D-BNC-700 (Figure 5.7b) exhibits only two peaks, h-BN and BC,0.
In the case of D-BNC-1000 shown in Figure 5.10b, the Bls band was divided into
four peaks, assigning to h-BN, BC,0, BCO,/BN3, and BC; (189.5 eV). [5.17] The
N1s band of D-BNC-400 (Figure 5.10c) can be deconvoluted into four components
at 397.9, 398.5, 399.5, and 400.5, corresponding to B-N bond, pyridinic N, C-N-B,
and pyrrolic N, respectively. [5.17, 35, 36] The N1s bands of D-BNC-600 and 700
(Figures 5.7d,e) are divided into five components, identical with D-BNC-400 except

:
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for the appearance of a small peak at 401.5 eV attributed to graphitic N. [5.37] It
seems that nano-graphene carbon network was gradually developed in the carbon
shell as the chlorination temperature increased. In the N1s bands of D-BNC-800 and
1000 (Figures 5.7f and 5.10d), the N-oxide peak (402.5 eV) appears additionally
along with five peaks observed for D-BNC-700. [5.37] The Cls bands of D-BNC-
400, 600, and 700 (Figures 5.10e and 5.8a,b, respectively) are split into five
components at 284.5, 285.5, 286.5, 287.7, 299 eV, corresponding to sp? hybridized
C-C bond, sp® hybridized C-C bond, C-O, C=0/C=N/C=N, and O-C=0O/C-N,
respectively. [5.7, 38] In the case of D-BNC-800 and 1000 (Figures 5.8c and 5.10f),
one additional peak at 291 eV related to n-n shake-up is recorded to five components.

[5.7]

The quantitative analysis of the bonding configuration is summarized in Table
5.2. In the case of D-BNC-400, although BN content is considerably high (16 at.%),
the single B doping (BC>O and BCO,) and single N doping (pyridinic N and
pyrrolic N) content are equally high, 11.3 at.% and 18.1 at.%, respectively, indicating
that boron and nitrogen bond by themselves as well as with carbon and oxygen. In
addition, sp’-hybridized carbon content is very low (9.4 at.%). D-BNC-600 shows a
similar trend with D-BNC-400, but its BN content (26.8 at.%) and sp’-hybridized
carbon content (15.4 at.%) are higher. In contrast, in the case of D-BNC-700, a
significant increase in sp’~hybridized carbon content (36.5 at.%) was observed. Also,
the content of h-BN (32.2 at.%) is increased along with a significant decrease in
single N (6.3 at.%) and B doping (2.8 at.%). The sp’-hybridized carbon content was
much higher in D-BNC-800 and 1000, 49.1, and 45.9 at.%, respectively. The h-BN

content, however, is sharply decreased to less than 2.5 at.%.
11 O +1]
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Near-edge X-ray absorption fine structure spectroscopy (NEXAFS) is further
carried out to understand the chemical structure of boron and nitrogen at the surface
of D-BNCs, and the results are shown in Figures 5.7g,h. The B and N-K edge
NEXAFS of D-BNC-600, 700, and 800 are compared with bulk h-BN. They exhibit
the development of sp>-hybridized B-N bond (h-BN), especially in D-BNC-700. In
the B-K edge spectrum, bulk h-BN has a sharp Bls—n* peak at 191.8 eV, two
Bls—o* resonance peaks at 198 and 199.3 eV, and one broad peak at 204 eV
originated from the N-K edge appears in B-K edge NEXAFS. [5.12, 39] These four
peaks are also detected in D-BNC-600, 700, and 800. In addition, the two incidental
peaks at 192.3 and 193.0 eV attributed to boron atoms bound to two nitrogen atoms
and single atoms, respectively, which are the defects of h-BN are detected in D-BNC-
600. [5.40] This indicates the incomplete development of h-BN due to the low
chlorination temperature. One additional peak at 193.7 eV assigning to B-O bond
appears in D-BNC-600 and 800. These additional peaks are barely observed in D-
BNC-700, which demonstrates that boron atoms in D-BNC-700 predominantly exist
as the h-BN configuration. The N-K edge spectrum of bulk h-BN exhibits three peaks
at 403.4, 410.0, and 417.4 eV, which also appear in D-BNC-600, 700, and 800. The
peak at 403.4 is ascribed to * resonance transitions, and the other two peaks are
corresponded to 6* resonance transitions. [5.12, 39] In addition, the peaks originated
from the single nitrogen doping sites are also detected in D-BNCs, although their
intensities are relatively low. Two peaks at 396.8 and 399.7 eV corresponding to
pyridinic N and graphitic N, respectively, [5.41] exist in D-BNCs and are gradually

intensified with increasing chlorination temperature.
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FT-IR spectra of D-BNCs also demonstrate the formation of h-BN exhibited, as
shown in Figure 5.11. The strong peak at 1398 cm™! appears in D-BNC-400, 600, and
700, along with an additional peak at 772 cm™'. These two peaks are corresponded to
in-plane stretching and out-of-plane bending vibration of h-BN, respectively. [5.42]
On the other hand, only a small peak at 1398 cm™! is observed in D-BNC-800. The
C=N bond also exists in all D-BNCs. [5.42] In addition, the broad band at 3398 cm
I attributed to O-H or N-H stretching or water molecules is detected in all D-BNCs.
[5.42] In D-BNC-400, both h-BN and C=N peak are developed significantly,
whereas h-BN peaks are prevailed in D-BNC-600 and 700. While, in D-BNC-800,

the C=N peak is dominant and h-BN peaks were barely observed.

According to XPS, NEXAFS, and FT-IR analysis results, the optimum
chlorination temperature to synthesize the BN embedded porous carbon is 700 °C. If
the chlorination temperature is less than 700 °C, the h-BN phase is well-formed, but
the graphitic nature of D-BNC cannot be well-established (low sp’-hybridized
carbon, but high C-O and C-N content. Conversely, if the chlorination temperature
is higher than 700 °C, the robust carbon layer can be constructed, but the h-BN phase

is barely developed in the carbon shell of D-BNC.

Furthermore, Electron energy loss spectroscopy (EELS) analysis of D-BNC-
700 clearly illustrated the BN embedded carbon structure. Elemental mapping
analysis (Figures 5.9a-c) showed that boron, carbon, and nitrogen were
homogeneously dispersed throughout D-BNC-700. In addition, the K-edge
absorption for boron, carbon, and nitrogen located at 191, 284, and 40leV,

respectively, is displayed in Figure 5.9d. A pair of peaks originated from 1s—n* and
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1s—c* appears at each absorption region, indicating that boron, carbon, and nitrogen

atoms have sp? hybridization states. [5.14, 37, 43]

The N, adsorption and desorption isotherms of D-BNCs at 77 K are illustrated
in Figure 5.12a. All isotherms present type I and IV pores, which indicates the
simultaneous development of the micro- and mesopore in D-BNCs. [5.44, 45] Pore
size distribution (PSD) of D-BNC:s is plotted in Figure 5.12b. A sharp increase in the
adsorption at P/P0=0.90-0.99 in all isotherms tells the development of macro-pore
originated from the agglomeration of raw powders. The quantitative analysis of pore
texture is summarized in Table 5.3. D-BNC-400 has the lowest Brunauer-Emmett-
Teller (BET) specific surface area value of 447 m?/g. An increase in chlorination
temperature causes an increase in BET specific surface area of D-BNCs. This is due
to the development of micro and small meso-pore attributed by the rearrangement of
carbon atoms and decomposition of nitrogen and carbon atoms inside the particles
during the chlorination, as reported in the previous chlorination. [5.29, 46] In
particular, D-CBN37(44)-700 and 800 have a very high BET surface area of 1215
and 1613 m%/g, respectively, and also show both high micropore volume and
mesopore volume along with high total pore volume. These results indicate the
hierarchical pore structure, which is favorable for the kinetics of the electrochemical

reaction. [5.47]

In brief, integrating all the characterizations of D-BNCs, the chlorination
temperature of 700 °C is determined as the optimum temperature for synthesizing

the robust BN incorporated porous carbon having hierarchical pore structure.

T R
139 AN 2l



Figure 5.3. TEM images of D-BNC-600 (a-c), D-BNC-700 (e-g), and D-BNC-800

(i-k). HR-TEM images of D-BNC-600 (d), D-BNC-700 (h), and D-BNC-800 (1).

Figure 5.4. TEM images of D-BNC-400 (a-c) and D-BNC-1000 (e-g). HR-TEM
images of D-BNC-400 (d) and D-BNC-1000 (h).
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Figure 5.5. FE-SEM images of D-BNC-600 (a), -700 (b), and -800 (c).
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Figure 5.6. XRD of D-BNCs varying with the chlorination temperature.
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Table 5.1. The chemical composition of D-BNCs measured by XPS.

XPS (at. %)

Samples
c N B 0
D-BNC-400 24.9 35.9 22.8 137
D-BNC-600 25.4 33.7 29.8 102
D-BNC-700 56.9 22.0 155 41
D-BNC-800 84.2 8.7 1.6 26
D-BNC-1000 95.1 26 0.7 12
Table 5.2. Summary of the content of bond configuration of D-BNCs.
s’C  hBN BC,0 BCO, V4 puroii Graph N
Samples (at%) (at%) (at.%) (at.%) (Z'fo';') cN  iticN  oxide
D-BNC-400 94 160 88 25 147 34 - -
D-BNC-600 154 268 68 53 171 17 03 -
D-BNC-700 365 322 28 - 53 10 06 -
D-BNC-800 491 22 04 01 2.1 1.1 23 13
D-BNC-1000 459 04 02 0.1 04 05 07 05
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Table 5.3. BET SSA and pore volumes of D-BNCs.

Sample  BETSSAmig) | uoPOs e g volume (emia)
D-BNC-400 447 017 0.20 0.65
D-BNC-600 816 0.31 0.50 2.64
D-BNC-700 1130 0.43 0.44 1.83
D-BNC-800 1613 0.59 0.83 4.01
D-BNC-1000 959 0.35 0.45 2.31
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5.6. Variation of D-BNC characteristics with raw powder

composition

The starting raw powder composition (C:B ratio) is one of the main factors that can
change the morphology and composition of D-BNCs. Compared to D-BNC-700
using a moderate amount of boron precursor (B:C:N molar ratio in precursors
=1:1:2.3) shown in the previous section, the samples that used insufficient boron
precursor (D-BNC-700-LB, B:C:N molar ratio in precursors = 0.25:1:2.3) and
excessive boron precursor (D-BNC-700-HB, B:C:N molar ratio in precursors =

4:1:2.3) show significant difference in the structure and surface chemistry.

In Figure 5.13, TEM images show the morphology of D-BNC-700s varying
with the mixture ratio of precursor. In the case of D-BNC-700-LB, the lack of boron
impedes the development of BNC shell. In contrast, in D-BNC-700-HB, spherical
CN aggregates were retained inside the shell. Excess supply of boron seems to
reinforce the formation of BN-rich carbon shells, and the carbon and nitrogen could
not escate well through the shells, which leaves CN aggregates. The difference in
morphology also exhibited in the SEM images of D-BNC-700-LB and —HB (Figure
5.14). The HR-TEM images of both D-BNC-700-LB and D-BNC-700-HB (Figures
5.13 d,h) showed a turbostratic structure regardless of the boron precursor ratio. This
is further corroborated by the selected area electron diffraction (SAED) patterns
(insets of Figures 5.13c¢,g) displaying two diffusive rings which indicate (100)/(101)
and (110)/(112), respectively, and one broad diffraction ring originated from

inhomogeneity of the (002) interlayer distance. X-ray powder diffraction(XRD)
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patterns of D-BNC-700-LB and D-BNC-700-HB, shown in Figure 5.15 presents the
same results as the TEM analysis. They only have two broad peaks located at around
26.1 ° and 42.4 © assigned to (002) and (10), respectively, indicating the turbostratic

structure.

The variation of boron and nitrogen content is measured using the XPS
quantitative analysis. Table 5.4 shows the composition of D-BNC-700-LB and D-
BNC-700-HB. Comparing with D-BNC-700, the boron and nitrogen content of D-
BNC-700-LB are lower while carbon content is higher. On the other hand, in the
case of D-BNC-700-HB, even though its boron content in starting raw powder was
much higher than D-BNC-700, its final boron content was significantly less than D-
BNC-700, and the nitrogen content was similar level. The low boron content in D-
BNC-700-HB is due to the remaining CN inside carbon shells, as shown in above

TEM analysis (Figure 5.13¢).

The HR spectra analysis was performed to examine the bond configuration of
boron and nitrogen at the surface (Figure 5.16), and bond configuration contents
were calculated and summarized in Table 5.5. Comparing with the results of D-BNC-
700 (Figures 5.7b,e and 5.8b, and Table 5.2), D-BNC-700-LB has lower h-BN
content, but higher sp>-hybridized carbon and single N doping sites content. D-BNC-
700-HB has lower sp”’-hybridized and h-BN content, while C-O and C-N content are
greatly increased, as shown in the C 1s band (Figure 5.16f). These results indicate
that the development of h-BN is insufficient in D-BNC-700-LB due to the lack of
boron, whereas the excess supplied boron in D-BNC-700-HB impedes the

decomposition of CN inside carbon shell resulting in the inhomogeneity of phase
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distribution inner and outer area. This is also confirmed with the huge difference in
N/C ratio of D-BNC37-700-HB between XPS (0.37) result and elemental analysis
(EA) result (0.6) listed in table 5.5. The N/C ratios measured by XPS and EA are
0.37 and 0.60, respectively, demonstrating the inhomogeneity of phase distribution,

not observed in D-BNC-700.

The pore structures of D-BNC-700-LB and D-BNC-700-HB are compared
using the N, adsorption and desorption isotherms at 77 K, as shown in Figure 5.17a.
Both D-BNCs show type I and IV pores, indicating the simultaneous development
of the micro- and mesopore, also shown in PSD (Figure 5.17b). The BET specific
area and pore texture values are summarized in Table 5.6. D-BNC-700-LB and D-
BNC-700-HB have lower BET specific surface area and micropore volume than D-
BNC-700 due to the residue of CN that lowers the micropore and small mesopore
volume inside the D-BNC. This trend is more intensified in D-BNC-700-HB due to
the development of agglomerated CN, as demonstrated in TEM analysis. Based on
the analysis result of structural and chemical configuration, it is found that the
precursor mixture ratio of B:C:N=1:1:2.3 is the optimum value for maximizing the

uniformly distributed BN nanodomains in the carbon structure.
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Figure 5.13. TEM image of D-BNC-700-LB (a-c), D-BNC-700-HB (e-g). HR-

TEM images of D-BNC-700-LB (d) and D-BNC-700-HB (h).

Figure 5.14. FE-SEM images of D-BNC-700-LB (a) and D-BNC-700-HB (b).
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Figure 5.15. XRD of D-BNC-700-LB and -HB.
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Table 5.4. The chemical composition of D-BNC-700s measured by XPS and N/C

ratio calculated by XPS and EA.

XPS (at. %) EA

Samples C N B N/C N/C
CN-800 94.5 5.3 N/D 0.06

D-BNC-700-LB 71.6 16.2 12.2 0.23 0.26

D-BNC-700 54.2 240 18.9 0.44 0.40

D-BNC-700-HB 65.9 243 9.8 0.37 0.60

Table 5.5. Summary of the content of bond configuration of D-BNC-700-LB and —

HB.
5 Pyridic . .
Samples Sp‘C h-BN BC,O BCO, ic N Pyrroli G_raphl N
(at.%) (at.%) (at.%) (at.%) ¢ N tic N oxide
(at.%)
D-BNC-700-LB 39.5 10.0 14 - 10.2 0.7 0.4
D-BNC-700-HB 291 79 1.9 - 3.03 1.5 4.0 4.9

Table 5.6. The BET SSA and pore volumes of BNC-700s.

Micro-pore Meso pore Total pore
2
Sample BET SSA(m“/g) volume (cm®/g) volume (cm®g) volume (cm’/g)
D-BNC-700-LB 940 0.35 0.41 2.37
D-BNC-700 1130 0.43 0.44 183
D-BNC-700-HB 790 0.30 0.46 2.83
2000 10
» D-BNC-700-LB-adsorption b ——D-BNC-700-LB
@ D-BNC-700-LB-desorption ——D-BNC-700
* D-BNC-700-adsormption ——D-BNC-700-HB
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Figure 5.17. The N» sorption isotherm (a) and pore size distribution (b) of D-BNC-

700s.
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5.7. Formation mechanism of BNC

Based on the thermodynamic calculation and experiments, the proposed formation

mechanism of D-BNCs is schematized in Figure 5.18.

When the chlorination temperature is low (400 °C and 600 °C), the C-N bond
is maintained, and carbon ordering tendency is low. [5.29, 34] Thus, D-BNC retains
the shape of raw-powder with the preserved interior CN. Boron atoms mainly
associated with nitrogen at the surface of CN since B-N bonds are easily formed due
to donor-acceptor interaction. [5.21] As a result, phase separation occurs in the D-
BNC-400 and 600. That is CN (interior) and BN-rich phase (exterior) coexist in each

BNC particle. The amount of interior CN phase is less at 600 °C than 400 °C.

In the chlorination process at 700 °C, the interior CN is mostly decomposed due
to the low thermal stability of the C-N bond with increasing temperature. [5.46] On
the surface of Ti(C,N), the diffused boron atom from TiB can form BN as well as
stabilize the carbon structure. Diffused boron atoms anchor the unstable nitrogen and
carbon atoms in the carbon layer by forming a covalent bond [5.48, 49] and also
facilitate the self-diffusion carbon atom in the carbon layer [5.50], which can
promote the graphenization (establishing sp?> C-C bond) of the carbon layer. As a
result, a collapsed BNC shell where BN nano-domains are homogeneously

distributed can be obtained.

When the chlorination temperature is higher than 800 °C, the sp? C-C bonds are
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well established at the surface of CN, and significant loss of nitrogen occurs. The
carbon structure linking effect by boron atoms is intensified, which facilitates the
formation of carbon-rich shells. Thus, the solid carbon shell that retains the shape of
the original raw particle is formed. Although BN rich phase can be partially formed
during the chlorination, it hardly survives due to the decomposition by chlorine gas

at the high temperature.

Initial stage Final stage

Low temperature (below 600 °C)

CN, Core

“ -

Middle temperature (700 °C)
\ N,, €y, CN, (&)

Ti(Co3No7)

Carbon and nitrogen

BN embedded carbon shell

High temperature (above 800 °C) Crumpled and collapsed shell
\ N,, €Clg, GN, (g)

Carbon and nitrogen

s SN B,N co-dpoed carbon shell
N-doped carbon shell
. — — —

Solid carbon shell

Figure 5.18 The scheme of the formation mechanism of D-CNBs.
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5.8. Oxygen reduction reaction performance of D-BNC

The oxygen reduction reaction (ORR) catalytic performance of D-BNCs was
measured with a rotating ring-disk electrode (RRDE) setup. As mentioned above, the
chlorination temperature greatly determines the characteristic of the B-C-N material,
so we compared the catalytic activity according to the treated temperatures. Figure
5.19a shows the ORR polarization curves of D-BNCs, together with the H,O,
production current detected by the ring electrode. The corresponding H,O»
selectivity was plotted in Figure 5.19b as a function of potential. The activity of D-
BNCs showed a steady increase as the chlorination temperature increased up to 800 °C
and then decreased. D-BNC-400 and 600 had poor activities and current densities
for ORR, which would be hard to be applied as electrocatalysts. D-BNC-800 showed
amuch higher disk current for ORR, and the ring current was much lower than others.
The active center would be mainly the N-functional groups on N-doped carbon
surfaces, which have previously been reported active for the 4e” ORR. The higher
decrease in the activity of the D-BNC-1000 sample than ion that of D-BNC-800
could be explained in the content of nitrogen (or other functional groups) on the
carbon surface. As shown in Table 5.1, the amount of nitrogen, oxygen species
decreased dramatically in such a high temperature (at 1000 °C). Also, BET surface
area results (Table 5.3) show that the D-BNC-1000 sample has a much lower surface
area and pore volumes than D-BNC-800. Thus, we considered that this activity loss
was contributed to the decreased active site number and physical surface area, which

can occur in the transport issues in the porous carbon electrode.
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To investigate how the treated temperature affects the electrocatalytic activities
of D-BNCs based on the transport issues of reactant (oxygen and electrolyte ions) or
electrical conductivity of the electrode, we conducted the electrochemical impedance
spectroscopy (EIS) measurements. Impedance analysis has been used as a useful tool
for studying the porous carbon structures with the electric double-layer capacitor
performance in non-Faradaic conditions. The relaxation time constant (to) of
catalysts are obtained from EIS results through the complex capacitance analysis
(Figures 5.19d and 5.20). The 10 indicates the rate capability of the porous carbon
structure. D-BNC materials have higher peak frequency as the temperature rises. The
D-BNC-1000 showed a peak at 14.98 Hz, and D-BNC-800 is at 11.38 Hz. Whereas
D-BNC-400 and 600 do not show a peak in the measured frequencies (from 10 mHz
to 100 kHz), which means the peak frequency of them might be below 10 mHz. Of
note, the higher peak frequency of D-BNC-1000 indicates a shorter 1o than D-BNC-

800, as well as better kinetics of the supercapacitor.

However, the ORR activity is quite the opposite. That is, the D-BNC-1000
sample has a severely decreased number of active sites, losing many functional
groups on the surface at a higher heat-treated temperature. D-BNC-800 shows the
superior ORR activity comparable to platinum-based catalysts in alkaline media
following 4e” ORR, as it has a high surface area (~ 1613 m?/g) with plenty of
micropores. Whereas, D-BNC-700 shows the highest activity, selectivity, and
stability for electrochemical H>O, production than other D-BNCs, with a maximal
H,0: selectivity of more than 88 %, and a high onset potential at about 0. 81 V vs.
RHE. This high onset potential in alkaline media represents facile kinetics of H,O»
production with negligible overpotential. This indicates that there are distinct active

;
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sites in D-BNC-700, probably the well-dispersed small domain of BN phases in
carbon lattices, facilitating the 2e- ORR. We also conducted ORR measurement with
different mixture ratio (C:B ratio) treated 700 °C, but they exhibited a similar
electrochemical performance indicating the presence of similar active sites with
these materials (Figure 5.21). D-BNC-700 showed superior activities than other

configurations.

For the electrocatalyst application for fuel cells and electrosynthesis of liquid
H»0, product, long-term stability is also an important criterion. To evaluate the
stability of the D-BNC-700 sample, we conducted the stability test through the
chronoamperometry method at 0.3 V vs. RHE in O-saturated 0.1 M KOH electrolyte
with 1600 rpm RRDE setup. Both the disk and ring currents were stable over 10 h
(Figure 5.19c). To achieve a high current density of H»O; electrochemically
production in the industrial scale (real device), we employed a D-BNC-700 catalyst
as an efficient and stable 2e” ORR catalyst in our custom-made flow cell (Figure
5.19¢). This flow cell was modified from a membrane-less reactor reported
previously. A cell voltage of about 1.28 V was required to reach a cell current of 250
mA (50 mA/cm?), obtaining an H>O, Faradaic efficiency (FE) of ~ 61 % (Figure
5.19f). It was slightly lower than the selectivity delivered in the RRDE setup, but it
would result from the mesoscopic effects related to H>O, molecules on the large-
scale electrode. An impressive H,O, production rate of 4.65 mmol/h was obtained in
our electrosynthetic cell. The continuous production of H,O, was conducted over 10
h with this cell, and the concentration of the final H>O, liquid solution product can
be achieved with about 2.96 wt% in 1.0 M KOH solution. We measured the catalytic
performance in neutral condition with flow cell (Figure 5.22), then the concentration

g
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of H,0; in 1.0 M Na,CO:s solution can be accumulated to about 2.58 wt. %.
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Figure 5.19. Polarization curves (solid lines) and simultaneous H,O» detection
current at the ring electrode (dashed lines) at 1600 rpm with D-BNC materials, which
were heat-treated under different temperature with CI2 (a). Calculated selectivity for
H>O; production of samples (b), and the stability measurement of D-BNC-700
samples at 0.1 M KOH electrolyte (c). Imaginary capacitances plot for the complex
capacitance analysis from EIS measurement (d). Digital images of our custom-made
H,0, electrosynthetic flow cell (e) and H,O, generation performance in 1.0 M KOH

electrolyte (f).

15

8 % A—T ST



a 10000 b
—— 400
0.020 4 —— 800
—— 700
-8000 4 ——800
1000
0.015
-6000 4 800
e T
£ =, 0010
E (3]
N 700
-4000 4
0.005 4
-2000 4
600
f 0.000 4 —
400
O T T T T T T Ll T T
0 2000 4000 6000 102 10" 10° 10" 10? 10° 10* 10°
FA (o)) Frequency (Hz)

Figure 5.20. Nyquist plots of EIS results (a), and real capacitances plot for the

complex capacitance analysis (b).
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5.9. Conclusions

In this study, we design the novel one-pot chlorination synthetic process to produce
the h-BN nano-domains incorporated porous carbon materials (D-BNCs) and
demonstrates that these D-BNCs are promising electrocatalysts for H,O» production.
Maximizing the proximity of B, C, and N in raw precursors (Ti(Co3,No.7) and TiB>)
by leading the formation of nano-sized Ti(Co.3,No.7) particles at the surface of micron
TiB, using the one-pot synthesis method is key for the implantation of BN phase.
Because supplied boron atoms can facilitate the formation of the BN phase and also
stabilize the BN embedded carbon layer by carbon structure linking effect during the
chlorination process. The chlorination temperature and the composition of original
raw powders are demonstrated as the major factor that determines the embedded BN
composition and pore structure of D-BNCs. The moderate chlorination temperature
(700 °C) and the moderate amount of boron (C:B molar ratio = 1:1 in the original
raw materials) are optimal conditions to maximize both the formation of BN domains
(32.2 at. %) in carbon layer and the development of the nanoporous structure of D-
BNC (BET surface area: 1215 m?/g). Thus, D-BNC-700 exhibited distinguished 2e-
pathway oxygen reduction reaction (ORR) performance. It has superior maximum
H,0: selectivity of 88.3 % in a rotating ring-disk electrode (RRDE) measurement in
alkaline medium (1.0 M KOH). Furthermore, D-BNC-700 also shows excellent
operation performance in the custom-made full flow cell condition. It has an
outstanding H,O» production rate (4.65 mmol/h) and long-term stability with high
H»O, faradaic efficiency (~ 61%) in 1.0 M KOH for 10 h. These results demonstrate

that the B-C-N material can be the promising material as the electrocatalyst for H,O»
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production. Also, the chlorination of the carbonitride and boride mixture is an
effective synthetic process to produce the high functional hetero-atom doped porous
carbon, which is expected to give new insight into the synthesis of the carbon

electrocatalyst research.

16 2 -":rxﬁ-: _'q.i_ 1-_“ -".l!_



Chapter 6. Synthesis of atomically dispersed metal-

6.1.

CNB via one step chlorination

Research highlight

Transition metals (Fe and Ni) and boron are concurrently introduced in the

synthesis of N-doped carbon (CN) by the one step chlorination.

Hand mixed Ti(Co.5,No.s5)-TiB2-metal (Fe and Ni) acetylaectonate used as the

original raw precursors

The samples obtained by one step chlorination of raw precursors are denoted

as M-CNB (M = Fe and Ni).

The formation of metal boride nanoparticle and the increase in eutectic
temperature of the metal boride-C system are revealed as critical factors that
enables the synthesis of atomic dispersed M-CNB materials having high

porosity by the chlorination process.

In Fe-CNB, the atomic dispersion of Fe is feasible and it has highly porous
structure thus, having outstanding electrocatalytic activity for oxygen

reduction reaction (ORR) in alkaline medium.

In Ni-CNB, the atomic dispersion of Ni is impossible and the severe
graphitization occurs, no credit at all for the improvement of electrocatalytic

activity for ORR in alkaline medium.
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6.2. Introduction

Single-atom catalyst (SAC) has been recently in the spotlight as the key catalyst
material in the energy and environmental applications since homogenously
distributed atomic metal spices enable to maximize the catalytic activity and
selectivity. [6.1-3] Among the various SACs, the atomic metal-N, (M-Ny) catalyst
has been most actively studied and expected to be a promising catalyst. To enhance
the stability and recyclability, embedding the M-Ny moieties into support is favorable.
Carbon support is one of the most commonly used substrates, satisfying both
durability and performance. [6.4] Nitrogen can readily incorporate into the carbon
support, thus favorable to accommodate a large amount of M-N, moiety. [6.1, 5]
Furthermore, carbon support can construct a strong covalent bond with M-Ny
moieties, stabilizing the M-Ny moieties as well as modifying the electronic structure.
[6.1, 5] Thus, both carbon support and M-N, moieties can be optimized to the
adsorption and desorption of intermediates for improving catalytic performance. [6.1,
5] Furthermore, the carbon support has a high electrical conductivity enhancing the
electron transfer in electrochemical reaction. [6.6] Therefore, numerous studies have
been conducted on the synthesis of M-Ny embedded carbon support (M-CN),
especially transition metal M-CN that transition metal M-Ny sites implanted in
micropore. Depending on the type of transition metal, M-CN can show the
extraordinary catalytic performance in various electrocatalytic reactions, including
oxygen reduction reaction (ORR) [6.7-12], H, evolution reaction (HER) [6.13-15],

and CO; reduction reaction (CO,RR) [6.16-18].

However, the facile synthesis of a robust M-CN catalyst is still unavailable. In
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general, M-CN synthesis methods involve the pyrolysis of the mixtures of metal,
nitrogen, and carbon precursors. The pyrolysis process accompanies high-

temperature treatment (> 800 C), which inevitably needs to endow the electric

conductivity to the carbon support by constructing ordered structure as well as to
improve the stability to M-Ny active sites. [6.19, 20] During the pyrolysis process,
however, the atomic metals can establish M-Nyx moieties and form metal-based
nanoparticles. The preference to the M-Ny moieties or nanoparticles can be
significantly varied depending on the experimental conditions. The formation of the
metal-based nanoparticles, especially with transition metals, has a profound effect
on the carbon structure since the transition metal-based particle acts as the
graphitization catalyst well known in various carbon studies. [6.21-24] Therefore,
the careful synthetic strategy based on the understanding of the interaction between
carbon and metal precursors during the synthetic process is a prerequisite for

producing practical M-CN catalysts.

Meanwhile, the introduction of boron to N-doped carbon (CN) is known as an
effective method for improving the electrocatalytic properties. The electronic
structure of carbon can be readily tuned by the synergetic effect of boron and
nitrogen, which serves as the electron donor and electron acceptor, respectively, in
carbon substrate. [6.25, 26] Therefore, boron and nitrogen co-doped carbon (CNB)
produced by the various methods applied in multiple optical, electronic, and
electrocatalytic applications. [6.27-30] In particular, in the -electrocatalytic
applications, numerous studies demonstrate that boron can induce the significant
development of active sites, such as B-N bond and pyridinic nitrogen, having high

catalytic activity. [6.31, 32] = :
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In contrast to the active research on CNB and M-CN, few studies have been
reported in the synthesis of M-CNB. Our group previously reported the facile
synthesis and formation mechanism of CN and CNB via a one-pot chlorination
process. [6.33-35] The addition of boron into CN significantly facilitated the
formation of nitrogen-rich, especially pyridinic nitrogen-rich, carbon structure which
had high CO, gas storage and ORR performance. [6.34, 36] Moreover, we also
successfully synthesized the Fe-CNB catalyst having superior ORR performance via
a one-pot chlorination process. [6.35] However, the mechanism of change in the
structure and surface chemistry of Fe-CNB by the introduction of boron, directly

related to the enhancement of electrocatalytic activity is still unrevealed.

In this study, we try to understand the influence of the boron to the structure
change and electrocatalytic property (ORR) of M-CNB based on the experimental
and thermodynamic analysis. For this purpose, Fe-CNB and Ni-CNB were
synthesized via the one-pot chlorination process. TEM, XRD, EXAFS, and BET
analysis were carried out to study their structure, and the nano-thermodynamic

approach was applied to explain the fundamentals of the structure difference.
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6.3. The ORR activity of Fe-CN/CNB and Ni-CN/CNB

To investigate the influence boron and transition metals (Fe and Ni) to the
electrocatalytic properties of M-CNB materials, the oxygen reduction reaction (ORR)
activities of M-CN and M-CNBs where M is Fe and Ni were evaluated using rotating
ring-disk electrode (RRDE) measurement in alkaline media, exhibited in Figure 6.1.
The linear sweep voltammetry (LSV) curve of Fe-CN in 0.1 M KOH (Figure 6.1a)
demonstrates that the introduction of iron to CN effectively improves the ORR
activity with lowering the onset potential and half-wave potential. Furthermore, the
simultaneous introduction of boron and iron to CN enhances the ORR activity
dramatically. The LSV curve of the Fe-CNB has the very high onset potential (0.92
V) and half-wave potential (0.85 V), which surpasses that of Pt/C catalyst (20 wt %
Pt, Johnson-Matthey). This indicates that the concurrent incorporation of boron and
iron during the synthesis of CN via the chlorination process dramatically stimulates
the development of ORR active sites in the Fe-CNB. On the other hand, while the
introduction of nickel enhances the ORR activity of CN shown in the LSV curve of
Ni-CN, the simultaneous incorporation of boron and nickel barely improves the ORR
activity (Figure 6.1b). In summary, the variation of ORR activity by the introduction
of boron is different depending on the type of transition metal in M-CNB, despite

their identical synthesis process.
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Figure 6.1. ORR activity comparison between (a) Fe-CN and Fe-CNB, and (b) Ni-

Potential (V vs. RHE)

CN and Ni-CNB in 0.1 M KOH. The measurements were conducted with the

electrode rotation of 1600 rpm.
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6.4. Structural variation of Fe-CN/CNB and Ni- CN/CNB

The structure variation of M-CN and M-CNB (M = Fe and Ni) depending on the
incorporation of boron and transition metal was examined by the transmission
electron microscopy (TEM) analysis. The TEM images of all samples are presented
in Figures 6.2, 6.3, and 6.4. CN (Figure 6.2a), which is the control sample without
boron and transition metal added, retains the shape of raw Ti(Co.5,No.s) powder. This
is a typical feature of carbon material produce by the chlorination method. [6.37]
The HR-TEM image of CN (Figure 6.2b) shows the disordered carbon layer with the
interlayer distance of 0.34-0.36 nm, indicating that CN has a turbostratic structure.
The introduction of iron to CN (Fe-CN) barely changes the overall shape of Fe-CN
(Figure 6.2c). There are both FeO nanoparticles covered with a thin disordered
carbon layer (Figures 6.2d,e) and Fe nanoparticles covered with the thick graphitic
carbon layer (Figures 6.2f-h), indicating that partial graphitization occurs at the
interface between Fe-based particles and carbon substrate. Both particles are about
a size of 5-30 nm size and exist at the surface of Fe-CN. The graphitization effect is
more prominent in the Fe nanoparticle. In the case of Ni-CN (Figure 6.3), disorder
carbon ribbons are developed at the entire surface of Ni-CN. In addition, residual
nickel nanoparticles covered with the Ni3C phase and ordered carbon layers are

observed.

The selected area electron diffraction (SAED) patterns of Fe-CN and Ni-CN
(insets of Figures 6.2¢ and 6.3a) exhibited two diffusive rings which indicate

(100)/(101) and (110)/(112) patterns with 0.21 nm and 0.12 nm d-spacing,
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respectively, along with one broad diffraction ring located at innermost indicating
(002). These rings are also supporting evidence of the turbostratic structure of CN,
Fe-CN, and Ni-CN. In addition, in the case of Fe-CN, additional spots are also
observed in diffusive rings due to the partial graphitization that occurred around Fe

nanoparticle, as shown in the HR-TEM image.

The morphologies of Fe-CNB and Ni-CNB are displayed in Figure 6.4. TEM
images of CNB (Figures 6.4a,b) show that the shape and structure of CNB are similar
to those of CN. The morphology of Fe-CNB shown in Figures 6.4c-¢ is analogous
to CNB, having a turbostratic carbon structure and maintaining the shape of raw
Ti(Co.5,No.5) powder. Fe-based nanoparticles and graphitic layers observed in Fe-CN
are not detected in Fe-CNB, although hollow disorder carbon rings, which are the
traces of the existence of Fe or FeO nanoparticle, still remain (Figure 6.4d). In
contrast, in the case of Ni-CNB, severe graphitization occurred at the surface of Ni-
CNB (Figure 6.4g). The graphitic ribbons and layers which have the interlayer
distance of 0.337 nm developed across the entire surface (Figure 6.4h). This is also
verified in the SAED pattern of Ni-CNB (inset of Figure 6.4f). The distinct spots
appear in the three diffusive rings indicating (002), (100)/(101), and (110)/(112)
patterns with 0.34 nm, 0.21, 0.12 nm d-spacing, respectively. These results
demonstrate that the significant development of surface graphitic structure co-
existed with the turbostratic carbon core. This is quite different from the SAED
pattern of CNB and Fe-CNB (inset of Figures 6.4a,c, respectively) only having
diffusive rings. The TEM analysis results tell in Figure 6.4 that the effect of boron in
the development of M-CNB (M= Fe and Ni) structure is different depending on the

type of transition metals.
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The X-ray diffraction(XRD) patterns of M-CN and M-CNB (M= Fe and Ni) are
displayed in Figure 6.5. Both Fe-CN and Fe-CNB (Figure 6.5a) show two broad
peaks centered at 26.5 © and 44 ° assigned to (002) and (10) plane of turbostratic
carbon, respectively, and no metal or metal compound peaks are detected. In contrast,
the addition of boron in Ni-CNB (Figure 6.5b) causes the significant development
of a sharp (002) peak accompanying the appearance of (10) and (004) peaks which
are the indicator of graphitization. The XRD pattern of Ni-CN shows only broad
(002) and (10) peaks. These results are consistent with TEM analysis results and
demonstrate that the introduction of Ni to CN enhances graphitization, and the

addition of boron to Ni-CN can further reinforce the graphitization.

To examine the local arrangement of metal atoms in M-CN and M-CNB (M=
Fe and Ni), the fourier transform extended X-ray adsorption fine structure (FT-
EXAFS) spectrometry analysis was conducted. Figure 6.6a exhibits the FT-EXAFS
spectra of Fe-CN and Fe-CNB compared with Fe foil as the reference. Fe-CN shows
one major peak (1.75 A) and one minor peak (2.20 A) attributed to Fe-O and Fe-Fe
coordination, respectively. Fe-CNB has only one major peak at 1.5 A assigned to Fe-
N coordination, which is typically reported in Fe-CN catalyst studies. [6.10, 38] This
reveals that the addition of boron can induce the atomic dispersion of Fe atom and
the formation of Fe-Nx site in Fe-CNB, while Fe atoms agglomerates and forms Fe
and FeO nanoparticles in Fe-CN. On the other hand, when boron is introduced to Ni-
CN (Figure 6.6b), the coordination of Ni in Ni-CNB is not changed. The one major
peak (2.20 A) corresponded Ni-Ni coordination of Ni metal and one minor peak (1.5

A) attributed Ni-C coordination in Ni;C [6.39] are detected in both Ni-CN and Ni-
b
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CNB, indicating that Ni in Ni-CN and Ni-CNB dominantly exists as the nanocluster.
These results demonstrate that the addition of boron is beneficial for the atomic

dispersion of metal in Fe-CNB but not for Ni-CNB.

The incorporation of transition metal (Fe and Ni) and boron to CN also change
the pore structure of carbon. The N, adsorption and desorption isotherms of Fe-
CN/CNB and Ni-CN/CNB at 77 K (Figures 6.7a,b) show that they have type I and
IV pores. [6.40, 41] This tells that the micro- and mesopore are developed
concurrently, as exhibited in the pore size distribution (PSD) plots (Figures 6.7¢,d).
The quantitative analysis of the pore texture of Fe-CN/CNB and Ni-CN/CNB was
performed and was summarized in Table 6.1. The BET specific surface area and all
pore volume values of Fe-CN and Ni-CN are decreased significantly compared to
those of CN. This reduction is attributed to the partial ordering of carbon induced by
the formation of the metal (Fe and Ni) nanoparticles. Compared to Fe-CN, the Fe-
CNB has a higher BET specific surface area (820 — 1030 m?%/g) and higher overall
pore volumes, notably the micropore volume (0.29 — 0.38 cm?/g). In contrast, the
introduction of boron to Ni-CN (Ni-CNB) significantly reduces the BET specific
surface area (700 — 150 m?/g) and overall pore volumes, particularly micropore
volume (0.25 — 0.05 cm?/g), which is due to severe graphitization, as observed in

TEM and XRD analysis.
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Figure 6.2. TEM images of (a,b) CN, (c-h) Fe-CN.
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Figure 6.3. TEM images of Ni-CN.
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Figure 6.4. TEM images of (a-c) Fe-CNB and (d-f) Ni-CNB.
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Figure 6.6. RDFs of FT k3-weighted (a) Fe K-edge EXAFS spectra of Fe-CN and

Fe-CNB and (b) Ni K-edge EXAFS spectra of Ni-CN and Ni-CNB.

Table 6.1. BET specific surface area and pore volumes of CN, CNB, Fe-CN, Fe-

CNB, Ni-CN, Ni-CNB.

SSA Micropore volume Mesopore volume Total pore volume
(m’/g) (cm’/g) (em’lg) (cm’/g)
CN 1840 0.63 0.77 2.06
CNB 1470 0.55 0.47 1.46
Fe-CN 820 0.29 0.30 1.02
Fe-CNB 1030 0.38 0.33 1.24
Ni-CN 700 0.25 0.25 1.06
Ni-CNB 150 0.05 0.10 0.68

3 ey i
177 Al = TH



1200
1400 ] * CN_adsorption d b » CNB_adsorption
o CN_desorption 8 o CNB_desorption
1200 | » Fe-CN_adsorption N 10004 Fe-CNB_adsorption 4
- = Fe-CN_desorption g = = Fe-CNB_desorption
i'-’ 10001 v Ni-CN_adsorption D.O: E.’ 800 y Ni-CNB_adsorption JERA
] - Ni-CN_desorption P [= - Ni-CNB_desorption oo o . .,
o 800 P %) _ o .
- Cu ¥ 42 600 o PR
nE nE o 0 g8 ® o * N
i o
o 600 oo° ) o a0 2 - o * * 4
NG 'pc‘;p? B —q 400 o0 R o
> 40“7? gﬁvﬁz“*‘\**“tﬁq‘ = ‘,ﬁwﬁ‘*“ﬁ * k4
200 %5333%33“5%"""' 200 o g
T G
A
0 ‘ ‘ ‘ ‘ TR AL Sl s . :
0.0 02 04 06 0.8 1.0 0.0 02 04 06 0.8 1.0
PR, P/,
c 30 d 20
——CN ——CNB
25 | ——FeCN - :‘?'é:':"BB
—— Ni-
——Ni-CN
2.0
.uQ.
3 15
>
L)
1.0 4
05
0.0 ,
1 10 100 100
d /nm d /nm

Figure 6.7. N, sorption isotherm of (a) CN, Fe-CN, and Ni-CN, and (b) CNB, Fe-

CNB, and Ni-CNB. The pore size distribution (PSD) of (c¢) CN, Fe-CN, and Ni-CN,

and (d) CNB, Fe-CNB, and Ni-CNB.

178



6.5. Formation of metal-based particles during the synthetic

process of Fe-CN/CNB and Ni-CN/CNB

Interestingly, despite using the identical synthesis method, the atomic dispersion of
metal atoms in the porous carbon matrix was achieved in Fe-CNB, but not in Ni-
CNB. This indicates that interaction between metal and boron during the synthesis
of M-CNB is different depending on the metal type. Therefore, it is essential to
clearly understand the formation mechanism of both Fe-CNB and Ni-CNB, which
can give a clue for synthesizing a porous carbon-containing well-dispersed transition
metal atoms. The transition metal-based nanoparticles can act as a strong
graphitization catalyst. [6.42, 43] In order to synthesize atomically dispersed metals
embedded in the nanoporous carbon the via chlorination method, therefore the
suppression of the graphitization of carbon substrate causes by the metal-based
nanoparticles and the rapid removal of these nanoparticles are indispensable. These

two requirements were well achieved in the Fe-CNB, but not in the Fe-CN.

To figure out the initial state of Fe and Ni in Fe-CNB and Ni-CNB before
chlorination process, the morphology of raw powder of Fe-CNB and Ni-CNB just
before the chlorination process quenched samples just after heating up to 800 °C in
Ar atmosphere was observed by TEM. In the case of the Fe-CNB system shown in
Figures 6.8a,b, the FeO nanoparticles (identified by the d-spacing value) of size 5-
30 nm are enclosed in the thick carbon nanotube and carbon ribbon are discovered
at the surface of Ti(Co 5,No s) particle. The formation of the metal nanoparticle is also

observed in Ni-CNB (Figures 6.8c,d). The Ni nanoparticles (confirmed by the d-
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spacing) of about 5-30 nm located the surface of Ti(Cos,Nos). They are

predominantly naked, while few of them are covered in the thin carbon layers.

The formation of the nanoparticles was attributable to metal precursors
(Fe(acac)s and Ni(acac),). [6.44, 45] The formation of the metal-based nanoparticle
can also be understood through the Ellingham diagram shown in Figure 6.9. The AG®
of metal (Fe and Ni) and carbon oxidation reaction with temperature are plotted. The
relative oxidation tendency can be determined by comparing the AG® value of each
oxidation reaction. The AG® value of Fe oxidation (2 Fe + O, = 2 FeO) is lower than
that of carbon oxidation (2 C + O, = 2 CO) below 700 °C and this trend reverses
above 700 °C. That is, iron oxide formation is thermodynamically more favorable
than carbon oxidation below 700 °C (Fe + CO = FeO + C : AG® < 0). Thus, iron
oxide nanoparticles can be formed during the heat treatment with any available
oxygen source. The carbon from the metal precursor, raw material, and impurities
can construct carbon nanotube and graphitic ribbon. Although the reduction of iron
oxide and the oxidation of carbon started over 700 °C, a certain amount of iron oxide
particles may still remain at 800 °C, as shown in the above TEM analysis (Figure
6.2d). Thus, Fe and FeO nanoparticles can co-exist in the early stage of chlorination
process. On the other hand, according to the Ellingham diagram in Figure 6.9, AG®
of Ni + CO = C + NiO becomes positive above 450 °C. That is, NiO can be all
reduced to Ni by carbon above 450 °C. As a result, Ni nanoparticle with little carbon

layer coverage can prevail in Ni-CNB at 800°C before the chlorination process.
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Figure 6.8. TEM images of just before chlorination (800 C, Ar, 0 m) of (a,b) Fe-

CNB and (c,d) Ni-CNB.
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Figure 6.9. Ellingham diagram for the oxidation tendency of C and various metal
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6.6. Thermodynamic calculation for the chlorination process

Thermodynamic calculations for the chlorination of Fe-CN/CNB and Ni-CN/CNB
were performed using the FactSage thermodynamic calculation software [6.46], and
the results were plotted in Figures 6.10 and 6.11. Although the hetero-atom doping
on the carbon and nano-size effect (surface energy) could not be considered in the
calculations, the general features of chlorination reactions and the influence of
different chemistry of starting materials to the final products can be understood from

the thermodynamic calculations.

The formation of carbon from solid Ti(C,N) by chlorination process can be well
calculated. In the case of the Fe-CN (Figures 6.10a,b), TiC is firstly chlorinated to
produce TiCls(g) and carbon, followed by the chlorination of TiN to TiCls(g) and
Na(g). Because Fe has less reactivity with Clx(g) than Ti, thermodynamic
calculations show that Fe is transformed to FeN and FeC (as part of fcc Ti(C,N) solid
solution) until all Ti sources are chlorinated, then become FeCly(g) or FeCls(g). In
the case of the Ni-CN (Figures 6.10c,d), the calculations show that Ni metal remains
until all Ti sources are chlorinated, then becomes NiClx(g). In the case of the M-CNB
(Figures 6.11e,f), the results are more complex than M-CN. Due to the strong
tendency to form BN, TiN is chlorinated prior to TiC. The calculated result of the
Fe-CNB (Figures 6.11a,b) shows that FeC and FeN (as part of fcc Ti(C,N) solid
solution) can progressively transform to Fe,B during the chlorination process. In
constant, in the case of the Ni-CNB, Ni,B is formed from the early stage of the

chlorination process. In the late stage, it transforms to NisB and NiCly(g). This
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difference between Fe-CNB and Ni-CNB is due to the relative stability of metal
borides against the BN phase. In addition, in the case of the Fe-CNB, FeCl, gas

begins to form from the early stage of the chlorination process.

Although the general feature of the chlorination process is well explained in the
thermodynamic calculations, the chemical reaction of Fe in the early chlorination
process is incorrectly calculated, compared with the real experimental results.
Because Fe or FeO nanoparticles are encapsulated in carbon layer, and physically
separate from Ti(C,N) prior to the chlorination process (see Figures 6.8a,b), the
chemical transition of Fe or FeO to FeC or FeN as part of Ti(C,N) solid solution

hardly happen.

The formation of nickel boride phase in the early stage of the chlorination
process can be proved by the experiment. The TEM image of Ni-CNB obtained after
only 20 minutes of the chlorination process is presented in Figure 6.12, which
confirms the presence of nickel boride nanoparticle of about 50 nm in size. The
SAED pattern analysis (inset of Figure 6.12) shows three diffraction spots in three
different diffusive rings assigned to (200), (201), and (301) plane of NisB,

respectively.
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6.7. Phase diagrams for the nano-sized M-C and MxB-C

systems

As explained in Figure 6.4, the Ni-CNB has severe graphitization, but the Fe-CNB
has no noticeable graphitization although both CNBs use transition metals. In order
to explain these difference, further thermodynamic analysis has been carried. As
well-known, transition metal-based nanoparticles can facilitate the graphitization of
carbon. In particular, if the nanoparticles become liquid phases the graphitization can
be significantly accelerated. [6.47] In this study, the melting behaviors of Fe- and
Ni-based nanoparticles which can be formed in the synthetic process of the Fe-CNB
and Ni-CNB were calculated to explain the difference between the graphitization

process of two M-CNB materials.

Figure 6.13 illustrates the phase diagrams of the Ni-C, Ni;B-C and Ni;B-C
systems. In the calculations, the nano-size effects (surface energies) of solid Ni-
based particles (solid Ni, Ni.B and Ni3;B phase) were taken into account. The
variation of the phase diagram depending on the size of Ni-based particles is plotted
in Figure 6.13. According to the calculated phase diagram, the eutectic temperatures

of Ni-C, Ni,B-C and Ni;B-C bulk system are 1327 C, 1133 C, and 1158 T,

respectively. That is, the Ni boride—C systems have lower melting temperatures than
Ni-C system. When 10 nm sized Ni-based particles are considered, the eutectic
temperatures of all three systems are decreased significantly. In particular, the Ni>B-

C and Ni3B-C system can have liquid phase around 800 C or less. The phase

diagrams of the Fe-C, and Fe,;B-C systems are calculated in Figure 6.14. According
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to the calculated phase diagram, the eutectic temperatures of Fe-C and Fe;B-C bulk
systemare 1153 C and 1282 T respectively, and they can be decreased to 711 °C
and 972 C, respectively, for 10 nm sized Fe and Fe,B system. Compared to the Ni-

based system, the eutectic temperature of Fe-C is lower than that of Fe,B-C system.
That is, the melting of nano-sized Fe-based particle at 800 °C can be expected in the

Fe-C system, but not in the Fe,B-C system.
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6.8. The proposed formation mechanism of Fe-CNB and Ni-

CNB

The formation mechanism of Fe-CNB and Ni-CNB is proposed in Figure 6.15, based
on the experimental results and thermodynamic analysis. In the case of Fe-CNB,
both Fe (or FeO) nanoparticles firstly form from Fe(acac); on the surface of raw
Ti(Co.5,No.s) powders during the heating to 800 °C in Ar atmosphere. In the early
stage of the chlorination process, boron atoms are supplied to both Fe (or FeO)
nanoparticles, and CN formed from Ti(C,N) through BCl;(g) and atomic diffusion.
[6.34] Subsequently, part of Fe (or FeO) nanoparticles less enclosed by carbon
structure are reacted with Cly(g) to form FeCly(g) and FeCls(g). Fe (or FeO)
nanoparticles enclosed by thick carbon layers can be gradually transformed to Fe,B
nanoparticles. Consequently, the graphitization of the carbon substrate is inhibited,
and the turbostratic carbon will remain. In the end, Fe,B nanoparticles are gradually
removed by chlorine gas due to a porous carbon structure. Meanwhile, the
incorporation of boron in carbon substrate (CN) also significantly facilitates the
development of nitrogen-rich, especially pyridinic N, carbon layers, as shown in our
previous study. [6.34] Therefore, some decomposed Fe content in FeCl; gas can
readily bond with nitrogen functional groups in CN during the chlorination process.
[6.48] Also, the atomic diffusion of Fe from Fe,B nanoparticles to N-doped site of
porous carbon substrate is also feasible. [6.5, 49, 50] Thus, Fe-N active sites are
well-developed. As a result, the Fe-CNB has iron, boron, and nitrogen co-doped
porous carbon structure with abundant Fe-Ny active sites positioned in micropore

thus exhibits an excellent ORR performance as shown in the above characterization
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part of Fe-CNB.

In contrast, in Fe-CN, Fe (or FeO) particles remain and induce the formation of
the thick graphitic structure enclosing these particles, as shown in the TEM image of
Fe-CN (Figure 6.2f). This makes the atomic dispersion of Fe in carbon substrate to
be difficult, and hinders the development of active sites, resulting in low ORR
performance compared with Fe-CNB. To sum up, the introduction of boron through
TiB, promotes the atomic dispersion of Fe atoms and minimizes the redundant
graphitization at the surface of Fe-CNB, which are the keys for the superior ORR

performance of Fe-CNB.

On the other hand, in the case of the Ni-CNB system, Ni nanoparticles form on
the surface of Ti(Co.5,No.5) by the decomposition of Ni(acac), during the heating in
Ar atmosphere. Then, the boron contents originated from TiB; reacts with Ni to form
nickel boride nanoparticles (Ni,B and Ni3;B) from the early stage of the chlorination
process. The surface melting of boride nanoparticles could actively occur due to
significant decrease in the eutectic temperature of the nickel boride-carbon systems,
compared to the nickel-carbon system. As a result, the severe graphitization
throughout the surface of Ni-CNB occurs, which causes the degradation of active
sites (micropore and nitrogen doping site) for an electrocatalytic reaction. The nickel
boride nanoparticles are gradually removed by reacting with Cl, gas with the
progress of the chlorination process. In brief, the introduction of boron to the Ni-
CNB accelerates the surface graphitization, hindering the atomic dispersion of Ni
atoms and the formation of M-Nj active sites. Thus, the incorporation of boron in the

Ni-CNB is unfavorable for the electrocatalytic activity for ORR.
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6.9. Conclusions

In summary, we demonstrate the influence of the introduction of boron and transition
metal (Fe and Ni) in nitrogen-doped porous carbon (CN) synthesized by the
chlorination of the titanium carbonitride, titanium boride, and transition metal
precursor (M(acac)x) mixture. Depending on the types of a transition metal, the
addition of boron facilitates or impedes the atomic dispersion of metal in CN. The
fast removal of metal-based nanoparticle and minimizing the graphitic catalytic
effect of metal-based nanoparticle during the chlorination process are demonstrated
as the critical factors that enable to produce the atomically dispersed M-CNB

materials.

The metal-based nanoparticles are formed before the chlorination process due
to the pyrolysis of metal precursor (M(acac)x), and the addition of boron from TiB»
induces the phase transformation of metal-based nanoparticles to the metal boride
nanoparticles. If the eutectic temperature of the metal boride-C system is higher than
the chlorination temperature, the graphitization attributed to the surface melting of
the metal-based nanoparticle is minimized. The boride nanoparticles are readily
removed due to the high accessibility of Cl, gas. Also, the carbon substrate retains
the nanoporous structure, and introduced boron atoms to the carbon structure
enhances the incorporation of nitrogen atoms. As a result, atomically dispersed metal
embedded porous carbon having abundant M-Ny active site in nanopore can be
obtained. In our study, the Fe-CNB system shows this trend; thus, Fe-CNB exhibits

the superior ORR activity that surpasses the commercial Pt/C catalyst in the alkaline
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medium.

In contrast, if the eutectic temperature of the metal boride-C system is lower
than the chlorination temperature, the graphitization of carbon substrate is
accelerated at the interface of nanoparticle-carbon substrate due to the severe surface
melting of metal boride nanoparticles. Consequently, the nanopores (micro- and
mesopore) and M-Ny active sites are degenerated. In this case, the addition of boron
rather impedes the atomic dispersion of metal in the porous carbon substrate,
unfavorable for enhancement of the electrocatalytic activity, and the Ni-CNB is a

good example.

Through these results, not just about the understanding of one type of M-CNB
system, taking a step forward, we demonstrate the overall view of the boron effect
in the synthetic process the M-CNB materials. The introduction of boron can
facilitate or hinder the atomic dispersion of metal on carbon structure depending on
the variation of the eutectic temperature of formed metal-based nanoparticle — carbon
system. Therefore, the interaction between the targeted metal type and boron source
must be carefully considered to synthesize the atomically dispersed metal
incorporated nanoporous carbon. Also, our result demonstrates the high applicability
of the Fe-CNB material produced by the chlorination process as an electrocatalyst.
Our results are expected to provide a useful guideline for the development of the

synthetic method for the high functional M-CNB electrocatalysts.
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Chapter 7. Synthesis of atomically dispersed M (Fe or

7.1.

Ni)-CNB via one-pot pyrolysis method

Research highlight

Fe and boron are concurrently introduced in the synthesis of N-doped carbon

(CN) by a one-pot pyrolysis process.

PEG-Urea-boric acid-Fe nitrates mixture was used as the original raw

precursors

The samples obtained by one step pyrolysis of raw precursors are denoted
as M-CNB(X)-T (M =Fe and Ni, X=boric acid molar percent with C in PEG,
T = pyrolysis temperature).

Boric acid is transformed to boron oxide in the early stage of pyrolysis
process and coats the entire carbon structure, which inhibits the metal (Fe
and Ni)-based nanoparticle by formation of liquid solution (Fe-B20s3),

demonstrating by the thermodynamic calculation and control experiment.

Atomically dispersed Fe-CNB are obtained having carbon nanotube

structure and nanoporous structure due to the introduction of boric acid.

Similar result is obtained in the synthesis of the Ni-CNB using the identical
synthesis process of the Fe-CNB.

Introduction of boric acid enhances the electrocatalytic activity of the Fe-

CNB and Ni-CNB.
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7.2. Introduction

As demonstrated in Chapter 7, the introduction of boron to the iron and nitrogen co-
doped carbon (Fe-CN) in the chlorination synthesis process is an effective method
to homogenously distributed in Fe atoms in the boron and nitrogen co-doped porous
carbon (CNB) which has an enhanced 4e” pathway ORR electrocatalytic activity.
However, other transition metal systems like Ni and Co barely improve the ORR
catalytic activity because the metals form metal boride nanoparticles instead of
atomic distribution of metals, and induce the severe graphitization at the surface of
CNB resulting in the degeneration of micropore. That is, carbide-derived carbon
(CDC) process is not universal process to produce atomically distributed metal (M)-

CNB materials.

In this chapter, pyrolysis method is used to synthesize the atomically dispersed
M (Fe or Ni)-CNB to expand the applicability of M (Fe or Ni)-CNB for the
electrocatalyst. The pyrolysis method widely used to synthesize the hetero-atom
doped carbon material is introduced. [7.1-7] Boric acid was introduced in the
synthesis of atomic dispersed M (Fe or Ni)-CNB. Boric acid is a well-known soft
template in the nanostructuring field since it can readily be transformed to liquid
boron oxide that forms the stable coating layer on unstable structure materials. [7.8-
10] In addition, the boric acid is one of the representative boron doping sources thus
is commonly used as the boron precursor for synthesizing CNB. [7.11-14] It is
demonstrated that the addition of boric acid effectively inhibited the formation of

metal-based nanoparticles, but facilitated the incorporation of nitrogen in carbon
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substrate. As a result, abundant M (Fe or Ni)-Nx embedded nanoporous carbon

nanotubes having the excellent electrocatalytic activity are obtained.

For the convenience, the samples in the present study are denoted as M (Fe or
Ni)-CN-T and M (Fe or Ni)-CNB(x)-T depending on the addition of the boric acid.
x represents the mole percent of boric acid to the mole of carbon in the carbon
precursor (Polyethylene glycol), and T indicates the pyrolysis temperature. Fe-
CNB(20)-950, exhibits the most outstanding electrocatalytic activity for oxygen
reduction reaction (ORR) in alkaline medium, surpassing the performance of
commercial Pt/C catalyst. Ni-CNB(20)-950 also shows the good elsectrocatalytic
activity for the carbon dioxide reduction reaction (CO2RR). This study demonstrates
that the addition of boric acid in the pyrolysis of the Fe-CN can be a facile strategy
to promote the atomic dispersion of transition metal atoms like Fe and Ni in N-doped

nanoporous carbon structure.
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7.3. Structural analysis of Fe-CN/CNB

Many samples of M-CNB-T where T = 600-1000 °C were synthesized and analyzed,
summarized in appendix 3 section. Among them, the sample synthesized at 950 °C
showed the most optimum results. Therefore, in the following section, the results of

the samples at 950 °C were mainly presented.

The morphology of the Fe-CNB(20)-950 was observed by the transmission
electron microscope (TEM) and scanning electron microscope. The TEM images
(Figures 7.1a,b) and SEM images (Figures 7.1e,f) show that the Fe-CNB(20)-950
has a carbon nanotube structure. Also, the high-resolution TEM image (Figure 7.1d)
demonstrates the turbostratic nature. This is further confirmed by selected area
electron diffraction (SAED) (inset of Figure 7.1c) exhibiting three diffusive rings
corresponded to (002), (100)/(101), and (110)/(112) patterns, typical in turbostratic
carbon. [7.15] The high-angle annular dark-filed scanning TEM (HADDF-STEM)
analysis and Energy-dispersive X-ray spectroscopy (EDS) analysis were conducted
to reveal the state of Fe in the Fe-CNB(20)-950. No Fe-based nanoparticles are
observed in the HADDF-STEM image (Figure 7.2a). The EDS spectrum (Figure
7.2b-f) verifies uniformly dispersed elemental Fe, B, C, N, and O in the carbon

structure.

In contrast to the Fe-CNB(20)-950, the HR-TEM images and SEM images in
Figure 7.3 show that the Fe-CN-950 contains iron oxide (Fe3;O4, magnetite)

nanoparticles of about 10-50 nm and ordered carbon ribbons structure. The HADDF-
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STEM image (Figure 7.3d) exhibits the bright spots indicating the Fe-based
nanoparticles. In order to confirm the existence of Fe3Os magnetite, permanent
magnet was applied to the sample Fe-CNB(20)-950 and Fe-CN-900. As shown in
Figure 7.4, the Fe-CN-950 contains magnetite nanoparticles.

The X-ray diffraction (XRD) patterns of the Fe-CNB(20)-950 and Fe-CN-950
are presented in Figure 7.5. The XRD pattern of Fe-CNB(20)-950 shows two broad
peaks at 24.2 ° and 43 ° without any crystalline peaks. This indicates the
development of nanographene layer (turbostratic structure) without the formation of
Fe-based nanoparticles. While, the XRD pattern of the Fe-CN-950 shows Fe;O4
peaks appeared along with the development of broad (002) peak of at 26.0 °. This
could mean that Fe-based particles caused the partial graphitization in the Fe-CN-

950.

From the TEM and XRD results for Fe-CNB(20)-950 and Fe-CN-950, it is
proved that the addition of boric acid in the synthesis of Fe-CN facilitates the atomic

dispersion of Fe atoms in the carbon nanotube structure.

The pore textures in Fe-CNB(20)-950 and Fe-CN-950 were examined by the
N> adsorption isotherm at 77 K in Figure 7.6. The isotherms of the Fe-CNB(20)-950
and Fe-CN-950 are Type 1 and Type 4 indicating co-existence of micro- and
mesopore. [7.16, 17]This structure can be more clearly determined by the pore size
distribution (PSD) results. The micropore is developed more in the Fe-CNB(20)-950
than the Fe-CN-950. The BET specific surface area and pore volumes of both
samples are summarized in Table 7.1. The Fe-CNB(20)-950 has much higher BET
specific surface (738 m?*/g), micropore volume (0.28 cm’/g), and total pore volume

!
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(0.92 c¢m’/g) than the Fe-CN-950 (373 m?/g, 0.15 cm®/g, and 0.37 cm’/g,
respectively). This means that the introduction of boric acid to the Fe-CN could
significantly improve the overall pore structure of carbon, which is favorable for

both the formation of the active Fe-Ny sites and the diffusion kinetic of reactant.

[7.18]
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Figure 7.1. TEM images (a,b,c), HR-TEM image (d), and SEM images (e,f) of Fe-

CNB(20)-950.
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Figure 7.2. HADDF image (a) and EDS elemental mapping images (b-f) of Fe-

CNB(20)-950.
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Figure 7.3. TEM images (a,b), HR-TEM image (c), HADDF images (d), and SEM

images (e,f) of Fe-CN-950.
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Figure 7.4. The optical images of Fe-CNB(20)-950 (left) and Fe-CN (right) that

obtain to investigate the magnetism using magnet.
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Figure 7.5. The XRD patterns of Fe-CNB(20)-950 and Fe-CN-950.
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Figure 7.6. The N, sorption isotherm (a) and pore size distribution (b) of Fe-CNB

and Fe-CN.

Table 7.1. BET specific surface area and pore volumes of Fe-CNB and Fe-CN.

Micro pore volume Meso pore volume Total pore volume

2
BETSSA(m?/g) (cm?g) ) )
Fe-CNB(20)-950 738 0.28 0.11 0.92
Fe-CN-950 373 0.15 0.1 0.37

gl
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7.4. Chemical configuration of Fe—CN/CNB

The X-ray photoelectron spectroscopy (XPS) analysis was performed to examine the
surface chemistry of the Fe-CNB(20)-950 and the Fe-CN-950. The wide XPS spectra
(Figure 7.7a) verify that both the Fe-CNB(20)-950 and Fe-CN-950 consist of C, N,
0, and Fe. Of course, B appears in the Fe-CNB(20)-950. The content of each element
obtained from the XPS quantitative analysis is summarized in Table 7.2. The
nitrogen content of Fe-CNB(20)-950 is 15.2 at.%, much higher than that of Fe-CN-
950 (2.7 at.%). The boron content in the Fe-CNB(20)-950 is 16.9 at.%. The high-
resolution (HR) XPS spectra analysis was further performed to examine the bond
figuration. The HR B1s spectra of the Fe-CNB(20)-950 (Figure 7.7b) can be divided
into three components located at 190.3, 191.3, and 192.2 eV referring to B-N, BC,0,
and BCO,, respectively. [7.12, 19-21] The HR Nls spectra of Fe-CNB(20)-950
(Figure 7.7¢) can be deconvoluted into six components centered at 397.8, 398.2,
399.3, 400.3, and 401.5 eV corresponded to B-N, pyridinic N, Fe-N-C/B-N-C,
pyrrolic N, graphitic N, and N-oxide, respectively. [7.12, 19-22] Compared with the
HR Nls spectra of Fe-CN-950, the addition of boric acid greatly facilitates the
development of B-N, pyridinic N, Fe-N-C, and B-N-C bond at the surface of the Fe-
CNB(20)-950. The HR Fey, spectra of the Fe-CNB(20)-950 can be deconvoluted
into six components, as shown in Figure 7.7d. The component at 712.9 eV indicates
an F-N bond. [7.23, 24] The two components centered at 710.7 eV and 714.9 eV are
assigned to the 2ps); orbitals of Fe** and Fe** species, respectively, and the other two
components located at 724.7 eV and 728.8 eV are attributed to the 2pi,, orbitals of
Fe?* and Fe** species, respectively. [7.23, 24] The component at 719.4 eV is a

satellite peak. [7.25] The HR Fex, spectra of the Fe-CN-950, on the other hands, theI :
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additional peak at 708.5 eV corresponding to the zero-valence metallic or iron
carbide peak is observed. [7.23, 26] The XPS results indicate that the introduction
of boric acid in the synthesis of the Fe-CN facilitates the development of pyridinic
N functional group and B-N bond which are appropriate sites for atomic Fe to

establish Fe-Ny and Fe-N,-B moiety.

Table 7.2. The composition of Fe-CNB(20)-950 and Fe-CN-950 measured by XPS

analysis.
Sample Cc N B Fe 0
P (at.%) (at.%) (at.%) (at.%) (at.%)
Fe-CNB(20)-950 49.2 15.2 16.9 02 18.5
Fe-CN-950 93.1 27 N/D 0.2 4.0
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Figure 7.7. The wide scan XPS spectra of Fe-CNB(20)-950 and Fe-CN-950 (a).
HR-B1s XPS spectra of Fe-CNB(20)-950 (b). HR-XPS N1s spectra (¢) and F2p

spectra (d) of Fe-CNB(20)-950 and Fe-CN-950.
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7.5. [Effect of boric acid for atomic dispersion of Fe in CNB

As presented in the above structural and surface chemistry analysis results, the
introduction of boric acid in the pyrolysis of Fe-CNB facilitates the single atom
doping of Fe in the nanoporous carbon. The roles of boric acid in the synthesis of
Fe-CNB seems to be the followings. Firstly, boric acid can chemically and physically
suppress the agglomeration of Fe ion in the precursor mixing step in the aqueous
solution. The boric acid serves as the chelating agent in the precursor mixing step.
The boric acid transforms to borate in the aqueous solution and borate chelated with
Fe ion, which effectively prevents the formation of iron hydroxides and
agglomeration of these hydroxides. The chelating effect of boric acid for transition
metal ions in the aqueous solution was already reported in the electrodeposition field.
For example, L.M. Graham et al. demonstrated that boric acid forms the nickel-
borate complex, which isolates single Ni ion in the solution and leads to the

homogenous nickel nanotube formation. [7.27]

Secondly, in the pyrolysis process, the formation of liquid boron oxide serves
as the protective layer that impedes the formation of Fe-based nanoparticle and also
acts as the template for the formation of a carbon nanotube structure simultaneously.
Boric acid is the one of well-known soft-template agents for nanomaterial structuring.
During the pyrolysis process, boric acid transforms to boron oxide (around 300°C)
and melts in relatively low temperature (above 450 °C). The liquid boron oxide can
enclose the newly formed nanostructures, which reduces the surface energy and

prevents the agglomeration of the nanostructured materials. [7.21, 28-30] In present
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study, as the protective layer for the N-doped carbon structure originated from the
pyrolysis of PEG and urea, liquid boron oxide layer induces the formation of carbon
nanotube structure in Fe-CNB. Furthermore, it seems that this liquid layer hinders
the formation of the iron oxide nanoparticles and enables the incorporation of Fe

atoms to the carbon nanotube structure.

The inhibitory effect of the boron oxide coating layer on the formation of iron
oxide nanoparticles is verified by the control experiments. The Fe-CNB(1)-950 and
The Fe-CNB(5)-950 containing insufficient amount of starting boric acid were
synthesized. The XRD patterns of these controlled samples in Figure 7.8 show that
insufficient amount of boric acid cannot inhibit the formation of Fe-based
nanoparticles (iron and iron boride) during the synthesis of the Fe-CNB. The
variations of BET specific surface (SSA) and the contents of boron and nitrogen
depending on the starting amount of boric acid are summarized in Figure 7.9a. The
BET SSA value (381 m?/g) and nitrogen content (2.3 at.%) of the Fe-CNB(1)-950
are similar to those of the Fe-CN-950, and boron content of the Fe-CNB(1)-950 is
very low (0.7 at.%). While, in the case of the Fe-CNB(5)-950, the BET SSA value
(755 m?/g), boron content (10.6 at.%), and nitrogen content (11.7 at.%) are greatly

increased, and get close to those of the Fe-CNB(20)-950.

The amount of major bonding types of the Fe-CN-950 and Fe-CNB-950s
calculated from the N1s and B1s HR-XPS spectra are plotted in Figure 7.9b. The B-
N and pyridinic N content of the Fe-CNB(5)-950 are significantly increased,
contrasted with those of the Fe-CNB(1)-950. Also, the B-N content is similar to that

of the Fe-CNB(20)-950. From these results, it is demonstrated that the required
¥
211 y

-
= |

23 o 2 I. =]



amount of boric acid for the atomic dispersion of Fe in CNB is larger than that for
synthesizing CNB having high B and N content. The amount of doped boron in
carbon substrate is already sufficient in the Fe-CNB(5)-950 having high BET SSA,
boron content, and nitrogen content. However, Fe;O4 and FeB nanoparticles exist in
the Fe-CNB(5)-950 as shown in XRD analysis, indicating that the formation of a
sufficient amount of boron oxide liquid which could cover the entire surface of the

carbon structure is prerequisite for the atomic dispersion of Fe in CNB substrate.

In order to understand the role of liquid boron oxide in the inhibition of Fe-
based nanoparticle formation, the thermodynamic calculations were performed using
the FactSage thermodynamic software [7.31], and the results are presented in Figures
7.10 and 7.11. In the present Fe-CNB and Fe-CN material system, the elements
which can form oxides are Fe and B. The pseudo-binary phase diagrams of the Fe-
B>0; at 10 atm Po, condition is calculated in Figure 7.10. Unfortunately, it is hard
to determine the Po, in the present experimental condition. Considering the
formation of Fe;O4 in Fe-CN-950 sample, the Po; is set to be 10~ atm. It should be
noted that the Fe-B,Os phase diagram can be varied depending on the Po, but the
general feature of the diagram is similar at Po, = 10 ~ 10 atm, as shown in the
phase diagram of at 950 °C (Figure 7.11). According to the calculated diagram
(Figure 7.10), Fe exists as Fe oxide (Fe;Os or Fe;O4) and make liquid solution with
B»0;. Liquid B,0Os phase formed above 550 °C and the area of liquid oxide phase are
enlarged rapidly with increasing temperature. In the present study, the at.% of (%
Fe/(Fe+B»03)) in the starting materials of Fe-CNB(1)-950, Fe-CNB(5)-950, and Fe-
CNB(20)-950 are 32.9, 8.9, and 2.4 at.%, respectively. In all case, a significant

amount of Fe oxide becomes liquid Fe-oxide-B,O3 from 450 °C.
b i i
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Figure 7.12 shows the thermodynamic calculation results to simulate Fe-CN
and Fe-CNB(20) synthesis process. That is, both PEG and Urea for carbon and
nitrogen source are considered together with Fe and B,Os. All possible solids, liquid
oxide, and gas phase were considered in the equilibrium calculation. As can be seen
in Figure 7.12a, Fe source can change from Fe;O4 to FeO and Fe at about 600 °C due
to the reducing condition by carbon. In contrast, when the boron oxide is added for
Fe-CNB (Figure 7.12b), all Fe source becomes liquid phase with B,O; between from
600 and 655 °C, and then the metallic Fe phase is gradually formed as the
temperature increases. This process seems to generate very uniformly distributed
atomic dispersion of Fe in Fe-CNB. In order to confirm this earlier stage of
transformation of Fe oxide phase, Fe-CN and Fe-CNB(20) were prepared just after
1 min heat treatment at 700 °C. Their TEM images are presented in Figures 7.13 and
14. The Fes;O4 nanoparticles exist in Fe-CN (Figure 7.13), whereas Fe-based
nanoparticles were not detected in Fe-CNB (Figures 7.14a-e). In addition, the TEM-
EDS mapping analysis shown in Figures 7.14f-h demonstrates that Fe, N and B are

homogeneously distributed in the carbon structure.

It is well known that the addition of boron dramatically improves the
incorporation of nitrogen in carbon structure by the acceptor-donor complementary
effect. [7.32] During the pyrolysis, the active radical B>O»(g) attributed to the
decomposition of liquid boron oxide can be formed at the high temperature (above
800 °C), and reacts with carbon and forms B-N. [7.14, 21] Thus, boron favorably
incorporates into nitrogen-doped carbon nanotube structure, resulting in a great

increase in nitrogen functional groups, especially pyridinic N and B-N even at high
] ©_ 1 &)
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temperature where pyridinic N is prone to pyrolysis. [7.33]

In the synthetic process of Fe-CNB, the formation of Fe-based nanoparticle
which could be the strong graphitization catalyst was effectively suppressed by the
formation of B,0s liquid phase. As a result, the redundant graphitization that caused
the degeneration of a nanoporous carbon structure could be diminished and Fe could
be atomically dispersed. Furthermore, boron doping effects enables the incorporation
of a large amount of nitrogen in the nanoporous carbon structure. Therefore, to
maximize the effectiveness of the addition of boric acid for developing abundant Fe-
Ny active sites having high electrocatalytic activity in the porous carbon structure,
the proper heat treatment temperature is important and 950 °C was experimentally

found to be the optimum temperature in this study.
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Figure 7.8. The XRD patterns of Fe-CNB(5)-950 and Fe-CNB(1)-950.
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at 950 °C, calculated from the thermodynamic software.
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Figure 7.14. TEM images (a-c), HR-TEM image (d), HADDF image (e), and EDS

elemental mappings (iron, nitrogen, and boron) (f-h) of Fe-CNB(20)-700-1 min.
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7.6. Proposed formation mechanism of Fe-CNB

Based on experimental results and thermodynamic calculations, the formation
mechanism of the Fe-CN-900 and Fe-CNB(20)-950 can be proposed as in Figure
7.15. In the Fe-CN system, the iron oxide nanoparticle formation starts at low
temperature (300 °C) [7.34] before the construction of a robust N-doped carbon
structure. As the temperature increases, growth of iron oxide nanoparticle occurs,
and the reduction of iron oxide nanoparticle to Fe nanoparticles occurs above 600 °C.
Fe nanoparticles induce partial graphitization, and thus the Fe-CN has graphitic
ribbon and/or carbon ribbon structure having with less nanoporous and less Fe-Ny

active sites. [7.35, 36]

In contrast, when the boric acid is introduced for the Fe-CNB system, Fe ions
are first chelated by borate thus Fe complex can be homogenously dispersed at the
surface of urea and PEG in the mixing process. In the initial stage of pyrolysis (below
450 °C), Fe complex are transformed to Fe oxide. As the temperature increases
continuously, the boron oxide melts and covers the surface of carbon structure
originated from the pyrolysis of PEG. Fe oxide is dissolved into liquid boron to form
liquid oxide solution phase, which effectively inhibit the formation of iron
nanoparticle. Nitrogen-doped carbon is formed subsequently by the decomposition
of melamine originated from urea (> 600 °C). [7.21] The reduction of Fe oxide to
metallic Fe occurs in liquid B>Os, and reduced Fe atoms incorporate into carbon
structure and forms Fe-Ny moiety (> 700 °C). [7.34] The boron atoms doped into

carbon structure at high temperature (> 800 °C) which leads to further development
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of Fe-Ny-B and Fe-Nj sites. Leftover liquid B,Os is mostly evaporated to gas phase,

and B»Os barely remains in the surface of carbon structure.
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Figure 7.15. Formation mechanism of Fe-CNB(20)-950 and Fe-CN-950.
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7.7. Electrocatalytic performance evaluation

The electrocatalytic activity of the Fe-CNB(20)-950 for ORR in alkaline medium
was examined and compared with the results of the control samples (Fe-CN-950,
CN-950, and CNB(20)-950) and commercial 20 wt.% Pt/C catalyst. The ORR
performance was evaluated by a rotating ring disk electrode (RRDE) measurement
in O, saturated 0.1 M KOH electrolyte. As shown in Figure 7.16, Fe-CNB had the
highest onset potential (0.94 V) and half-wave potential (0.89 V), surpassing the
commercial 20 wt.% Pt/C catalyst. This is significantly contrasted to the results of
Fe-CN (control sample without boric acid) and CNB (control sample without Fe)

showing the lower onset potential and half-wave potential.

01— CNB-950

—— Fe-CN-950
| —— Fe-CNB(20)-950
—— 20 wt.% pt/C

Current density (mA/cm?)

_6 T T T T T T
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Potential (V vs. RHE)

Figure 7.16. LSV curves of CN-950, CNB(20)-950, Fe-CN-950, Fe-CNB(20)-950,
and commercial 20 wt.% Pt/C exhibiting ORR activity in 0.1 M KOH. The

measurements were conducted with the electrode rotation of 1600 rpm.
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7.8. Synthesis of Ni-CNB

We further applied boric acid for the synthesis of the Ni-CNB system. The TEM
results of the Ni-CNB(20)-950 and Ni-CN-950 demonstrates that the addition of
boric acid induces the atomic dispersion of Ni in CNB, similar to the Fe-CNB.
Figures 7.17a,b show the TEM images of the Ni-CN. The Ni nanoparticles are
observed along with carbon ribbons that enclose the Ni nanoparticle, and the partial
graphitization occurs as shown in HR-TEM images of the Ni-CN (Figures 7.17 c,d).
The HADDF image and EDS elemental mapping analysis also demonstrate the
existence of Ni nanoparticles in the Ni-CN shown in Figures 7.17 e,f. In contrast, the
TEM images of the Ni-CNB in Figure 7.18a-c show that carbon nanotubes are
formed without the Ni-based nanoparticles. These carbon nanotubes have the
turbostratic structure as shown in the SAED pattern (the inset of Figure 7.18c) and
the HR-TEM image of the Ni-CNB (Figure 7.18d). The HADDF image and EDS
elemental analysis in Figure 7.18 e-h also demonstrate that Ni, B, and N are
homogenously incorporated into the carbon nanotube. The XRD pattern of Ni-
CNB(20)-950 and Ni-CN-950 shown in Figure 7.19 exhibits that the Ni-CNB(20)-
950 have the turbostratic carbon structure having two broad (002) and (10) peaks
centered around 26 ° and 43°. While (002) peak of the Ni-CN-950 is less broad, and
(002) and (10) peaks are slightly shifted to higher angle due to the partial
graphitization attributed to the existence of Ni nanoparticles. The addition of boric
acid in the Ni-CN also enhances the development of the nanoporous structure. The
BET SSA and all pore volumes derived by the N, isotherm at 77 K (Figure 7.20a)

are greatly increased in the Ni-CNB compared to the Ni-CN, as summarized in Table
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7.3. The improvement in the pore structure of the Ni-CNB is attributed to the
formation of carbon nanotube structure and inhibition of Ni nanoparticle formation,
induced by the addition of boric acid. The results of the Ni-CNB(20)-950 are the

same as those of Fe-CNB(20)-950.

The applicability of the Ni-CNB(20)-950 for CO» reduction reaction (CO2RR)
was evaluated. The electrochemical activities of the Ni-CNB(20)-950 and Ni-CN-
950 were measured by a linear sweep voltammetry, shown in Figure 7.21. The Ni-
CNB(20)-950 and Ni-CN-950 show low current densities in Ar atmosphere, which
indicate the low hydrogen evolution reaction (HER) activity. In contrast, when the
atmosphere is changed to CO», the current densities of the Ni-CNB(20)-950 and Ni-
CN-950 are significantly increased, especially more prominent in the Ni-CNB(20)-
950. The current density of Ni-CNB(20)-950 is 35.8 mA/cm?at -1.0 V, almost twice
of Ni-CN-950 (19.0 mA/cm?). Previous studies reported that the Ni-Nx moiety is a
major active site that endows the electrocatalytic activity for CO2RR.[37-39] In the
Ni-CNB(20)-950, it is presumed that the introduction of boric acid facilitates the
development of Ni-Nj active sites, as reveals in the Fe-CNB system, resulting in a
significant increase in the current density of the Ni-CNB(20)-950 after the CO»

dissolution in the electrolyte.
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Figure 7.17. TEM images (a,b), HR-TEM image (c,d), HADDF image (e), and EDS

elemental mappings (nickel) (f) of Ni-CN-950.
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Figure 7.18. TEM images (a-c), HR-TEM image (d), HADDF image (¢), and EDS

elemental mappings (nickel, nitrogen, and boron) (f-h) of Ni-CNB(20)-950.
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Figure 7.19. The XRD patterns of Ni-CNB(20)-950 and Ni-CN-950.

Table 7.3. BET specific surface area and pore volumes of Ni-CNB(20)-950 and Ni-

CN-950.
Micro pore volume Meso pore volume Total pore volume
2
Sample BET SSA(m2/g) (cmd/g) (cmd/g) (emé/g)
Ni-CNB(20)-950 1336 0.51 0.16 1.37
Ni-CN-950 687 0.27 0.08 0.50
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Figure 7.20. The N, sorption isotherm (a) and pore size distribution (b) of Ni-

CNB(20)-950 and Ni-CN-950.
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Figure 7.21. LSV curves of Ni-CNB(20)-950 and Ni-CN-950 measured in the Ar

saturated or CO» saturated 0.5 M KHCOs electrolyte.
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7.9. Conclusions

The pyrolysis synthesis for producing atomically dispersed M (Fe or Ni) — CNB was
investigated. This study demonstrates that the introduction of boric acid is a facile
method to embed M-Nj active sites to a porous carbon structure. Boric acid plays the
roles of both a protective layer that facilitates the development of an N-doped carbon
nanotube structure and inhibits the formation of metal (Fe or Ni)-based nanoparticle
and the B doping source that enhances the incorporation of N in the carbon structure.
The formation process of the Fe-CNB was elucidated based on the experimental data
and thermodynamics analysis. In the precursor mixing step, boric acid forms borate
that is chelated with Fe ion, which can chemically and physically isolate Fe ion.
During the early stage of the pyrolysis process (< 600 °C), boron oxide liquid is
formed and coats the entire surface of carbon structure and Fe oxide is dissolved into
boron oxide. Thus the formation of the metal-based nanoparticle is suppressed, and
the formation of M-Nyx moiety in carbon substrate readily occurs along with the
development of robust B and N-doping sites in carbon substrate at high temperature
(> 700°C). As a result, the Fe-CNB(20)-950 having abundant Fe-Nx-B and Fe-N
active sites was obtained. it exhibits an outstanding electrocatalytic activity for
oxygen reduction reaction (ORR) with a half-wave potential of 0.89 V, superior to
commercial Pt/C catalyst. The effect of boric acid is also manifested in the Ni-CNB
system.

This study demonstrates that the introduction of boric acid can be a facile and
effective approach to synthesize metal-Ny active moiety incorporated boron and
nitrogen co-doped porous carbon which is expected for various applications

including electrocatalysis.
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Chapter 8. Overall Conclusion
8.1. Summary of results

In this study, the novel synthesis methods for heteroatoms-doped porous carbon
materials having hierarchical pore structure and abundant active sites were
investigated. The heteroatoms-doped porous carbon materials synthesized in this
study show the high electrocatalyst performances. Furthermore, the interactions
between carbon and heteroatoms during the synthesis process were elucidated from
the thermodynamic analysis and controlled experiments. The formation mechanisms
of heteroatoms-doped porous carbon materials are proposed, which are essential for
the accurate control of the properties of porous carbon materials. The results of this

study are summarized as follows:

(1) This study demonstrated that the availability of boron atoms in the initial stage
of the chlorination process of TiC and Ti(C,N) for the carbide-derived porous carbon
(C) and carbonitride-derived nitrogen-containing porous carbon (CN), respectively,
is vital for maximizing the functionality of the carbon materials. The diffusion
interface between boron, carbon, and nitrogen in the original raw precursors is
maximized through a simple raw powder engineering. Thus, boron atoms could be
diffused effectively from TiB; to the carbon structure in the early stage of the
chlorination process. The boron atoms serve as the carbon structure linkers as well
as dopants, facilitating the development of the heteroatoms-rich carbon layer in the

harsh chlorination condition by establishing covalent connections with carbon and
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nitrogen atoms.

(i) Using an one-pot chlorination process of TiC-TiB; and Ti(C,N)-TiB: mixture, it
was possible to synthesize the boron-doped porous carbon (D-CB) having an
oxygen-rich defective carbon layers, and boron and nitrogen co-doped carbon (D-
CNB) having a thick boron and nitrogen co-doped shell. In particular, pyridnic N
was exclusively developed in both D-CB and D-CNB. As a result, the D-CB and D-
CNB show excellent activities for the 2e” pathway and 4e” pathway oxygen reduction

reaction (ORR), respectively.

(i) The novel synthetic process was designed to produce the h-BN nano-domains
incorporated porous carbon materials (D-BNCs) using an one-pot chlorination of the
nitrogen rich-Ti(C,N)-TiB, mixture. The optimum condition to produce the D-BNC
was searched by varying the composition of original raw powder and chlorination
temperature. As a result, the D-BNC-700 having the abundant h-BN-C interface and
hierarchical pore structure was obtained. The D-BNC-700 exhibits one of the world-
top class 2e” pathway oxygen reduction reaction (ORR) performance. It has a
maximum H>O, selectivity of 88.3 % in a rotating ring-disk electrode (RRDE)
measurement in alkaline medium (1.0 M KOH). Furthermore, D-BNC-700 shows an
excellent operation performance in the custom-made full flow cell condition. It has
an outstanding H>O; production rate (4.65 mmol/h) and long-term stability with high
H,0, faradaic efficiency (~ 61%) in 1.0 M KOH for 10 h. These results demonstrate
that the B-C-N materials produced by the chlorination process can be a promising

material for the electrocatalyst for H,O, production.
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(2) The facile synthesis processes to produce atomically dispersed M-CNB materials
having the outstanding electrocatalytic activity were searched. Major factors that
determine the atomic dispersion of metal in porous carbon structure were

investigated.

(i) The M (Fe and Ni)-CNBs were synthesized by the one-pot chlorination process
of the titanium carbonitride, titanium boride, and transition metal precursor
(M(acac)y) (M = Fe and Ni) mixture. Depending on the types of a transition metal,
it was found that boron can facilitate or impede the atomic dispersion of metal in
CNB. The metal-based nanoparticles were inevitably formed before the chlorination
process due to the pyrolysis of the metal precursor (M(acac)x), and the addition of
boron from TiB; induced the phase transformation of metal-based nanoparticles to
the metal boride nanoparticles. The inhibition of the surface melting of metal-based
nanoparticles that causes a severe graphitization is the critical factor that enables the
development of M-Ny active sites in the porous carbon structure. Thermodynamic
analysis shows that iron boride nanoparticle has higher melting temperature than iron
nanoparticle, and the melting temperatures of both iron boride and iron nanoparticles
is higher than the Fe-CNB processing temperature. Therefore, the redundant
graphitization of the Fe-CNB was suppressed and the atomic Fe was readily
incorporated to porous carbon structure of the Fe-CNB by FeCl; gas during the
chlorination. As a result, the Fe-N active sites were well-developed in the porous
carbon structure. Therefore, the Fe-CNB shows outstanding oxygen reduction
reaction (ORR) performance in the alkaline medium, superior to commercial Pt/C
catalyst. In contrast, the melting temperature of nickel boride nanoparticles is much

lower than nickel nanoparticles, and even lower than the Ni-CNB processing
>
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temperature. That is, the surface melting of the nickel boride nanoparticles can occur
during the chlorination process, which accelerates the severe graphitization. Thus,

the addition of boron barely improves the ORR performance of Ni-CNB.

(i1) As an alternative process, pyrolysis process was also studied to produce M-CNB.
The atomically dispersed M (Fe and Ni) — CNB was successfully synthesized by the
one-pot pyrolysis of polyethylene glycol-urea-boric acid-metal nitrate (Fe and Ni).
It was demonstrated that the introduction of boric acid is a facile tactic to embed M-
Ny active sites into a porous carbon structure. In the present pyrolysis process, the
boric acid was transformed to the borate (boron oxide) that can chemically and
physically isolate Fe ion by the chelating effect during the mixing process, which led
to the homogenous distribution of Fe in the mixture of raw precursors. During the
early stage of the pyrolysis process (< 600 °C), liquid boron oxide was formed and
covered the entire surface of carbon structure and Fe became Fe oxide and dissolved
in liquid boron oxide. In this way, the formation of the metal-based nanoparticle was
inhibited, and the formation of Fe-Nx moiety in carbon substrate readily occurred
along with the development of robust B and N-doping sites in carbon substrate at
high temperature (> 700°C). As a result, Fe-CNB having abundant Fe-N,-B and Fe-
Nx active sites exhibits a distinguished electrocatalytic activity for the oxygen
reduction reaction (ORR) with a half-wave potential of 0.89 V, superior to
commercial Pt/C catalyst. The effect of boric acid was also manifest in the Ni-CNB
system. The Ni-CNB shows the applicability as the electrocatalyst for the CO,

reduction reaction (CO2RR).
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In summary, this study demonstrates the applicability of the chlorination process for
the synthesis of the functional heteroatoms-doped porous carbon materials. The CNB
and M-CNB materials produced through the chlorination process show the
promising performances for the electrochemical applications. It is found that h-BN
implantation and atomic dispersion of metals in the heteroatoms doped porous
carbons are key factors for improving the electrochemical performance of CNB and
M-CNB. The critical chemical and processing parameters that determine the
characteristics of heteroatoms doped porous carbon in the chlorination and pyrolysis
synthesis process were experimentally and thermodynamically investigated to

provide the guidance for commercial production of such functional carbon materials.
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8.2. Original contribution

The original contribution of this study to knowledge is as follows:

First, this study demonstrates the versatility of the chlorination process to synthesize
various heteroatoms-doped porous carbon materials. In general, the post-treatment
process has to be accompanied to carbide-derived carbon to dope heteroatoms in
nanoporous carbon structure, which is an inconvenient approach and has a limitation
for the doping amount. In this study, the critical chemical and processing parameters
for synthesizing the CNB and M-CNB materials thorough the chlorination process,
essential to produce highly functional heteroatoms-doped porous carbon materials
were revealed. This has not been addressed before in the conventional carbide-
derived carbon research. It is expected that this study can present a new aspect to the
chlorination process.

Second, this study demonstrates the effect of boron (or boron precursor) in the
synthesis of the M-CNB materials. Depending on the experiment condition, the
interaction between metal and boron can be totally different, which greatly aftects
the characteristics of the final porous carbon product. The mechanisms of the
incorporation of metal atoms in porous carbon structure in the chlorination process
and pyrolysis process are identified by thermodynamic and controlled experiments
in this study. These understanding can be a cornerstone for the development of the

practical synthesis of atomically dispersed M-CN materials.
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8.3. Future suggestion

8.3.1. Searching new metallic elements for M-CNB materials

In this thesis, the facile synthesis of the CNB materials and M (Fe and Ni)-CNB
materials using the chlorination process and the pyrolysis process. In this study, Fe,
and Ni were tested comprehensively, and Co was also tested. In the literature, the
synthesis of M-CN materials where M = Mn, Cu, Mo, and Pt have been actively
studied, and these M-CN materials applied to various energy and environmental

applications. [8.1, 2 ,3]

As future work, it would be interesting to test other metals for M-CNB using
chlorination process and pyrolysis process. The present thermodynamic analysis
shows the key parameters to determine the atomic dispersion of metals and
graphitization of porous carbons: oxidation/reduction based on Ellingham diagram,
melting temperature of nanoparticles, phase diagram of boron oxide-metal oxide,
synthesis (processing) temperature, etc. Based on the thermodynamic analysis, some

new metallic elements can be screened and tested for experiments.

8.3.2. Development of new thermodynamic model for heteroatoms doped

carbon materials

In the present study, we found that thermodynamic calculations are very useful to
understand the chemical reactions during chlorination process. However, one of
limitations of the present calculation is a missing thermodynamic model and
database to reproduce heteroatoms doped carbon. In all simulations in the present
study, carbon as pure carbon was used in the calculation. Recently, C. Patrice and

co-workers proposed a model to reproduce carbons containing S and H on the surface
937 - 22 TH
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of carbon layer. [8.4, 5] The same model can be further expanded to describe N and
B doped carbon materials. Then, more proper thermodynamic simulations can be
achieved and the chlorination process can be more accurately understood. In addition,
if proper thermodynamic model are further developed to treat the nano-size effect,

the more accurate thermodynamic analysis would be possible.
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Appendix

1.1. Structural analysis of raw Ti(Ci-,N,)-TiB; powder

a i eTIC b i - Ti(coan zs
» H - i : : . R
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v Direct bond TiC-TiBy . . - I
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Figure A.1. XRD pattern of TiC and direct bond method TiC-TiB, powders (a),

Ti(C, N, ;) and direct bond method Ti(C,,N, ;) -TiB, powders (b).
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Figure A.2. FE-SEM image of TiC (a, b), direct bond method TiC-TiB, (c, d),

Ti(C,,.N, ) (e, f), and direct bond method Ti(C,,,N, ) -TiB, (g, h).
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Figure A.3. XRD pattern of Ti(Co3,No.7) and direct bond method Ti(Co3,No.7)-TiB,

powders.

Figure A.4. FE-SEM image of Ti(Co3,No) (left), direct bond method Ti(Co.3,No.7)-
TiB, (right).
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1.2. Synthesis of BN embedded porous carbon via one-step chlorination process

and its application for the H,O; production.

1.2.1. Eelectrocatalytic properties of BNC in bulk scale

To control the effect of the electric conductivity on the electrocatalytic activity of
boron-nitride (BN) phases, we prepared the electrode with various ratio of BN sheet
and carbon mixtures. The BN sheets were obtained urea-assisted exfoliation with
ball milling method. The pristine h-BN was milled with urea powders, as NH»
species from urea attached to BN during ball-milling can help the exfoliation to few-
layer h-BN sheets. We blended these BN sheets and Vulcan carbon as a conducting
agent with various ratios, and made the catalyst inks. The catalytic performance for
ORR on 0.1 M KOH media was measured with RRDE setup with three-electrode
system. We also measured a pure carbon electrode (non-BN sample, same carbon
loading in the other BN/C cases). Although the carbon itself showed some activities
in alkaline media, the onset potential and selectivity for H,O, production were
enhanced increasing the content of BN sheets. The polarization curves suggest that
ORR activity is quietly influenced by the amount of BN. However, the ORR
activities were saturated and decreased at the high BN ratio (> 40%). It might reveal
that the activity would be disturbed and hidden under the poor electronic
conductivity properties. To investigate the effect of the electrical resistance
(conductivity) of BN composites, we conducted the electrochemical impedance
spectroscopy (EIS) with three-electrode cell which is same with the electrochemical

ORR measurement. Recently, there were several efforts to characterization of the
b
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electrode conductivity using complex capacitance plots or frequency dependent

capacitance. Complex capacitance C(w) is defined as follows:

Z(w) = where Z(w) is impedance and o is the frequency

_r
joC(w)’
Clw) =C(w)—j C"(w)

—Z11(w) Z1(w)

Clw) =Zzwr » @ = zer

C'(w) indicates the capacitance as a function of frequency, and C"(w) is related to
the energy dissipation of the capacitor by an irreversible process, such as the
irreversible faradaic charge transfer. We can estimate the electric conductivity with
calculating the relaxation time constant (zy) from C"(w) plot.
0= (2nfy)!, where fj is the peak frequency

The relaxation time indicates the kinetic performance of the electrode structure. Our
results showed that large time constants (small peak frequencies) were acquired as
increasing the amount of BN sheets, as well as slower kinetics. That is, the kinetics
were reduced by the amount of inactive BNs that is not in electrical contact with the
conductive Vulcan carbon network. Also, as C'(w) detected at low frequency
indicates to the static capacitance, the capacitance of BN sheet/carbon composites
decreased as the carbon ratio was reduced. Our result reveals that the electrically
activating BN phases in B-C-N materials is the most critical point to apply these
materials as electrocatalysts. Thus, we made various B-C-N carbonaceous materials

with various configurations through effective CDC method.

XXXVii A =



a ——None b Loading weight of Vulcan carbon: 100 pg/cm?
E E
L L2
< <
E £
= Fy
w @
c c
[ @
T o
= E=
[ e
5 5
O o
Loading weight of Vulcan carbon: 100 ug/cm?
4 T T T T T T y T T
02 0.4 06 0.8 1. 03 04 05 06 0.7 0.8
Potential (V vs. RHE) Potential (V vs. RHE)
0.8 100
C at 0.65 V (vs. RHE) . d
z 081 o : 39835888
E % z . g30838888838555005
oy 7 / °: 50 qua‘&a:,,goaoaowowoeoo
£ / / = b gElGeee
2 1 gz / / g
: 10 .
o
b / / / e, @ None
2 / / / o, @ BN 5%
8 024 / % % T, @ BN 10%
a 7 1 BN 20%
o % % % % BN 40%
T / / / @ BN 60%
WA 7 7 % 0 , . ‘ _o
None 5% 10% 20% 40% 60% 01 02 0.3 0.4 05 06 07
Potential (V vs. RHE)
15E-2 -
—None i None
€ ——BN5% . f 0,03 ——BN5%
——BN 10% i The peak position (f,) of C" . ——BN 10%
BN 20% ; => the relaxation time constant BN 20%
—— BN 40% : = 1= ()" ——BN40%
10E-21 ——BN60% ——BN 60%
: 0.02 4
£ i C
o )
5.0E-3 :
/ % ™
0.0 T :I T 0.00 T T o T T
0.1 1 10 100 1000 10000 0.1 1 10 100 1000 10000
Frequency (Hz) Frequency (Hz)

Figure A.5. Polarization curves (a) and simultaneous H,O, detection current at the

ring electrode (b) at 1600 rpm with BNCs in bulk scale. H,O, production current of

samples at 0.65 V (¢) and calculated selectivity (d) of samples. Imaginary

capacitances (e) and real capacitances (f) plot for the complex capacitance analysis

of samples from EIS measurement.
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1.2.2. Demonstration of the novelty of synthesis of D-BNC through the

controlled experiments.

The importance of the proximity between carbon, nitrogen and boron source is very
obvious by comparison of D-BNCs with the control. The control denoted as G-BNC
is produced by the gas-transport method. In the process of synthesizing G-BNC, TiB»
is physically separated with Ti(Co 3Ny 7) thus only BCl3(g) served as a source of boron
supplied to CN during the chlorination of Ti(Co3No7)-TiB.. In Figure 6,7 and Table
1 the process yield and the content of boron, carbon, and nitrogen of BNCs are
compared (the contents are measured by XPS analysis). The yield of G- BNC is
extremely lower than D- BNC in entire chlorination temperature (600, 700, and
800 °C) and raw powder mixture ratio range (C:B molar ratio, from 1:1 to 1:4),
unsuitable for the mass production. To make matters worse, comparing the BNC
(14)-700 and 800 samples that excess boron precursor is added, the carbon content
of G-BNC(14)-700 and 800 are very low while that of boron and nitrogen is too high.
On the other hand, D-BNC(14)-700 and 800 have the high carbon content along with
the high boron and nitrogen content. These results demonstrate that G-BNC(14)-700
and 800 are predominant with carbon-doped BN whereas D-BNC(14)-700 and 800
are prevailed with BN-doped carbon due to the extreme carbon loss. This
discrepancy is obvious in the optical image of G-BNC(14)s and D-BNC(14)s (Figure
7). These disparities in yield and phase are due to the difference in the role of boron.
In G-GNB, boron originated from BCl3(g) only serves as the BN source. BN phase
formation dominantly occurred from the exterior of CN. Thus, BCIs(g) facilitates the

premature outflow of nitrogen before the carbon shell formation in CN, which causes
¥
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the collapse and decomposition of the entire CN structure resulting in a catastrophic
carbon and nitrogen loss. Thus, only a small amount of carbon-doped BN phase
remains as a residual in BNC(14)s (excess boron precursor added) while nothing left
at all in BNC(44)s (adequate boron precursor added) since BN phase formed during
the chlorination is easily decomposed by the chlorine gas. The difference in the
morphology of the D-BNC(44) and G-BNC(44) synthesized in the early stage of
chlorination (10 min) at 800 °C shown in Figure 8 further demonstrates the difference
in the formation mechanism between D-CNB and G-CNB. The TEM image of D-
CNB clearly shows the formation of the shell that retains the shape of raw Ti(Co.3,No.7)
particle despite the loss of interior. In contrast, the G-CNB particle has been tearing
apart without the formation of the shell. Taken together, how to supply TiB(boron
source) to CN is a major parameter to produce CNB via chlorination and suppling
boron atoms directly to CN by the direct-bond method is key to synthesize CNB that

h-BN domain embedded in the porous carbon matrix.
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Figure A.6. The yield and chemical composition of BNCs measured by XPS.
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Table A.1. The yield and chemical composition of BNCs measured by XPS.

CN37-400
G-BNC-400
D-BNC-400
CN37-600
G-BNC-600
D-BNC-600
CN37-700
G-BNC-700
D-BNC-700
CN37-800
G-BNC-800
D-BNC-800
CN37-1000
G-BNC-1000
D-BNC-1000

Sample

Yield
(%, C+N)

20.1
64.8
61.4
0.0
3.8
10
0.0
1.8
8.9
4.6
0.6
111
125
11.8
33.7

C
(wt.%0)

24.4
23.6

24.7
24.2

15.9
55.8
89.5
88.7
84.2
95.9
94.2
94.7

N
(wt.%0)

28.9
39.6

30.2
37.4

34.1
25.2
6.8
7.1
8.7
2.1
3.3
3.0

B
(wt.%0)

16.4
19.4
23.0
25.5
26.9
13.7
0.3
1.6
0.7
0.7

0]
(wt.%0)

30.3
17.3

22.1
12.9

23.2
5.3
3.7
4.0
2.2
21
1.8
1.6
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Figure A.7. The comparison of the yield, appearance, and morphology of D-BNCs
and G-BNCs (control samples).
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2. Demonstration to other M-CNB system (Co-CNB)

Not just limited to Fe- and Ni-CNB, we try to extend our understanding of the
influence of boron in the synthesis of M-CNB to another metal type system. For
example, in the case of the Co-CNB system, comparing the Co-C binary phase
diagram and Co,B-C pseudo-binary phase diagram (Figure A.9), the eutectic
temperature of Co,B-C is slightly decreased (1310 °C — 1270 °C) along with a
decrease in carbon composition of the eutectic point. Hence, it is presumed that the
introduction of boron in Co-CN enhances the graphitization of Co-CN unfavorable
for improving the electrocatalytic performance, which is proved by the experiment.
The TEM images of Co-CN and Co-CNB shown in Figure A.10 demonstrate that the
partially ordered carbon layer is detected in Co-CN and Co-CNB. Also, the XRD
patterns of Co-CN and Co-CNB (Figure A.12a) show that sharp (002) peak along
with broad peak centered at 26.5° appeared in Co-CNB, more prominent that Co-
CN. This indicates that the tendency for partially ordering of carbon is intensified
due to the introduction of boron. In line with the result of TEM and XRD analysis,
the variation of pore texture (Table A.2 and Figure A.11) also illustrates that the
micropore and small mesopore (<5 nm) presented the significant decline
accompanying decrease in BET specific surface area, one of the indicators showing
the intensification of graphitization of Co-CNB. The fourier transform extended X-
ray adsorption fine structure (FT-EXAFS) spectrometry analysis further supports the
enhancement of carbon ordering effect attributed by the addition of boron in Co-

CNB, as shown in Figure A.12b. The FT-EXAFS spectra of Co-CN has one major

peak (1.87 A) probably corresponded to the combination of Co-Co coordination in
3 ey i
xliv A ——T I

-
= |



Co metal (2.20 A) and Co-Co coordination (1.75 A) in Co,C. Also, it has the one
minor peak (1.24 A) assigning to Co-C coordination in Co,C.* These two peaks
indicate the coexistent of Co metal clusters and Co,C. Co,C was a metastable phase
formed at Co-C interface, where the graphitization occurs.!® On the other hand, in
Co-CNB, Co metal-related pick disappears and only Co,C related peaks are
dominant. The spectra of Co-CNB has one major peak at 1.75 A only composed of
Co-Co coordination in Co,C along with one minor peak at 1.2 A. These results
demonstrate that the addition of boron facilitate the interaction between Co-based
nanoparticle and C, corresponding to the acceleration of surface melting attributed
to the cobalt boride nanoparticle formation that intensifies the graphitization of Co-
CNB. Therefore, the introduction of boron in Co-CNB barely promotes the ORR

activity in the alkaline medium compared with Co-CN, as displayed in Figure A.13.

1 O
xlv A =



Co-C

1atm th‘liage“
a 2000 : ,
1800
LIQUID
1600+ 1
_ w0 FCCATFHQUID -~ C*LIQUID.
%i1zoo-F(3(3 1
-
1000}
800 | C+FCC_A1
600
400 t I‘&HCD Al y
0 0.05 0.1 0.15 0.2
C/(Co+C) (mol/mol)
COzB -C
atm Sage”
b 2000 : : . Goctr
1800+
1600l LIQUID
14001 C + LIQUID
o
S_1200}
[
1000
800 |
C + Co,B
600 -
4005 0.02 0.04 0.06 0.08 0.1

C/(C0,B+C) (mol/mol)

Figure A.9. (a) Binary phase diagram of Co-C system and (b) Pseudo-binary phase

diagram of Co,B-C.

lvi 2 M E g



Figure A.10. TEM image of (a-c) Co-CN55-800 and (d-f) Co-CNB55-800.
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Figure A.11. (a) N> sorption isotherm of Co-CN and Co-CNB. (b) The pore size

distribution (PSD) of Co-CN and Co-CNB.
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Figure A.13. ORR activity comparison between Co-CN and Co-CNB in 0.1 M KOH.

The measurements were conducted with the electrode rotation of 1600 rpm.

Table A.2. BET specific surface area and pore volumes of Co-CN and Co-CNB.
SSA Micropore Mesopore Total pore
(m?g)  volume (cm’*/g) volume (cm*g) volume (cm?/g)
Co-CN 840 0.29 0.46 1.20

Co-CNB 720 0.27 0.39 1.29
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3. Optimization of Fe-CNB(20)
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Figure A.14. BET surface area, nitrogen content, and boron content of Fe-CNB(20)s

with pyrolysis temperature.
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