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Abstract

Catalytic methane pyrolysis (CH4 — 2H2 + C) is a promising hydrogen production process

which directly splits methane into hydrogen and solid carbon materials without direct
emissions of carbon dioxide. With a mass ratio of hydrogen to solid carbons of 1 to 3, large
amounts of carbon materials are generated from the catalytic methane pyrolysis process.
Developing value-added applications for these solid carbon co-products could eliminate waste
generation from the process, bring economic benefits to the process, and significantly offset
hydrogen production costs. Carbon materials play a crucial role in electrochemical energy
storage devices, serving as essential components of electrodes, including conductive additives
and active energy storage materials. With the ever-growing energy demand, the continuous
development of the energy storage field holds great potential for the accommodation of co-

produced carbon materials from clean hydrogen production via the catalytic pyrolysis process.

In Chapter 2, a comprehensive study of the most used techniques for characterizing carbon
materials and determination of their physiochemical properties and electrochemical
performances is conducted. The analytical methods include microscopic and diffraction
techniques (scanning electron microscopy (SEM), transmission electron microscopy (TEM),
and X-ray diffraction (XRD)) for examining morphology and crystal structure, nitrogen
physisorption technique for determining surface area and pore structure, spectroscopic
techniques (Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS)) for
investigating chemical structure, defect level and surface functional groups, and thermal
technique (thermogravimetric analysis (TGA)) for analyzing carbon purity and quality.
Commonly used electrochemical characterization techniques are discussed, such as linear
sweep voltammetry and cyclic voltammetry, electrochemical impedance spectroscopy, and

galvanostatic charge—discharge measurements. These technologies are used in further works to
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investigate and understand the characteristics of solid carbon materials co-produced from the

catalytic methane pyrolysis process.

In Chapter 3, I demonstrate how graphitic carbon materials from the catalytic methane
pyrolysis process work as efficient carbon conductive additives for zinc-carbon batteries.
Graphitic carbon materials are synthesized as co-products from methane pyrolysis using iron
ore catalysts, followed by the standard high-temperature thermal treatment and the alternative
electrochemical purification to reach high purity of 99.82 and 99.59 wt.%, respectively.
Manganese dioxide cathodes containing purified carbon materials as conductive additives
present two essential properties: high conductivity (98 S cm™) and good electrolyte absorption
capabilities (4.2 mg mg™!). Zinc-carbon batteries assembled using these carbon materials show
the advantages of higher electrode conductivity, larger specific capacity under higher current
densities, better rate performance, lower internal resistance, and superior long-term stability

compared with commercial carbon conductive additives (Super P).

In Chapter 4, I present the utilization of graphitic carbon co-products from the methane
pyrolysis process as active materials for both anode and cathode electrodes, enabling high-rate-
performance dual-carbon batteries, outperforming commercial natural and synthetic graphite.
Dual-carbon batteries are emerging as a promising battery system due to the unique advantages
of low cost, high sustainability, and high working voltage. Their challenges of unsatisfied
cyclability and poor rate performance result from graphite cathodes suffering from severe
structural deterioration, calling for advanced carbon electrode materials. Purified graphitic
carbon co-products from methane pyrolysis are generated using a standard high-temperature
thermal treatment or a room-temperature electrochemical method. Compared to graphite, they
have smaller crystalline sizes and larger surface areas, enabling faster surface redox reactions
and better structural stability upon electrolyte ion intercalation. Dual-carbon batteries

assembled with purified graphitic carbon using 1M lithium hexafluorophosphate (LiPFs) ethyl
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methyl carbonate electrolyte deliver energy storage capacities of 75.1 and 74.7 mAh g! at 500
mA g with capacity retentions of 79.2 and 93.4 % after the high-rate charge/discharge over
5000 mA g!, respectively. They can also be cycled at 500 mA g over 300 cycles without
capacity decay, demonstrating excellent cycling stability. They show energy densities of 168.7
and 159.7 Wh kg™ at power densities of 10.6 and 10.8 kW kg™!, outperforming recently reported

dual-carbon batteries.

Through the studies of Chapter 3 and 4, the suitability of graphitic carbon materials from
catalytic methane pyrolysis process serving as conductive additives and active materials in
electrodes has been validated, outperforming commercial conductive additive (Super P) and
conventional graphite electrodes, respectively. These findings open new applications in energy
storage field for these graphitic carbon co-products from methane pyrolysis, beneficial for
developing advanced energy storage devices, as well as enhancing the economic viability of

the clean hydrogen production process.
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Chapter 1. Introduction

1.1 Background

Catalytic methane pyrolysis, which directly splits methane (CHs) into hydrogen (H2) and

solid carbon (C) (CH4 — 2H2 + C), is a promising approach for low-emission hydrogen

production. With a mass ratio between Hz and solid carbon of 1 to 3, large amounts of carbon
materials are generated from the process. Developing suitable applications for these large
amounts of carbon materials could eliminate waste generation and bring economic benefits to
compensate for hydrogen production costs. Currently, there is a lack of studies that evaluated

technologically relevant applications for such carbon materials.

The intention of this thesis is to study the graphitic carbon materials produced from the
clean hydrogen production process via methane pyrolysis and develop energy storage
applications for such carbon materials. Herein, graphitic carbon materials were synthesized
from catalytic methane pyrolysis and were further purified by a high-temperature thermal
treatment or room-temperature electrochemical purification. A comprehensive set of
characterization tools investigated their physiochemical properties. Afterward, essential
functions of these graphitic carbon materials for energy storage applications were demonstrated
in battery systems, which involved (a) conductive additives in manganese dioxide cathodes for
zinc-carbon batteries (Chapter 3), and (b) cathode and anode materials for dual-carbon batteries
(Chapter 4). This opens new energy storage applications for these graphitic carbon materials
from catalytic methane pyrolysis, benefiting the broader adoption of the clean hydrogen

production process via methane pyrolysis.



1.2 Catalytic methane pyrolysis

The global energy sector is dramatically transforming to limit global warming to no more
than 1.5 °C, as laid out in the Paris Agreement, and achieve net zero emissions by 2050 [1-3].
The imperative strengthens the momentum of developing a sustainable energy system to reduce
greenhouse gas (GHG) emissions and combat climate change. To achieve the so-called
decarbonization, carbon-based fossil fuels are required to be substituted by renewable low-
carbon energy sources [4]. Hydrogen is a versatile and clean energy vector that can be directly
used via full cells or electricity generation and as an industrial feedstock for ammonia
production, petroleum refining, and fertiliser manufacturing [5-8]. The combustion of
hydrogen generates higher energy of 142 MJ kg™ on a mass basis than any of the hydrocarbon
fuels, which enables hydrogen to hold significant promise in creating a low-carbon energy
future [5, 9]. The global demand for hydrogen has grown more than threefold since 1975 to

reach 95 million tonnes (Mt) in 2022, and it is expected to reach 115 Mt by 2030 [10-12].

Although hydrogen is a zero-emission fuel, its environmental friendliness also depends on
the cleanliness of the production method. Figure 1-1 shows the global hydrogen production
from 2020 to 2022 [13]. It can be seen that the hydrogen production is currently dominated by
the unabated use of fossil fuels, with 62% from natural gas, 21% from coal, and 16% produced
at refineries and petrochemical industries [13]. These hydrogen production processes
inevitably have a considerable environmental impact, emitting around 830 Mt of carbon
dioxide (CO2) annually [14]. By contrast, low-emission hydrogen production is less than 1%
of the global hydrogen production, which necessitates the development and promotion of low-

emission hydrogen production.
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Figure 1-1. Global hydrogen production by technology from 2020 to 2022 [13].

Several hydrogen production technologies have been developed, such as steam methane
reforming (SMR), water electrolysis, and methane pyrolysis. Their comparison is summarised
in Table 1-1. SMR is the dominant process to produce hydrogen today, from which the
obtained H: is referred to as grey Ha from fossil fuel with unbated emissions [15]. It is the
cheapest way to produce H2 with a low cost of USD $1-3 per kg of H2 [13]. However, SMR is
reported to have high total emissions of 10-13 kg CO2 equivalent per kg of H2 (COz2-eq/kg H2)
resulted from direct emissions, and upstream and midstream emissions (e.g., production,
processing and transport of natural gas, methane emissions from venting or leakages, and
emissions related to electricity for compressing natural gas) [13]. Water electrolysis using
renewable electricity is a desirable way to produce green H2 with no direct emissions, while it
has a relatively high cost driven by the capital cost and cost of electricity [16]. The emissions
from water electrolysis are determined by the emissions of electricity generation and transport.
When using grid power, the current global average emission intensity for Hz is 24 kg CO»-

eq/kg Hz, while in some countries the value could be as low as 0.5 kg CO2-eq/kg H2 [13].



Methane pyrolysis, also referred to as the thermal decomposition of methane, which

directly splits CH4 into H2 and solid carbon (C) (CH4 — 2H2 + C), produces turquoise H2 with

no direct emissions [17]. Since it is an endothermic reaction, thermal input is required for the
methane pyrolysis process. When using hydrogen and natural gas as heating sources, the total
emissions of the methane pyrolysis process are around 5-6 kg COz-eq/kg Hz, and the value
could be reduced to 3 kg CO2-eq/kg H2 when using renewable electricity [17]. As shown in
Table 1-1, compared with the conventional SMR technology, methane pyrolysis has a
comparable low cost of USD $1.45 per kg of H2 with lower CO2 emissions [16]. In addition,
the co-produced carbon materials from methane pyrolysis are easy to store and could be
marketable, which would bring additional revenue and improve the economics of the methane
pyrolysis process [18-20]. Therefore, methane pyrolysis is considered as a promising
technology to produce low-emission hydrogen, holding great potential for promoting clean

energy transition and fulfilling the growing energy demand [18, 21-23].

Table 1-1. A summary and comparison of hydrogen production technologies via steam

methane reforming, water electrolysis, and methane pyrolysis.

Routes Reaction H: definition Cost Total emissions
chemistry
Steam methane | CH4 + 2H20 — | Grey H2 — USD $1-3/kg [13] | 10-13 kg CO»-
reforming CO2 +4H> fossil fuel with eq/kg Ha [13]
(SMR) una.ba.ted (12 kg CO2-
emissions eq/ke Ha [17])
Water 2H20 - 02 + Green Hz — USD $3.4-12/kg | 0.5-24 kg CO»-
electrolysis 2H> renewable [13] (with low- eq/kg H2 [13]
electricity with | emission (10-460 g COx-
no direct electricity) eq /kWh)g
emissions (USD $6.16/kg
[16])




Methane CH4 — 2H2+ C | Turquoise H2 — | USD $1.45/kg 5-6 kg CO2-
pyrolysis fossil fuel with | [16] eq’kg Ha [17]
no direct

- (heating source:
emissions

H> or natural
gas)

Due to the strong C-H bonds of methane and symmetrical molecular structure, non-
catalytic pyrolysis requires high operating temperatures above 1200 °C to reach a reasonable
reaction rate and high hydrogen yield, making this process unfavourable for practical industrial
operation [24-26]. The utilization of catalysts could effectively improve the process kinetics
and reduce the reaction temperature to under 1000 °C [11, 18, 27]. For instance, a system using
iron oxide as a catalyst was reported to catalytically convert hydrocarbon gas to hydrogen and
graphitic carbon at a temperature between 600 and 1000 °C [28]. Figure 1-2 depicts a typical
setup for the catalytic methane pyrolysis process. Methane gas is introduced as feedstock to a
fluidized bed reactor loaded with catalysts and decomposes into hydrogen and solid carbons.
The mixing gas of generated hydrogen and unreacted methane subsequently flows through gas

separation units, while solid carbon particles are extracted from the bottom of the reactor.
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Figure 1-2. A general process of catalytic methane pyrolysis for hydrogen production using a

fluidized bed reactor with carbon catalysts [19].

Various studies have been conducted to explore the reaction process of catalytic methane
pyrolysis [29-36]. Figure 1-3 illustrates two commonly accepted reaction process mechanisms:
molecular adsorption and dissociative adsorption [18]. During the former process, methane
adsorbed on the catalyst surface undergoes dissociation through stepwise surface
dehydrogenation reactions. In contrast, methane first dissociates upon adsorption on catalytic
active sites to generate chemisorbed CHs and H species in the latter process, followed by

similar surface dissociation reactions.
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Figure 1-3. Reaction mechanisms for catalytic methane pyrolysis on the catalyst surface, (a)

molecular adsorption mechanism, and (b) dissociative adsorption mechanism [18].

Different catalysts have been developed for methane pyrolysis, including solid metal, solid
carbon, and liquid/molten metal catalysts, with their comparison summarised in Table 1-2 [37].
Metal catalysts, typically based on nickel (Ni), iron (Fe) and cobalt (Co), exhibit catalytic
activities in the sequence of Ni > Co > Fe [37-39]. Metal catalysts are effective in catalysing
the reaction with moderate operating temperature (500-1000 °C), while the main challenge is
the rapid catalyst deactivation resulting from carbon coke coverage on the active sites of the
catalyst surface [19, 40]. Despite the highest catalytic activity, Ni-based catalysts are more
susceptible to catalyst deactivation [41, 42]. Co-based catalysts have received less attention
due to their higher costs and toxicity considerations [43, 44]. Fe-based catalysts, showing lower
cost and higher stability at a higher temperature range of 700-1000 °C, are capable of producing
high-quality carbon materials and thus have potential economic benefits [37, 45]. Carbon

catalysts based on carbonaceous materials, such as activated carbon, carbon black, and graphite,
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are attractive candidates for methane pyrolysis with advantages of low cost, non-toxicity,
resistance to high temperature, and tolerance to impurities like sulfur compounds [17, 46-48].
However, carbon-based catalysts commonly show much lower activities than metal catalysts,
leading to higher reaction temperatures (800-1100 °C) necessary for obtaining reasonable
hydrogen yields [17, 19, 49]. Additionally, liquid catalysts and liquid heat transfer media such
as molten metals (e.g., Pb, Sn, or Bi), molten metal alloys (e.g., Ni-Bi, or Cu-Bi), and molten
salts (e.g., KBr, NaBr, NaCl, NaF, MnCl: or KCl) have been studied to separate hydrogen and
solid carbon from the surface of molten media, resulting in the prevention of carbon deposition
on the catalyst and the consequent catalyst deactivation [11, 50, 51]. The main drawbacks of
liquid catalyst systems are low catalytic activity and high required temperature (>1000 °C) to

achieve high conversions, which limit its applicability on an industrial scale [19, 24].

Table 1-2. Comparison of different catalysts for methane pyrolysis, including metal, carbon,

and liquid/molten metal catalysts.

Catalysts
Metal
(i.e., Ni, Fe, Co)

Advantages Disadvantages

High catalytic activity
(Ni>Co>Fe)

Rapid catalyst deactivation

Co-based: high cost and toxicity
Moderate operating temperature | issues

(500-1000 °C) [40]

Carbon

(i.e., activated
carbon, carbon

Relatively low cost

High-temperature resistance and
good stability

Limited catalytic activity

Relatively high reaction
temperatures (800-1100 °C) [19]

black) Non-toxicity

Tolerance to impurities like

sulfur compounds
Liquid/molten Prevention of catalyst Low catalytic activity
metal deactivation High required temperature
(i.e., Pb, Sn, Bi, Ni- (>1000 °C) [19]
Bi, Cu-Bi)




1.3 Carbon materials from catalytic methane pyrolysis

1.3.1 Different co-produced carbon materials

The solid carbon materials generated from catalytic methane pyrolysis display varied
carbon structures ranging from amorphous carbon black, ordered graphitic materials to highly
specialized carbon nanotubes and fibres [23]. The characteristics of the co-produced carbon are
influenced by multiple factors involving catalyst species, compositions, size of catalyst

particles, and reaction conditions [52].

Generally, the use of metal catalysts is favourable for the formation of ordered
nanocarbons, such as carbon nanotubes and nanofibres [19, 53, 54]. In this case, the vapor-
liquid-solid (VLS) mechanism is proposed to account for the growth of such filamentous
carbon materials, carbon nanotubes and nanofibres, in the presence of metal catalysts [18, 55,
56]. As outlined in Figure 1-4, elemental carbon species are generated from the dissociation
of absorbed hydrocarbon on the catalyst surface, followed by the diffusion of carbon species
through the metal particle and precipitation at the back face of the catalyst particle. Carbon
species accumulated at the exposed catalyst surface gradually cover the catalyst particle and
drive the particle away from the catalyst support, forming carbon filaments. The reaction
temperature affects the size of carbon filaments, with higher operating temperatures resulting

in decreased diameter and length [57].
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Figure 1-4. Vapor-liquid-solid (VLS) mechanism for the catalytic growth of filamentous

carbon on metal catalysts [18].

Despite carbon filaments, carbon nano-onions (CNOs) are another carbon material
obtained from the methane pyrolysis process when applying metal catalysts [58-62]. CNOs are
quasi-spherical nanoparticles composed of concentric graphite shells, forming an onion-like
graphite structure. Figure 1-5 depicts the growth mechanism proposed for two types of CNOs,
one encapsulating a metal particle as a core and the other with a hollow core [59, 63]. Methane
molecules are first adsorbed to the catalyst particles from multiple directions and decompose

into hydrogen and carbon. Carbons deposit around the surface of catalyst particles and form
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graphitic layers accumulating on the catalyst surface, resulting in the growth of graphitic shells
encapsulating the metal particle as a core. For CNOs with an empty core, the process of carbon
shells surrounding the catalyst particles in the initial periods happens in a similar manner as for
CNOs with a metal particle core. During the formation of carbon onion, some small metal
particles with nanometer sizes are liquefied at high temperatures and gradually evaporate
through the defects of the graphitic layers, leading to the hollow structure of CNOs [59]. High
reaction temperatures (e.g., above 800 °C) are more likely to produce CNOs, while lower
temperatures tend to attain more thin-walled carbon nanotubes [64]. Additionally, elevated
reaction temperatures benefit the synthesis of nanocarbons with higher crystallinity and

graphitization degree [65].

> Carbon supply

J

O
r@

Figure 1-5. The formation mechanisms for carbon nano-onions (CNOs): (a) CNOs with a

metal particle core and (b) CNOs with an empty core [63].

In the carbon-catalysed methane pyrolysis process, carbon materials with different
morphologies are obtained, dependent on the nature of the catalysts [66, 67]. The formation of

carbon black occurs over activated carbon catalysts, and the generation of amorphous
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turbostratic carbon is observed when carbon black and graphite are catalysts. Using carbon
nanotubes as catalysts enhances the growth of extra layers over the walls, thus yielding multi-
walled carbon nanotubes [53]. Although various carbon materials have been explored as
catalysts for the methane pyrolysis process, comprehensive mechanism studies on this process
over carbon catalysts are still lacking. It is proposed that potential active sites on carbon
catalysts involve defects, dislocations, vacancies, surface functional groups on carbon
nanosheet edges and basal planes, as well as non-metallic heteroatoms such as O, H, N, and S

[37, 52].

1.3.2  Applications of carbon materials from catalytic methane pyrolysis

Based on the endothermic reaction of the methane pyrolysis process (CHs — 2Hz + C),

the mass ratio between hydrogen and solid carbon co-products is 1 to 3. Thus, even a small
industrial-scale hydrogen production facility based on catalytic methane pyrolysis would
generate thousands of tons of carbon materials. Supposing catalytic methane pyrolysis accounts
for 1 % of the global hydrogen production, 2.82 Mt of carbon materials could be formed,
significantly impacting the global carbon material market [52]. Developing value-added
applications for these large amounts of carbon materials could eliminate waste generation and
bring economic benefits to compensate for the hydrogen production cost of the methane

pyrolysis process.

Carbon materials with different structures co-produced from the catalytic methane
pyrolysis mainly include carbon black, carbon fibre and carbon nanotubes. The carbon co-
products are required to fulfill the relevant requirements and specifications on diverse
properties before being applied to existing markets. Approximately 90 % of the carbon black

produced is used in rubber applications, primarily as a filler and a reinforcing agent for tires,
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9 % as a pigment, and the remaining 1 % in other applications [68]. The rubber-grade carbon
black requires certifications as either American Society for Testing and Materials (ASTM) or
Specialty Grade, and some other grades of carbon black are authenticated by the U.S. Food and
Drug Administration before using in items such as coffee mugs, food trays, and cutlery [40].
The price of carbon black materials is determined by the product specifications, ranging from
US$400 to over US$1,000 per ton for ASTM-grade carbon black and exceeding US$2,000 per
ton for specialty-grade carbon black [40]. Currently marketed carbon fibre and carbon
nanotubes are both high-value materials. Carbon fibre materials have been used in a variety of
applications, including aerospace, automobiles, sports and leisure, the chemical industry,
carbon-reinforced composite materials and textiles, with the price varying from US$25,000 to
US$113,000 per ton depending on the utilization [40, 69, 70]. Carbon nanotubes have a highest
selling price of US$600 per gram and are utilized in polymers, electronics, plastics, and energy

storage fields [40].

Even though some commercial carbon materials have high commodity value, the structural
and purity control strategies to produce desirable carbon via catalytic methane pyrolysis are
still limited [52]. Moreover, if hydrogen production from catalytic methane pyrolysis is
implemented industrially, none of the existing markets will be able to accommodate the
substantial amounts of carbon [18, 19]. Only a few studies have evaluated technologically
relevant applications of carbon materials from catalytic methane pyrolysis [71-73]. Therefore,
further investigations are required to validate the suitability of carbon co-products from the
methane pyrolysis process for relevant scenarios and develop potential value-added

applications to enhance the economic viability of this hydrogen production process.
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1.4 Carbon materials in batteries

To develop energy storage applications for the carbon materials from methane pyrolysis,
a deep understanding of the crucial roles of carbon materials in electrochemical energy storage
devices is demanded. In this section, the two essential functions of common carbon materials
for battery applications are studied, including conductive additives, and electrode active

materials.

1.4.1 Conductive additives

The earliest practical application of carbon materials in electrochemical energy storage
(EES) devices can be dated back to 1868, demonstrated by Georges Leclanché in cells bearing
his name, as illustrated in Figure 1-6 [74, 75]. The Leclanché cell is composed of zinc acting
as a negative electrode or anode, ammonium chloride solution as an electrolyte, and a mixture
of manganese dioxide (MnOz2) and powdered carbon with equal volume as a positive electrode
or cathode. Since manganese dioxide, the active material of the cathode is a poor electrical
conductor, carbon is added as a conductive additive to enhance the electrical conductivity of
the electrode. Desirable carbon materials for conductive additive applications should fulfill the
requirements in four aspects: (a) low resistivity in the presence of the electrolyte and active
electrode material, (b) low impurity compositions, (c) capability to absorb and retain a
considerable amount of electrolyte without sacrificing the ability to mix with the active material,
and (d) compressibility and elasticity during electrode processing and battery assembly [76].
This system's commonly used carbon conductive additives are graphite and acetylene black.
Graphite was once used as the principal conductive media but has been partially replaced by
acetylene black due to the ability of acetylene black to hold more electrolytes [75]. Eventually,

the Leclanché system was continually improved and evolved into today’s zinc-carbon batteries,
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among the most widely used primary batteries worldwide with a continuously growing global

market [75].
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Figure 1-6. Schematic figure of a cylindrical Leclanché battery in a cutaway view [75].

With the continual development of energy storage technologies, advanced EES systems
are emerging, promoting the research interests and applications of carbon materials as
conductive additives. When carbon materials are applied as conductive additives to noncarbon
cathodes or anodes, forming an interface between carbons and active materials impacts the
electrochemical process and is essential for building high-performance EES systems [77].

Various carbon materials have been explored as conductive additives, undergoing different
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contact modes with the active materials depending on their dimensionality, as illustrated in
Figure 1-7 [78, 79]. Carbon black and conducting graphite particles are zero-dimensional (0D,
sphere type) carbon materials that served as conventional carbon additives, delivering a “point-
to-point” contact mode. One-dimensional (1D, line or tube type) and two-dimensional (2D,
plane type) carbon materials are great candidates, exhibiting essential properties for conductive
additives, high conductivity, large surface area, and good flexibility [78]. The intrinsic
electrical conductivity of carbon materials contributes to improving the conductivity of
electrodes; meanwhile, increasing the contact area between carbon additives and active
materials decreases the interparticle resistance and thus enhances the electron transfer
efficiency, leading to better electronic conduction [78]. Consequently, 1D carbon nanotubes
work on a “line-to-point” contact mode, and 2D carbon materials like graphene present a
“plane-to-point” contact mode, both superior to the conventional “point-to-point” mode. The
combination of carbon materials with different dimensions can construct multi-level
conductive networks by multiple contact modes with active materials. Several binary
conductive additives have been developed based on this dimensionality integration strategy.
0D carbon black (Super P) mixed with 1D carbon fibres forms a well-connected conductive
network inside the electrode, lowering the electron conducting resistance and facilitating
electron transfer [80]. Hence, lithium nickel manganese cobalt oxides (NCM) cathodes with
this binary conductive additive have higher electrical conductivities compared to those with a
single type of additives owing to the synergistic effect of two carbon additives [80]. Another
hybrid conductive additive composed of 2D graphene and 0D carbon black simultaneously
builds both “long-range” and “short-range” conductive networks among the electrode,
resulting in a higher specific capacity of lithium iron phosphate (LiFePO4) cathode with the
binary conductive additive than that solely used carbon black [78, 81]. In addition, aligning 1D

carbon nanotubes between 2D graphene nanosheets is proposed to establish a sandwich-like
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hierarchical structure with efficient three-dimensional (3D) electron transfer pathways and ion

diffusion channels [82].
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Figure 1-7. Schematic illustration of typical conducting models of carbon materials as
conductive additives, from left to right: point-to-point mode, plane-to-point mode, and hybrid-

dimensionality mode [78].

1.4.2 Electrode active materials

Carbon materials have a long history of being used as active materials in electrodes for
various batteries due to their excellent chemical stability, good electrical conductivity, unique
structure, and abundance of sources [77, 83, 84]. Since being first commercialized by Sony
Corporation in 1991, lithium-ion batteries (LIBs) have been on the market for over thirty years
and have been successfully used in powering portable electronic devices, electric vehicles, and
smart electric grids [85, 86]. Graphite materials are the oldest and one of the most common
active materials in the anode electrodes for LIBs, serving as a host for the intercalation of
lithium cations. As shown in Figure 1-8a, with a 3D crystal structure stacked by layers
composed of sp? hybridized carbon, graphite has an interlayer spacing of 0.335 nm, suitable

for accommodating guest intercalation ions (e.g., lithium cations) [86]. The high in-plane

17



conductivity of graphite originating from delocalized p-bonds is also vital to the success of
LIBs, guaranteeing fast contact between electron carriers and the intercalated ions. However,
one drawback of graphite acting as active material in the anode is the sluggish interfacial
kinetics, causing voltage drop under fast charging conditions and undesirable plating of
metallic lithium on a graphite surface, which further leads to capacity fading and short-
circuiting of LIBs [87-89]. Several graphite modification techniques are developed to improve
the charging of graphite anodes, such as acid-base treatment and high-temperature expansion
[90-94]. After being etched by potassium hydroxide (KOH) at a high temperature of 800 °C,
the modified graphite exhibits multichannel structures with surface holes, which creates de-
/intercalation sites for lithium ions, decreases diffusion distance of lithium ions and, thus,

facilitates the diffusion kinetics [94].

b Single-walled CNT c Multi-walled CNT

Figure 1-8. Structures of typical carbon materials: (a) graphite, (b) single-walled carbon

nanotubes, and (c) multi-walled carbon nanotubes [95].

Beyond graphite, other carbon materials, such as carbon nanotubes and graphene materials,
have been studied as active materials over the past thirty years [77]. As discovered in 1991 by

Iijima, carbon nanotubes are hollow cylinders composed of roll-up single or multiple graphene
18



sheets, classified into single-walled and multi-walled carbon nanotubes, respectively (Figure
1-8b and c) [96, 97]. Owing to their desirable properties of ultrahigh electrical conductivity (up
to 5000 S cm™"), large specific surface area (up to 1300 m? g''), mesoporosity, and considerable
charge transport mobility (over 10° cm? V! s), carbon nanotubes are regarded as attractive
candidate materials for anode electrodes in LIBs [77, 86, 98-103]. There have been several
studies on the successful electrochemical intercalation of lithium in carbon nanotubes [104-
113]. The reported reversible capacities for carbon nanotubes in LIBs vary from 350 to 680
mAh g, higher than the theoretical maximum value of conventional graphite active materials
(372 mAh g!), which attests the promise of using carbon nanotubes for LIB electrodes. The
storage of lithium cations in carbon nanotubes is proposed to take place in their central core,
the interlayer space of multi-walled carbon nanotubes, and the space between nanotubes when
fabricated as carbon nanotube bundles [102, 114]. In addition, both the interior and exterior
(outside walls) of carbon nanotubes are found to be electrochemically active sites for the
intercalation and absorption of lithium cations [115]. The electrochemical responses of carbon
nanotubes are intimately associated with their morphologies. The capacity of carbon nanotubes
could be further increased by mechanical or chemical treatments, such as ball milling, chemical
etching and nitrogen doping [104, 116-122]. Gao et al. reported that the reversible capacity of
single-walled carbon nanotubes was increased from 600 mAh g to 1000 mAh g after ball
milling [104], and Shimoda et al. achieved a reversible capacity of 700 mAh g™! for single-
walled carbon nanotubes after chemical etching by strong acids [116]. Li et al. found that
nitrogen-doped carbon nanotubes with higher nitrogen content (9.6 wt%) delivered improved
reversible capacities of 723 mAh g'! after 200 cycles [122]. These approaches open the tubes
and/or introduce defects to carbon nanotubes, increasing active sites for lithium adsorption and

thus contributing to capacity improvements.
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As a 2D carbon-based material, graphene is an attractive candidate for active materials
owing to its high electrical conductivity, large surface area, and good electrochemical stability
[123-127]. Graphene nanosheet electrodes were first employed for lithium storage in 2008,
achieving a specific capacity of 540 mAh g'! [128]. The capacity of graphene electrodes was
further increased up to 730 and 784 mAh g' when incorporating carbon nanotubes and
fullerenes, respectively [128]. The actual capacity of graphene electrodes (e.g., 540 mAh g')
is lower than its theoretical value of 744 mAh g’!, ascribed to graphene sheets' restacking [77,
129, 130]. The issue of graphene sheet restacking reduces the active sites for lithium absorption,
thus causing a decrease in available capacity [131]. Introducing functional groups and
structural defects to graphene materials is beneficial for capacity improvements, which increase
the active sites of graphene for lithium absorption and facilitate the diffusion of lithium ions
on graphene planes [132-134]. Other effective strategies have been developed, such as forming
hybrid materials with metal oxide and controlling the formation of layered structures in

graphene [135-141].

Graphdiyne is another 2D carbon material and was first synthesized in 2010 by Li et al.
[142]. Graphdiyne is a carbon allotrope with one-atom thick layer of strongly-bonded sp?- and
sp-hybridized carbon atoms. With the combination of sp? and sp carbon network, graphdiyne
exhibits super-large conjugated structure, abundant carbon chemical bonds, natural pores,
excellent chemical and mechanical stability, and high electron mobility (up to 10° cm? V! s7)
[143-148]. Several simulation studies have demonstrated graphdiyne as a good electrode
material for lithium intercalation, with a theoretical capacity of 744 mAh g! for lithium storage
and multilayer theoretical capacity up to 1117 mAh g' [149-152]. The lithium storage in
multilayer graphdiyne was reported to happen through the interlayer insertion/extraction and
surface absorption/desorption methods, with a reversible capacity of 520 mAh g' at 0.5 A g!

[153]. Shang et al. demonstrated ultrathin graphdiyne nanosheest as a high-performance LIB
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anode, delivering a high capacity of 1388 mAh g'! and good rate performance of 870 mAh g!
at 10 A g [154]. Zhang et al. found that the nitrogen doping of graphdiyne increased its

reversible capacity for lithium storage from 584 mAh g! to 785 mAh g [155].

1.5 Thesis scope

This thesis is composed of 5 chapters, which are listed below.

Chapter 1 first introduces the importance of hydrogen as a clean energy vector to the global
energy transition toward low-carbon energy future, and the sustainability of catalytic methane
pyrolysis as an attractive approach producing hydrogen with no direct emissions of carbon
dioxide. Developing value-added applications to accommodate the large amounts of carbon
materials co-produced from methane pyrolysis is of great significance to push forward this
clean hydrogen production process, embodied as eliminating waste generation, bringing
additional revenue, and improving economic viability. Two essential roles carbon materials
play in batteries are then studied: conductive additives in electrodes and active materials for
electrodes, which potentially offer new pathways to employ these carbon co-products in energy

storage applications.

Chapter 2 gives a comprehensive study of the most commonly used techniques for
characterizing carbon materials, determining their physiochemical properties, and evaluating
their electrochemical performances. Various analytical techniques, including SEM, TEM,
XRD, nitrogen physisorption, Raman, XPS, and TGA, are applied to obtain diverse information
for carbon materials, such as morphology, crystal structure, surface area, pore structure,
chemical composition, defect level, surface functional groups, purity, and thermal stability.
The processes for electrode fabrication and coin cell assembly are discussed, followed by the

study of commonly used electrochemical characterization techniques, such as linear sweep
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voltammetry and cyclic voltammetry, electrochemical impedance spectroscopy, and

galvanostatic charge—discharge measurements.

Chapter 3 presents the graphitic carbon materials from the catalytic methane pyrolysis
process working as efficient carbon conductive additives for zinc-carbon batteries. Graphitic
carbon materials are synthesized as co-products from methane pyrolysis using Fe ore catalysts
and purified by the standard high-temperature thermal treatment and the alternative
electrochemical method. MnO: cathodes containing purified carbon materials as conductive
additives present two essential properties: high conductivity (98 S cm™) and good electrolyte
absorption capabilities (4.2 mg mg!). Zinc-carbon batteries assembled using these carbon
materials show the advantages of higher electrode conductivity, larger specific capacity under
higher current densities, better rate performance, lower internal resistance, and superior long-

term stability compared with commercial carbon conductive additives (Super P).

Chapter 4 demonstrates the graphitic carbon co-products from methane pyrolysis can work
as active materials for both cathodes and anodes to enable high-rate-performance dual-carbon
batteries, outperforming commercial natural and synthetic graphite. Compared to graphite, the
smaller crystalline sizes and larger surface areas of the purified graphitic carbon materials from
methane pyrolysis are favourable for faster surface redox reactions and better structural
stability upon electrolyte ion intercalation. Consequently, dual-carbon batteries assembled with
purified graphitic carbon delivery high capacity retention of 93.4 % after high-rate
charge/discharge over 5000 mA g™!, excellent cycling stability of 300 cycles without capacity
decay at 500 mA g’', and great energy density of 168.7 Wh kg™ at power density of 10.6 kW

kg!, outperforming recently reported dual-carbon batteries.

Chapter 5 summarises the findings in this thesis and discusses future developing directions,

such as optimising the synthesis of graphitic carbon co-products from catalytic methane
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pyrolysis, modifying these carbon materials for performance enhancement, and developing

suitable applications in more energy storage systems.
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Chapter 2. Characterization techniques of carbon materials

2.1 Carbon materials preparation

The graphitic carbon materials used in this thesis were prepared from the catalytic methane
pyrolysis process using a low-cost Fe ore catalyst in a fluidized bed reactor. It is noted that a
general introduction of the process is given here for the preparation of carbon materials, and
the detailed synthesis and purification processes of specific graphitic carbon materials are
discussed in the research chapter 3 and 4. As illustrated in Figure 2-1, during this process,
methane molecules interacted with the suspended catalyst particles and decomposed into H>
and carbon. With the deposition of solid carbon, catalyst particles disintegrated into nano-
fragments with lower density and were carried out of the reactor. These solid graphitic carbon

materials encapsulating Fe particles were collected for studies.

-=~. Carbon
o _ Y formed
o '
\_J‘.‘.". 1 "

=< _Iron ore

catalyst

Figure 2-1. Schematic illustration of the synthesis of graphitic carbon materials from catalytic

methane pyrolysis process using Fe ore catalysts.
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2.2 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is the most widely used type of electron microscope,
examining the microscopic structure by scanning the surface of materials. The basic
components of a scanning electron microscope include an electron gun and a series of
electromagnetic lenses and apertures, as depicted in Figure 2-2a [156]. In SEM, an acceleration
voltage generally in the 1-40 kV range is applied to an electron-emitting filament typically
made of tungsten (W) or hexaboride (LaB¢) to generate an electron beam. After being
collimated and focused by condenser lenses and objective lenses, the electrons raster-scan over
the sample by scanning coils and interact with the top few nanometers to microns regions of
the sample. Secondary electrons emitting from the sample surface exhibit low energy and are
then collected, amplified, and stored by a detector. Samples for SEM are required to be
electrically conducting; otherwise, a thin metal layer is necessary to enclose samples to prevent

electric charging [157].

SEM is commonly employed to characterize carbon materials, delivering information such
as the surface morphology and nanostructures of carbon materials and cross-sectional
observations [157, 158]. The SEM images of several typical carbon materials are shown in
Figure 2-2b [159]. Rough surface morphologies are detected for activated carbon, carbon black,
and mesoporous carbon, while filamentous structures with smooth surfaces are obtained for
carbon nanofibre and multi-walled carbon nanotubes. Additionally, layered carbon structures

could be observed for graphite and graphene nanoplatelets.
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Figure 2-2. (a) Schematic diagram of the basic components of a scanning electron microscope

[156]. (b) SEM images of typical carbon materials [159].
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2.3 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) has been widely used when the measurements
require high resolution, capable of reaching atomic resolution at a goal of 1 nm. As shown in
Figure 2-3a, TEM performs under a similar basic principle as a transmission light microscope
but uses electrons instead of visible light [160]. A transmission electron microscope consists
of an electron source, a specimen stage, and a series of electromagnetic lenses. For TEM, a
high acceleration voltage of above 100 kV (usually 200 kV) is applied to generate electrons
with an extremely short wavelength, leading to a high-resolution microscope [156]. Since
electrons cannot move in the atmosphere, a vacuum environment generally above 107 Pa is

required for the chamber of TEM [160].

TEM provides high-resolution information about the morphology and crystallography of
carbon materials, which is particularly useful for examining nanostructured carbon materials
[161]. For instance, as illustrated in Figure 2-3b, TEM was applied to characterize synthesized
graphitic carbon nanofibres, showing the hollow-tunnel and graphitic structure of carbon
materials, and further used for the determination of the interlayer spacing of the graphene sheets

[162].
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Figure 2-3. (a) Schematic illustrations of a light microscope (left) and a transmission electron
microscope [160]. TEM images of graphitic carbon nanofibres, (b) hollow-tunnel structures,
(c) walls of the hollow structures, (d) graphene sheets and (e) determination of interlayer

spacing of graphene sheets [162].

2.4 X-ray diffraction (XRD)

X-ray diffraction (XRD) is the most effective technique for determining the crystal
structure of carbon materials. The basic components of an X-ray diffractometer contain an X-
ray source, specimen, and detector, with their geometrical arrangement demonstrated in Figure
2-4a [156]. An X-ray beam produced from an X-ray tube passes through special splits and
strikes the specimen. The X-ray beam diffracted by the specimen becomes a convergent beam
at the receiving slits and is collected by a detector. Movements among the three components
are applied to record the diffraction intensity in a range of the diffraction angle (26), where 0
represents the angle between incident beam and the crystallographic plane that generates

diffraction [156].

28



a b

Detector (001)

Receiving slit Solleru g
s _#l/Monochromatay
20

Antiscatter slit
Soller slits V /i . ' \9
.I —
.I i Sample

Divergence slit

(100)

Graphene oxide
(002)

X-ray tube
(line focus)

Counts per second

(004) Graphite

T T T T T T T T 1
10 20 30 40 50 60 70 80 %2

Measuring circle 20 (degree)

Figure 2-4. (a) Basic components of an X-ray diffractometer and their geometric arrangement

[156]. (b) XRD profiles of pure graphite and synthesized graphene oxide [163].

Practically, the XRD patterns of pure graphite and synthesized graphene oxide materials
are shown in Figure 2-4b [163]. Pure graphite presents two characteristic peaks centred at
260=26.5° and 20=54.5°, corresponding to the (002) and (004) graphitic planes, respectively.
The deviation of (002) peak into two peaks at 9.9°and 42.0° reveals the successful synthesis of
graphite oxide. In addition to identifying certain carbon materials, XRD could be used to
determine the crystalline information of carbon materials. The interlayer spacing between the

graphene sheets (doo2) could be calculated using Bragg’s equation:
2dsinf = ni

where 0 is the peak position, 7 is the order of diffraction, and 4 is the wavelength of the incident
X-ray [164]. The apparent crystalline length and thickness could be estimated using the

Scherrer equation:

- KA
~ Bcosb

29



where f is the full width at half-maximum of the XRD peaks and K represents the Scherrer

constant [164].

2.5 Nitrogen (N2) physisorption technique

Nitrogen (N2) physisorption has been widely used to analyse carbon materials, determining
their specific surface area and pore size distribution. Figure 2-5 depicts the components of a
physical adsorption analyser used for nitrogen physisorption [165]. The principle of this device
is based on measuring the adsorption of nitrogen gas at 77 K (-195.79 °C) on the material
surface. After introducing a known amount of nitrogen into the sample tube, the pressure inside
the tube decreases due to gas adsorbing on the surface of the sample material. The surface
adsorption capacity of nitrogen in a solid surface depends on the nitrogen-relative pressure
(P/Po), where P is the partial pressure of nitrogen, and Py is the saturated nitrogen vapour under
the temperature of liquid nitrogen (77 K). With P/Py in the range of 0.05 to 0.35, brunauer,
emmett and teller (BET) equations are suitable for fitting adsorption and the relative pressure,
thus determining the specific surface area of carbon materials [166]. Pore size distribution
could be obtained through a theoretical model, which gives information on the pore structure
with different sizes in carbon materials, such as micropores (<2 nm), mesopores (2-50 nm),

and macropores (>50 nm) [167].
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Figure 2-5. Schematic diagram of a physical adsorption analyser for determining the specific

surface area and pore size distribution of carbon materials [165].

2.6 Raman spectroscopy

Raman spectroscopy is a powerful, non-destructive, ambient probing technique to
characterize the structure of carbon materials [168-171]. A Raman microscopic system is
capable of examining the materials from a microscopic area, with its components shown in
Figure 2-6a [156]. As a highly monochromatic light is required for Raman spectroscopy, a
laser source is used to generate the laser beam, which passes through a filter to form a single-
wavelength beam. The microscope focuses the laser beam on the surface of the sample, and
the Raman scattering light induced by inelastic scattering reflects from the specimen and is
collected by the microscope. Holographic filters prevent the access of incident laser light. The
Raman scattering light with a wavelength selected by a diffraction grating system is recorded

by a charged couple device detector.
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Figure 2-6. (a) Schematic diagram of a Raman microscopic system [156]. Typical Raman

spectra of (b) single crystal graphite and (c) commercial graphite [158].

Raman spectroscopy is effective in distinguishing the carbon materials by examining their
detailed bonding structures. Figure 2-6b and ¢ demonstrate the Raman spectra for single-
crystal graphite and commercial graphite materials [158]. In single-crystal graphite, one peak
occurs near 1580 cm™ and is designated as the G band, associated with the in-plane vibrations
of crystalline graphite, indicating the graphitic nature of sp>-hybridized carbon networks. By
contrast, two characteristic peaks are observed in multi-crystalline commercial graphite.
Despite the fact that one peak represents the G band, the other peak centred at 1355 cm™ is

referred to as D band, related to the disordered structures in the graphitic lattice. In addition,
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the intensity ratio between D and G bands (/p/I) could be used to indicate the defect density,
structural vacancies, and/or surface functional groups in the carbon materials [164]. A larger

value of Ip/Ic reveals higher defects in the carbon materials.

2.7 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic technique widely
used for the surface analysis of carbon materials. A typical X-ray photoelectron spectrometer
is composed of an X-ray source, an electron energy analyser, and a photoelectron detector, as
depicted in Figure 2-7a [172]. The X-ray source produces a characteristic X-ray line to excite
atoms of the material surface. Electrons eject from the electron shell of the excited atom as
photoelectrons. The photoelectrons are captured, and their kinetic energies are analysed to
calculate the bonding energy of atomic electrons. From the binding energy spectra of X-ray
photoelectrons, the chemical elements from the materials could be identified [160]. An
ultrahigh vacuum environment with a vacuum pressure in the range of 10 to 10! mbar is
required for XPS to eliminate the collision between photoelectrons and gas molecules in the

spectrometer and prevent surface contamination from residual gas molecules [156].

XPS could provide surface chemical information of the carbon materials, such as elemental
composition, chemical stoichiometry, chemical state, and electronic state of existing elements
[160, 173]. As demonstrated in Figure 2-7b, XPS is used to detect the elements presented on
the carbon nanotubes (CNTs) and oxidized CNTs (O-CNTs) [174]. Compared to CNTs, a new
peak indexed to oxygen 1s occurs in O-CNTs, indicating the oxidation of CNTs after nitric
acid treatment. Also, an atomic ratio of carbon to oxygen ratio is obtained as 92:8 for O-CNTs.
Additionally, the carbon 1s spectrum of O-CNTs shown in Figure 2-7c is deconvoluted to

analyse the oxygen-containing functional groups in O-CNTs. Various bands are identified for
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O-CNTs, such as carbon in graphite (C-C), defects, C singly bound to oxygen (C-O), carbon
bound to two oxygens (i.e., -COOH), and the characteristic shakeup line of carbon in aromatic

compounds (r—* transition) [174].
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Figure 2-7. (a) Schematic diagram of an X-ray photoelectron spectrometer [172]. (b) XPS
survey of carbon nanotubes (CNTs) and oxidized CNTs (O-CNTs), and (c) XPS spectra of C

Is of O-CNTs [174].
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2.8 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is a technique widely employed to evaluate the quality
and purity of carbon materials by monitoring the mass change of carbon materials with
temperature. As illustrated in Figure 2-8a, the TGA instrumentation contains a furnace, a
microbalance, a temperature programming unit and a recording unit [156]. A sample is placed
in the furnace, and its mass changes with increasing temperature, which is monitored by a
thermobalance and recorded for analysis. With upper testing temperatures generally up to 1000
°C, TGA can give information about carbon materials' decomposition and thermal stability,
moisture and volatile components, and metallic impurity content in carbon materials [160].
From the TGA curve shown in Figure 2-8b, the decomposition of materials is identified by
two characteristic temperatures, 7: and 7y, representing the onset and finishing temperatures of

material decomposition, respectively [156].
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Figure 2-8. (a) Main components of a TGA instrumentation, and (b) a TGA curve representing

the decomposition of materials [156].
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2.9 Electrode fabrication and electrolyte preparation

Electrodes were fabricated to investigate the electrochemical performances of carbon
materials. As shown in Figure 2-9a, electrodes consisted of three components, active material,
conductive additive, and binder. As discussed in section 1.4, carbon materials could serve as
conductive additives or active materials in electrodes, and thus the electrodes were prepared
depending on the role of carbon materials. The three components of electrodes and the solvent
were mixed manually using the mortar and pestle to form a slurry. Next, the doctor blade
method was used to cast the obtained slurry on the current collector, as illustrated in Figure
2-9b. After drying overnight under vacuum, the current collector coated with electrode material
slurries were cut into small pieces using a punching machine. These small discs were collected

as electrodes and ready for use.
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Figure 2-9. Schematic illustrations of (a) the electrode components and (b) the doctor blade

method for slurry coating.
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For the electrolyte preparation, 1 M zinc sulfate (ZnSOs4) solution was used as the
electrolyte for the zinc-carbon batteries in the research chapter 3. It was prepared by dissolving
zinc sulfate heptahydrate (ZnSOa4:7H20) in deionized water, followed by sufficient stir to
obtain the electrolyte. In the research chapter 4, 1 M lithium hexafluorophosphate (LiPFe) in
ethyl methyl carbonate (EMC) was used as the electrolyte for the dual-carbon batteries, which

was directly purchased from Sigma-Aldrich.

2.10 Coin cell assembly

CR2032-type coin cells were assembled to evaluate the electrode electrochemical
performances. Figure 2-10 shows a typical coin cell configuration, composed of a negative
case, two spacers, an anode, a separator, a cathode, a spring, and a positive case. These
components were stacked in sequence, and the electrolyte drop was added on the separator to
wet the separator. Eventually, a coin cell crimper was used to seal the cells. All assembled cells

were placed to rest for 20 h before testing.
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Figure 2-10. Schematic diagram of a typical coin cell configuration.

2.11 Electrochemical characterization

Electrochemical measurements were performed to characterize the electrochemical
performances of battery cells. Here, the commonly used electrochemical characterization
techniques were discussed, including linear sweep voltammetry and cyclic voltammetry,

electrochemical impedance spectroscopy, and galvanostatic charge—discharge measurements.
2.11.1 Linear sweep voltammetry (LSV) and cyclic voltammetry (CV)

Linear sweep voltammetry (LSV) and cyclic voltammetry (CV) were proposed at the
beginning of the 1950s and have become the most widely used voltametric techniques to study
the redox reactions of materials and provide information on the steps involved in the
electrochemical processes [175]. A typical three-electrode electrochemical cell for conducting
LSV and CV is illustrated in Figure 2-11a [176]. The cell consists of three electrodes inserting
into the electrolyte solution, including a working electrode, a reference electrode, and a counter
electrode. During the experiment, the potential difference between the working and reference

electrodes varies at a constant rate and in the meantime, the current between the working and
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counter electrodes is measured, resulting in the data plotted as current vs. potential [177]. LSV
and CV are similar techniques. The potential is scanned from a lower limit to an upper limit in
LSV, while in CV, the direction of the potential scan is reversed at the end of first scan and the
potential range is scanned in the reverse direction. A typical cyclic voltammogram for a battery-
type material is shown in Figure 2-11b, which helps to extract information such as redox peaks
associated with oxidation and reduction, and the reversibility of the charge transfer reactions
[178]. Since the relevant responses of electrode stimulation could happen within few
milliseconds and the short-lived transient intermediates could be detected, LSV and CV are

effective for mechanism studying including fast reactions [175].
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Figure 2-11. (a) A typical three-electrode electrochemical cell for LSV and CV measurements

[176]. (b) A typical cyclic voltammogram for a battery-type material [178].

39



2.11.2 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a powerful tool for investigating
electrochemical systems, providing a wealth of information regarding electrochemical
reactions and kinetics in a relatively short space of time [179]. In EIS, a small-amplitude
sinusoidal signal of potential or current is applied to the electrochemical system over a wide
frequency range, and the current or potential response of the system toward the applied
perturbation is measured, from which the electrochemical impedance of the system can be

deduced [180]. The impedance can be divided into a real part and an imaginary part,
Z=7'"+iZ"

which is usually presented in a complex plane plot, also referred to as a Nyquist plot, with the
real part (Z") plotted on the x-axis and the imaginary part (Z'") plotted on the y-axis [181]. An
example of a Nyquist plot is illustrated in Figure 2-12 [182]. The semicircle in high frequency
region is related to the electrochemical process controlled by charge transfer phenomena, while
the straight line in low frequency region is associated with the electrochemical process
controlled by mass transfer phenomena. The EIS measurements of an electrochemical system
can be simulated to an equivalent electrical circuit that comprises a combination of resistances,
capacitances, inductors and mathematical components [183]. From an example of Randles
equivalent circuit shown in Figure 2-12, R, is the equivalent series resistance determined by
the intercept of semicircle on the real axis, and Rc is the charge transfer resistance related with
the kinetics of the electrochemical process. Ca is the capacitance of the electrical double layer,
and Zw is the Warburg impedance, which represents the difficulty of mass transport of the redox

species to the electrode surface [182].
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Figure 2-12. Nyquist plots for an electrochemical process and the Randles equivalent electrical

circuit [182].

2.11.3 Galvanostatic charge—discharge (GCD) measurements

Galvanostatic charge-discharge (GCD) is an effective technique for evaluating
electrochemical systems, offering information including electrochemical behavior, specific
capacity, and cell cyclic stability [184, 185]. GCD involves the application of constant positive
and negative currents to charge and discharge the cells within a set potential range, and the
potential variation with time is recorded. Figure 2-13a shows a typical GCD profile for a

battery system with charging/discharging plateaus [178]. The specific capacity Cspecific (MAh

g of the cell during charge and discharge could be calculated by multiplying the applied

current density I (mA g') and the duration t (h) of a single charge or discharge step:
Cspecific =Xt

Repeating the GCD process for multiple cycles could determine the cyclic stability of the cells.
Furthermore, a set of different current densities could be used to perform the GCD

measurements, which helps to analyse the rate performance of the cells. As illustrated in Figure
41



2-13b, different current densities were used to determine the rate performance of a lithium-ion

battery cell, with the corresponding GCD curves shown in Figure 2-13c [186].
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Figure 2-13. (a) A typical GCD profile for a battery-type material [178]. An example of (b)
the rate performance of a lithium-ion battery cell under different current densities, and (c) the

corresponding GCD curves [186].
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Chapter 3. Graphitic  carbon from  catalytic  methane
decomposition as an efficient conductive additive for zinc-carbon

batteries

3.1 Introduction

Hydrogen (H2) gas is an environmentally friendly chemical fuel widely used in ammonia
production, oil refining, and metallurgy [187]. Currently, H2 is mainly produced from steam
reforming of methane (CHa4) or coal gasification with significant carbon dioxide (CO2)
emissions [188, 189]. Besides water electrolysis using electricity, a promising H2 production
approach is the catalytic decomposition of CH4 (CDM), directly decomposing CH4 into H2 and
solid carbon materials (CHs — 2H2 + C) [190-195]. Although CDM can occur on various
catalysts, the deposition of solid carbon materials on catalytic metal surfaces quickly
deactivates catalysts, making the process uneconomical [196-201]. Low-cost catalysts, such as
natural iron (Fe) ores, have been explored to address this challenge, eliminating expensive
catalyst regeneration [202]. Considering that the mass ratio between Hz and solid carbon
material co-product in CDM is 1 to 3, even a small industrial-scale CDM-based H2 production
facility would produce thousands of carbon materials. Thus, using these carbon materials in

suitable applications is essential in reducing waste generation and brings economic benefits.

Zinc-carbon (Zn-C) batteries are among the most widely used primary batteries to power
radios, remote controls, alarm clocks, and small electronic devices [203]. Zn-C batteries
usually use a Zn metal anode, a manganese dioxide (MnQO:2) cathode, and an aqueous salt
electrolyte with a simplified overall cell reaction: Zn + 2MnO2 — ZnO + Mn203 [203]. Carbon
conductive additives are a crucial component of Zn-C batteries, even though they do not

participate in electrochemical reactions. Carbon conductive additives increase the electrical
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conductivity of non-conductive electrolytic manganese dioxide (EMD). They also hold
aqueous paste electrolytes and EMD, improving their compressibility and elasticity during
electrode processing and battery assembly [203]. Various carbon materials have been used as
conductive additives in batteries, including amorphous carbon black, onion-like carbon spheres,
carbon nanotubes, carbon fibres, and graphene materials [204-213]. High-quality carbon
conductive additives play critical roles in battery performance and contribute to the high cost
of battery manufacturing. Thus, it is speculated that carbon materials produced in the CDM-
based H2 production process may serve as a new high-performance and low-cost carbon

conductive additive for batteries.

Herein, graphitic carbon materials were synthesized via CDM using Fe ores as catalysts.
The resulting carbon materials were further purified by a standard high-temperature thermal
treatment and an alternative electrochemical method. Various characterization tools first
examined the resulting carbon materials to determine their physiochemical proprieties. Next,
EMD cathodes were fabricated using purified and unpurified graphitic carbon materials and
compared them with a commonly used carbon conductive additive (Super P). Last, Zn-C
batteries were assembled using EMD cathodes, and their performance was compared in
standard battery tests [76, 203]. The results show that the carbon co-product from the CDM-

based Hz production process can serve as an efficient conductive additive for Zn-C batteries.

3.2 Experimental section

3.2.1 Material synthesis

Carbon materials were synthesized by CDM using a Fe ore as the catalyst in a fluidized
bed reactor system. A simplified illustration of the reactor system is illustrated in Figure 3-1a.

It should be noted that CDM is highly sensitive to various factors, from catalysts, reactors, gas
44



precursors, to operational parameters [200, 202]. However, it is not difficult to obtain graphitic
carbon materials under typical operating conditions. In general, various Fe ores can be used as
catalysts in CDM. This study used a Limonite ore from Western Australia, containing about
61.5 wt.% Fe, 3.34 wt.% SiO2, and 1.16 wt.% Al203 based on X-ray fluorescence spectroscopy
(XRF) analysis results shown in Table 3-1. The Fe ore was milled and screened to around 100—
200 ym. The customized fluidized bed reactor has an internal diameter of 2 inches. The reactor
material (Inconel 625) prevented CDM on the reactor wall. The catalysts were not reduced
before CMD. 150 g of Fe ore particles were injected into the reactor every 20 min. CMD was
carried out under 6 bar natural gas at 890 °C with the gas feed rate of 5.5 m*/h (standard
conditions) at an hourly gas space velocity of 12.22 L/gcat.. The reactor was operated at a steady
state for about 6 h. CHa4 catalytically decomposed on Fe surfaces into H2 and carbon materials.
With the deposition of carbon materials, Fe ore particles disintegrate into lower density nano-
fragments and are carried out of the reactor to a cyclone separator by the gas stream. Fe ore
particles coated with carbon materials are separated from the gas stream and fall to the bottom
of the cyclone separator. The resulting graphitic carbon materials encapsulating Fe particles
are named “GCs”. The higher reaction temperature of 890 °C and pressure of 6 bar was used
because it was noticed that graphitic layers were less defective under these conditions, which

helped improve their electrical conductivity.

During CDM (CHs — 2H:2 + C), excess amounts of CHs were supplied to run the fluidized
bed. Unused CH4 can be separated from Hz and reused. The deposition of CH4 on Fe surfaces
is affected by various factors, such as CHs flow rate, duration of reaction time, heating
temperature, and pressure. From the TGA result of GC (Figure 3-4d) and XRF analysis of ash
residues obtained after TGA (Table 3-1), the purity of GC was determined to be 78.25 wt.%.
Thus, the molar ratio of produced carbon to Fe in GC is roughly 16.73 (nc : nre =
[78.25%/12.011/[(1-78.25%)/55.845]=16.73).
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In the steady state synthesis condition, catalysts (450 g/hour) contain 88 wt.% of Fe20s3,
2.48 mol (450%88%/159.69) of Fe203, or 4.96 mol of Fe. Thus, solid carbon materials produced
was 82.97 mol (16.73%4.96). CHa (245.37 mol, assuming an ideal gas) was supplied at 5.5 m?
(standard temperature and pressure) on 450 g of catalysts in 1 h. Thus, the conversion of CH4

to C was around 33.8% (82.97 mol/245.37 mol).

, 10 V

Carbon Platinum foil Carbon rod
x?{ formed
t Iron ore catalyst 0.1 M (NH,),S0O,
CH,

Figure 3-1. Schematic illustrations of (a) the synthesis of graphitic carbon materials
encapsulating Fe particles by catalytic decomposition of CH4 on Fe ore catalysts and (b) the

electrochemical cell used to purify the graphitic carbon materials.

Table 3-1. XRF analysis of Fe ore catalyst used for CDM process (left), and XRF analysis of

GC ash composition after combustion at 900 °C for TGA test (right).

Oxides Composition (wt.%) Oxides Composition (wt.%)
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Fe203 88.00 Fe20s 95.32
AlLOs3 1.16 ALOs3 29
SiO2 3.34 SiO2 1.03
P20s 0.28 P20s 0.32
Na20 0.24 Na20 0.12
TiO2 0.08 TiO2 0.02
MgO 0.20 Mn304 0.01
CaO 0.02 MgO <0.01
Loss on
ignition at 5.95 CaO <0.01
1,050 °C

GC was first purified by the standard thermal purification method used for graphite
purification [214-216]. GC was loaded in a high-temperature vacuum furnace, and the
temperature was slowly increased to 2800 °C at 100 °C h™! and kept at 2800 °C for 3 h, removing
encapsulated Fe particles. The resulting material is denoted as “TG”. Alternatively, GC was
also purified using an electrochemical cell similar to those used to synthesize graphene or
graphene oxide flakes from graphitic carbon materials [217-219]. GC was compressed into
carbon rods. As illustrated in Figure 3-1b, the carbon rod containing GC serves as a positive
working electrode. A platinum foil serves as a negative counter electrode in a 0.1 M ammonium
sulfate ((NH4)2SO4) electrolyte. A DC power of 10 V was applied to the two electrodes.
Charged ions in the electrolyte were intercalated among graphene layers of carbon materials in
the carbon rod, and encapsulated Fe particles were slowly leached over 20 h. The resulting
carbon materials in the carbon rod was collected and denoted as “EG”. Apart from the above

three types of graphitic carbon materials, a commercial carbon conductive additive (Super P,
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Thermo Fisher) was used as a reference. EMD was purchased from Changsha Easchem Co.

Limited and used as active cathode materials for Zn-C batteries.

3.2.2 Material characterization

The morphology of the carbon materials was examined by scanning electron microscopy
(SEM, Zeiss, Gemini Ultra Plus). Their microstructures were further characterized by
transmission electron microscopy (TEM, JEOL, JEM-2100), operated at an accelerating
voltage of 200 kV. The average particle size of carbon materials dispersed in water was
analysed using a particle size analyser (Malvern Mastersizer 3000). Their surface area and pore
structures were characterized by N2 physisorption using a pore size analyser (Quantachrome
Autosorb 1Q). The density functional theory method was used to calculate their pore size
distribution from their N2 physisorption isotherms. Their chemical properties were
characterized by Raman spectroscopy (Renishaw Raman inVia Reflex) under a 532 nm
excitation laser. Their chemical composition was investigated by thermogravimetric analysis
(TGA) on a thermogravimetric analyser (TA Instruments Q500) under an airflow with
temperatures increasing from 25 to 900 °C at a ramping rate at 15 °C min™. The elemental
composition of the ashes obtained after TGA was characterized by XRF using a wavelength

dispersive XRF spectrometer (PANalytical AXIOS, PW2400) fitted with a 4-kW X-ray source.

3.2.3 Electrode fabrication and characterization

EMD was first homogenized in a planetary ball milling (Changsha Tianchuang Power
Technology XQM-0.4) at 400 rpm for 5 h. Next, EMD, carbon conductive additives, and
polyvinylidene fluoride (PVDF) binder were mixed with a weight ratio of 7: 2: 1 in N-methyl-
2-pyrrolidone (NMP). The four carbon materials (Super P, GC, TG, and EG) were used as
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conductive additives separately. The obtained slurry was cast on titanium (Ti) foils with a
thickness of 10 um using the doctor blade method, followed by drying at 80 °C for 12 h'in a
vacuum furnace. The mass loading of active electrode materials on Ti foils was ~ 2.5 mg cm”
2. Finally, Ti foils coated with electrode material slurries were cut into small pieces of 1.1 cm?

in size using a punching machine.

The in-plane electrical conductivity of EMD cathodes fabricated using different carbon
materials was examined by a four-point probe sheet resistance meter (Guardian SRM-232).
The conductivity (o, S m™") was calculated by o = 1/Rst, where Rs(£/sq) is the sheet resistance,
t is the thickness of electrode materials. The electrolyte absorption capability of carbon
conductive additives was measured by immersing carbon electrodes (without EMD) fabricated
using carbon materials (90 wt.%) and PVDF (10 wt.%) into the same volume of 1 M zinc

sulfate (ZnSOs4) solution and recording the weight gain as a function of time.

3.2.4 Zn-C battery assembly and characterization

Coin cells (2032-type) were assembled using prepared EMD cathodes, Zn metal foil (1.1
cm?) as anodes, and 1 M ZnSOs solution as the electrolyte to evaluate their electrochemical
performance. Galvanostatic charge/discharge (GCD) in a voltage range of 1.5-0.7 V and
electrochemical impedance spectroscopy (EIS) measurements in a frequency range between
10°-0.008 Hz were collected using an electrochemical workstation (CHI 760D). The specific
capacity of batteries was calculated based on the mass of EMD in cathodes. Galvanostatic
intermittent titration technique (GITT) tests were carried out on assembled batteries using a
battery testing system (LANHE) with a series of galvanostatic discharge pulses of 120 s at 50

mA g followed by a 4 h rest. Battery long-term stability tests were conducted using the battery
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testing system over a rest time of one month by continuously recording the open-circuit voltage

(OCV). All electrochemical tests were performed at room temperature.

3.3 Results and discussion

3.3.1 Properties of carbon materials

SEM images in Figure 3-2a - d show the morphology of the four types of carbon materials
(Super P, GC, TG, and EG). Super P displays a powdery and fine-grained morphology with
particle sizes on the nanometer scale, different from the other three graphitic carbon materials
synthesized by CDM. Those carbon materials mainly consist of a micrometer-sized cloddy
structure with numerous irregularities on their surfaces. GC shows a rougher surface
topography, while TG and EG have relatively smoother surfaces formed by irregularly shaped
particles made up of carbon flakes. The internal morphology and structure of synthesized
carbon materials were characterized by TEM. As shown in Figure 3-2¢, a carbon nano-onion-
like structure was observed for GC, which was formed by Fe encapsulated in graphitic carbon.
Figure 3-2f and g present TG and EG displaying hollow nanoparticles with graphitic carbon
shells, suggesting the removal of Fe by thermal and electrochemical purification. The graphitic
structure of GC, TG and EG was further confirmed by Figure 3-2h - j, respectively. Their
average particle size was analysed using a particle size analyser. As shown in Figure 3-3, when
dispersed in an aqueous solution, Super P, GC, and TG all have a similar median diameter (Dso)

ranging from 9.1-12.4 ym. In comparison, EG has a smaller size of around 1.9 ym.
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Figure 3-2. SEM and TEM images of carbon materials used as conductive additives in this
study. SEM images of (a) Super P, (b) GC, (c) TG, and (d) EG. TEM images of (e) GC, (f) TG,

(g) EG, and their graphitic structures (h) GC, (i) TG, and (j) EG.
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Figure 3-3. Particle size distribution profiles of carbon materials used as conductive additives

in this study: Super P, GC, TG, and EG.

The specific surface area and pore structure of carbon materials were characterized by N2
physisorption. Figure 3-4a shows their N2 physisorption isotherms. Their BET-specific surface
area varies from 19-37 m? g!, following TG < GC < EG. Super P has a much larger surface
area of 78 m? g'!'. Their pore size distribution determined by the DFT method is illustrated in
Figure 3-4b. Super P has the largest pore volume of 1.83 cm® g”! with an average pore size of
36 nm, indicating its mesoporous nature. GC and EG exhibit broad pore size distributions
ranging from micropores to macropores. The pore volume and average pore size of GC and EG
are similar at 0.13 cm® g'!, 3.8 nm, and 0.15 cm® g!, 2.9 nm, respectively, which indicates that
the electrochemical purification process does not significantly change the porous structure of
GC. In contrast, TG shows a pore size distribution centred around 30.1 nm and a larger pore
volume at 0.30 cm® g!. The disappearance of small pores in TG and the increased pore volume
may be related to the complete removal of metal residues encapsulated in carbon and the

restructuring and closing of small pores at high temperatures.
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Figure 3-4. (a) N2 physisorption isotherms, (b) Pore size distribution, (¢) Raman spectra, and

(d) TGA profiles of different carbon materials: Super P, GC, TG, and EG.

The chemical structure of carbon materials was first analysed by Raman spectroscopy.
Figure 3-4c shows their Raman spectra with three typical carbon material features: G band
corresponding to zone centre vibration of carbon atoms in graphene planes, D band associated
with the disorder in a graphitic lattice, and G’ band related to the number of graphene layers
and their stacking order [220, 221]. Super P only displays D and G bands, suggesting a lack of
long-range graphitic structures. The intensity ratio of D and G bands (/p/Ic) can be correlated

to defects, structural vacancies, and surface functional groups in carbon materials. The /p/Ic of
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Super P is 1.18, which is higher than GC at 0.73, EG at 0.84, and TG at 0.29. These results
indicate that TG has the lowest level of defects due to its high-temperature treatment condition.
In contrast, EG has a relatively higher concentration of defects due to the exfoliation of

graphene layers during purification. Super P has the most defective structure.

Their chemical structures and metal residues were further examined by TGA. Figure 3-4d
and its inset show their weight loss profiles in the air when the temperature increases from 25
to 900 °C (25 to 1040 °C for TG due to its higher thermal stability). Derivative
thermogravimetry (DT) profiles are shown in Figure 3-5. The primary weight loss of TG takes
place at the highest temperature at 882 °C, suggesting the highest graphitic level. The central
weight loss temperature of Super P at 776 °C is also higher than those of EG and GC. The main
weight loss temperature of GC is the lowest at 632 °C, attributing to the oxidative
decomposition of carbon catalysed by Fe residues. Further, EG has some weight loss starting
from 48 °C, originating from volatile components formed during its electrochemical
purification. TG has the lowest ash content of 0.18 wt.%, indicating the highest carbon purity
of 99.82 wt.%. EG and Super P also have a high purity of 99.59 wt.% and 99.47 wt.%,
respectively. GC has the top ash content of 31.10 wt.%. XRF was used to analyse the chemical
composition of the ash residues obtained after TGA. As listed in Table 3-1, since Fe2O3 counts
for 95.32 wt.% of the ash, it is assumed that all the ash residues of GC are Fe2O3 to calculate
the purity of GC. Fe203 was formed by the oxidation of Fe residues encapsulated in carbon
materials. The molar mass of Fe and Fe203 is 55.85 g mol™! and 159.69 g mol™!, respectively.

Therefore, the purity of GC is estimated to be:

100 wt. % — 31.10 tO/(FeO)xm—7825 £. %
WL. Y0 . wt. Vo 2U3 159.69 = . wt. o

The physiochemical properties of carbon materials are summarised in Table 3-2.
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Figure 3-5. Derivative thermogravimetry (DT) profiles of different carbon materials: Super P,

GC, TG, and EG.

Table 3-2. A summary of physiochemical properties of carbon materials, the electrical
conductivity of EMD/carbon electrodes, and electrolyte absorption capacity of carbon

electrodes.

Carbon Dso SSA Vpore dpore Raman Trca Pcarbon Celectrod AC

materials (um) (m’g (ccgl) (am) Ip/iG (°C)  (Wt%) <(Sm~  (mass

D! D! ratio)
Super P 9.1 78 1.83 36.0 1.18 776 99.47 72 10.94
GC 9.3 30 0.13 3.8 0.73 632 78.25 143 1.84
TG 12.4 19 0.30 30.1 0.29 882 99.82 98 2.14
EG 1.9 37 0.15 2.9 0.84 749 99.59 90 4.20

Dso = Median diameter (um), SSA = Specific surface area (m? g!), Vpore = Total pore volume (cc

g1, dpore = Average pore size (nm), Ttga = TGA main peak temperature (°C), Pcabon = Carbon
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purity (wt.%), Celectrode = Electrode conductivity (S m™), AC = Electrolyte absorption capacity

(mass ratio).

3.3.2 Properties of fabricated electrodes

The different carbon materials were used as conductive additives at the same mass ratio to
fabricate EMD electrodes. The electrical conductivity of fabricated electrodes may be
influenced by multiple factors, such as graphitic structures of carbon additives and their particle
size, surface area, and porosity [76, 222, 223]. The in-plane electrical conductivity of EMD
electrodes fabricated using Super P is the lowest at 72 S m™!, which can be ascribed to its porous
and defective structures [224, 225]. In comparison, the EMD electrodes fabricated using the
two purified carbon materials, i.e., TG and EG, have a similar electrical conductivity of 98 and
90 Sm!, respectively. The higher electrical conductivity is correlated with their more graphitic
characteristics, as shown in Raman results. The pore size difference between TG and EG seems
not to affect the electrical conductivity significantly. The larger surface area of Super P also
does not bring beneficial effects on the electrical conductivity of electrodes. The electrode
fabricated using GC has the highest electrical conductivity of 143 S m™!, which may be related
to its substantial fraction of Fe residues, considering that it has a higher /p//c ratio and similar

specific surface area and average pore size as EG.

Another essential function of carbon conductive additives is absorbing and holding
electrolytes to maintain stable solid-liquid interfaces in electrodes [76, 226]. However,
extremely high electrolyte capacity would consume more electrolytes, increasing battery
manufacture costs. The electrolyte absorption capacity is influenced by carbon additives’ pore
volume, pore size, and surface area. Figure 3-6 shows the electrolyte uptake by the different

types of carbon materials (in the unit of mg electrolyte per mg carbon) in 5 min when carbon
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electrodes are immersed in 1 M ZnSOs4 solution. The substantially larger specific surface area
and pore volume of Super P led to faster electrolyte update and the highest absorption capacity
of 10.94, about 6 times that of GC at 1.84 after 5 min. The electrolyte absorption capacity of

TG at 2.14 and EG at 4.20 are both higher than that of GC.
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Figure 3-6. Electrolyte absorption capabilities of EMD electrodes fabricated using different

carbon conductive additives over time.

3.3.3 Properties of assembled Zn-C batteries

Next Zn-C batteries were assembled using EMD cathodes fabricated with different carbon
conductive additives and Zn metal anodes in 1 M ZnSO4 aqueous electrolyte. Figure 3-7a — d
show their galvanostatic discharge curves in the voltage window of 1.5-0.7 V under current
densities of 1.0, 0.5, 0.1, and 0.05 A g!, respectively. All discharge curves feature a typical
discharge behavior of Zn-C batteries with an ohmic voltage drop (IR drop) at the beginning of

discharge to a flat discharge plateau, followed by a voltage decrease to the cutoff voltage [203,
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227, 228]. Under high current densities of 1.0 and 0.5 A g, Zn-C cells containing graphitic
carbon materials synthesized by CDM show significantly higher specific discharge capacities
than that contains Super P. The TG cell delivers a specific capacity 1.4 times that of the Super
P cell at 1.0 A g'!. In comparison, minor differences were observed under the lower current
density of 0.1 A g!. The specific capacity varies from 99 to 104 mAh g! in a sequence of GC
cell < TG cell < EG cell < Super P cell. Under the lowest current density of 0.05 A g”!, the
specific capacity of the GC, TG, and EG cells is 122, 114, and 109 mAh g, respectively,
comparable to the Super P cell at 124 mAh g™!. Figure 3-7¢ compares their specific capacity
under different discharge current densities. All batteries experience a capacity decrease with
the increase of discharge current density from 0.05 to 1.0 A g”!, particularly the Super P cell
exhibits the most significant drop. Figure 3-7f shows Nyquist plots of EIS spectra of the Zn-C
batteries. The intercept of the impedance curve with the real axis denotes ohmic resistance. As
displayed in Figure 3-7f inset, the Super P cell shows a larger ohmic resistance, consistent with
its lower measured in-plane electrical conductivity of the EMD electrode. Negligible
differences were observed in the ohmic resistance of TG, EG, and GC cells. Further, based on
the semicircles in the high-frequency region, TG, EG, and GC cells have much lower charge
transfer resistance than the Super P cell. Previous studies have reported that the network of
carbon conductive additives may not fully cover all EMD particles due to Super P particle
agglomeration [229, 230]. In contrast, the other three types of carbon particles seem to fill the
gaps between EMD particles more efficiently [231]. The charge transfer resistance of the GC
cell is close to that of TG, and EG cells, suggesting that Fe residues in GC have negatable roles
in facilitating electron transfer at electrode/electrolyte interfaces, despite the higher in-plane

conductivity of EMD electrodes fabricated using GC.

Overall, Zn-C batteries fabricated using the graphitic carbon materials synthesized by

CDM perform better than those fabricated using Super P under high discharge current densities
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and are comparable under low discharge current densities. The improved performance at high
discharge rates is related to the higher electrical conductivity of the CDM synthesized carbon

materials and the effective electronic networks formed by them in batteries.
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Figure 3-7. Galvanostatic discharge curves of Zn-C batteries fabricated using different carbon
conductive additives under the discharge current density of (a) 1.0 A g”!, (b) 0.5 A g’!, (¢) 0.1
A g, and (d) 0.05 A g'. (¢) The comparison of the specific capacity of Zn-C batteries under

different discharge current densities. The inset shows a magnified plot at the low discharge
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current density region. (f) Nyquist plots of Zn-C batteries. The inset shows the intercept of the

impedance curve with the real axis.

The GITT technique was further utilized to investigate the voltage response of Zn-C
batteries under intermittent operation conditions, which is more relevant for their practical
working conditions [203]. As shown in Figure 3-8a, all cells are discharged under 0.05 A g!
for 120 s followed by a 4 h rest, and this test cycle was repeated for 30 segments. Figure 3-8b
shows the enlarged region of the GITT fragment at the 3rd test cycle, displaying the voltage
relaxation process during the rest of the time. The instant voltage jump (IR drop) is correlated
with ohmic and charge transfer resistance. The following gradual voltage change is associated
with ion diffusion [232, 233]. TG and EG cells exhibit smaller IR drops of 26 and 27 mV,
respectively, indicating lower internal resistances. The total voltage changes of Super P, GC,
TG, and EG cells are 105, 94, 82, and 91 mV, respectively, showing a similar trend as their IR
drops. The smallest voltage change of the TG cell can be attributed to its lowest resistance and
better ion diffusion. The internal resistances of all cells increase with extended test time, which
was calculated by Ohm’s law, i.e., R=V/I, where V' (V) is the maximum voltage change in one
segment, / (A) is the discharge current.[234, 235] As shown in Figure 3-8c, the Super P cell
has the highest cell resistance and the fastest increasing rate, while the TG cell shows the lowest

cell resistance and lowest increasing rate over the entire GITT segments.

Figure 3-8d compares the long-term stability of the Zn-C batteries fabricated using
different carbon conductive additives over one month. The GC cell exhibits the largest OCV
drop of 0.037 V, attributed to Fe residuals in GC, causing self-discharge or secondary reactions
[236]. In contrast, an OCV drop of 0.020 V is observed for the EG cell, less than half of that
for GC cell. The TG cell shows a negligible OCV drop of 0.001 V, better than the Super P cell

at 0.014 V. The extremely low OCV drop of the TG cell suggests its excellent stability, which
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may be attributed to the higher purity of TG, mitigating self-discharge or secondary reactions

caused by Fe impurities. The improved stability of TG and EG cells indicates that both

purification methods have successfully removed Fe residues to avoid their detrimental effect

on battery long-term performance. After the stability test, all Zn-C cells were galvanostatically

discharged at 0.1 A g'! to evaluate their discharge characteristics after a long-term placement.

Figure 3-9 shows that the discharge curves of Zn-C batteries are similar, with a specific

capacity of around 95 mAh g"! when discharging to 0.7 V.
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Figure 3-8. (a) GITT profiles of Zn-C batteries assembled using different carbon additives, (b)

the enlargement of one GITT segment at the third test cycle, (c) cell resistances of Zn-C
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batteries during 30 test cycles of GITT, and (d) OCV plots of Zn-C batteries in long-term

stability tests over one month.
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Figure 3-9. Galvanostatic discharge curves of Zn-C batteries under 0.1 A g after their long-

term stability test.

3.4 Conclusion

Graphitic carbon materials (GC) were synthesized as a co-product of H2 by CDM using Fe
ore catalysts. They were purified by the standard high-temperature thermal treatment at 2800
°C (TG) and the alternative electrochemical method (EG), increasing their carbon purity from
78.25 to 99.82 and 99.59 wt.%, respectively. They were evaluated as conductive carbon
additives for Zn-C batteries. MnOz cathodes fabricated using TG or EG at the mass ratio of 7:2

! and their carbon electrodes have the

show electrical conductivity of 98 and 90 S cm’
electrolyte (1 M ZnSOs) absorption capacity of 2.14 and 4.20 mg mg™!, respectively. Zn-C

batteries assembled using TG or EG exhibit a specific capacity of 114 and 109 mAh g! under
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0.05 A g, comparable to that with commercial carbon conductive additives (Super P).
Importantly, they demonstrate better rate performance when the current density increases from
0.05to 1.0 A g due to their high electrical conductivity resulting from their graphitic structures.
They also exhibit excellent performances under intermittent operation conditions and in long-
term stability tests because the efficient removal of their Fe residues has prevented self-
discharge behaviors. There is no significant difference between TG and EG, indicating both
purification methods are efficient. Purified graphitic carbon materials from CDM are promising
as efficient carbon conductive additives for batteries, which turn a solid by-product from CDM
into a high-value-added commodity, increasing the economic viability of the CDM-based H>

production process.
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Chapter 4. Graphitic co-products of clean hydrogen production

enabling high-rate-performance dual-carbon batteries

4.1 Introduction

Hydrogen (H2) is a clean, efficient, eco-friendly energy vector widely used in ammonia
synthesis, petroleum refining, and fertilizer production [187, 237, 238]. Currently, most current
Ha production methods, such as steam methane (CH4) reforming, coal gasification, and partial
oxidation of hydrocarbons, cause significant carbon dioxide (CO2) emissions [239, 240]. CH4
pyrolysis, which directly splits CH4 into H2 and solid carbon (CH4 — 2H2+ C), is a promising
alternative for H2 production without emitting CO2 [37, 45, 241-244]. The reaction products’
mass ratio of Hz to solid carbon is 1 to 3. Developing value-added applications for these large
amounts of carbon materials can eliminate waste, and selling these carbon materials also

significantly offsets H2 production costs.

Lithium-ion batteries (LIBs) dominate the energy storage device market of portable
electronics and electric vehicles. However, their safety concerns, high cost, and material
resource shortages have motivated the development of various alternative batteries [245-247].
Among them, dual-ion batteries (DIBs) are one of the attractive candidates owing to their low
cost, environmental friendliness, and high working voltage (e.g., >4.5 V) [248-252]. Unlike
rocking-chair-type LIBs driven by Li" shuttling between a cathode and an anode, DIBs work
on a principle where both cations and anions in an electrolyte engage in the energy storage
process. The cathode materials used in DIBs are mainly graphite, which can lower the cost of
cathodes by around 70 % compared to lithium iron phosphate (LiFePOa) utilized in cathodes
for LIBs [245]. Anode materials in DIBs are usually metal oxides or metals containing Li, K,

Na, Al, Mg, Ca, or Zn [246, 251, 253-259]. Non-Li alkali-metal or multivalent cations are

64



preferred due to their high energy storage capacity and abundance compared to Li [247].
However, metal-based anode materials still face various challenges. For example, metal oxide
anodes may drag down the cell voltage, and metallic anodes come with the issues of fast
dendrite formation and significant volume expansion [260]. Alternatively, supercapacitors are
another type of energy storage device with the advantages of high power density and fast
charge/discharge rates that are used in consumer electronics and emergency power supplies
[261-263]. Although both cations and anions are involved in the energy storage of DIBs and
supercapacitors, supercapacitors have a different energy storage mechanism, involving the
physisorption of ions on electrode surfaces to form an electric double layer and fast electrode
surface redox reactions. Electrode materials used in supercapacitors are usually activated
carbon (AC), graphene, or carbon nanotubes with a large specific surface area (e.g., >2000 m?
kg™ for AC) and high electrical conductivity [261-265]. Supercapacitors’ low energy storage

density is their key drawback [251, 261, 263, 266, 267].

Dual-carbon batteries (DCBs) are a subcategory in DIBs, utilizing carbon materials as both
cathode and anode materials. They offer unique advantages, such as lower cost, better
sustainability, and high working voltage (>4.5 V) [245-247, 250, 268, 269]. DCBs inherit the
“non-rocking-chair” mechanism that both cations and anions contribute to energy storage. As
illustrated in Figure 4-1a, anions intercalate into the cathode, and Li" inserts into the anode
simultaneously during the charging process. Both anions and Li" de-intercalate from electrodes
during discharging. Carbon material electrodes are crucial components of DCBs. Graphite
cathodes can enable high working voltages for DCBs without using transition metals,
considerably decreasing battery costs [245]. However, graphite cathodes often suffer from
severe structural deterioration upon repeated charge and discharge, resulting in unsatisfied
cyclability (i.e., short cycling life) and poor rate performance (i.e., quick loss of energy storage

capacity under high charge/discharge current densities) [247, 260, 270]. Some recent studies
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have optimised electrolytes to improve the rate performance of DCBs [270-273]. Previous
studies also showed that lowering particle size and increasing the surface area of electrode
materials can improve DCBs’ rate performance [274, 275]. Carbon materials produced by CH4
pyrolysis using iron (Fe) ore catalysts for Hz2 production have graphitic structures with certain
porosity and a relatively moderate specific surface area (i.e., 10-30 m? g!) [276, 277]. It is

speculated that such carbon materials might work efficiently in DCBs.

Herein, I demonstrate that carbon by-products from clean H2 production via methane
pyrolysis can serve as efficient anode and cathode materials in DCBs. Carbon materials were
first synthesized using low-cost Fe ore as catalysts. Next, these carbon materials were purified
by a standard high-temperature thermal treatment method and an alternative room-temperature
electrochemical method. A comprehensive set of characterization tools characterized their
physicochemical properties. Afterward, [ systematically compared the performance of
cathodes and anodes of Li/graphite half cells fabricated using purified carbon materials and
two types of commonly used commercial graphite (natural and synthetic graphite). Their
energy storage performance was further correlated with their structural characteristics. Last,
DCB full cells were assembled using the two types of purified graphitic carbon from methane
pyrolysis, which delivered the energy storage capacity of 75.1 and 74.7 mAh g™ at 5 C rate (1
C = 100 mA g!) with a high capacity retention ratio of 79.2 and 93.4 % after high rate
operations over 50 C, respectively. Further, they also demonstrated excellent cycling stability
under 5 C over 300 charge/discharge cycles. These results show the great potential of the
carbon co-products from the CHa-pyrolysis-based clean Hz production process as efficient

electrode materials for high-rate performance DCBs.
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Figure 4-1. Schematic illustrations of (a) a dual-carbon battery, (b) the synthesis of graphitic
materials encapsulating Fe ore particles by catalytic CHa4 pyrolysis, (¢) high-temperature
thermal purification, and (d) room-temperature electrochemical purification. SEM images of
graphitic materials used in this study: (e) natural graphite, (f) synthetic graphite, (g) high-

temperature purified, and (h) electrochemically purified graphitic materials from CH4 pyrolysis.



4.2 Experimental section

4.2.1 Material synthesis

As illustrated in Figure 4-1b, graphitic materials were synthesized by catalytic methane
pyrolysis using a low-cost Fe ore catalyst in a fluidized bed reactor. The elemental composition
of the Fe ore was analysed by X-ray fluorescence spectroscopy (XRF). Table 4-1 shows that
it mainly contains about 68.7 wt.% Fe, 0.55 wt.% sodium oxide (Na20), and 0.32 wt.%
magnesium oxide (MgO). Fe ore (150 g) was milled to a particle size of 100-200 pm. The Fe
ore catalyst was fed into a 2-inch diameter fluidized bed reactor, which was operated at 890 °C
and 6 bar with a CHas gas feed rate of 5.5 m® h'! (standard conditions) and a gas space velocity
0f 12.22 L gear! for about 6 h. CHa was catalytically decomposed into Hz and solid carbon upon
interacting with suspended Fe ore particles. Solid carbon deposited on Fe surfaces disintegrated
Fe ore particles into nano-fragments with lower mass density. These nano-fragments coated
with carbon materials were carried out of the reactor by the CH4/H2 gas mixture, then separated

in a cyclone separator and collected at the bottom of the cyclone (Figure 4-1b).

Table 4-1. XRF analysis of Fe ore catalyst used for the methane pyrolysis process.

Oxides Composition (wt.%)
Fe20s 98.23
Na2O 0.55
MgO 0.32
Mn304 0.19
SO3 0.07
SiO2 0.04
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P20s 0.04

TiO2 0.03
Cr203 0.03
CuO 0.03
ZrO2 0.02
Al203 0.01
K20 0.01
CaO 0.01
V205 0.01
NiO 0.01
ZnO 0.01
SrO 0.01
BaO 0.01
PbO 0.01

The collected carbon/Fe mixtures were first purified using a standard thermal purification
method commonly used for graphite materials [214-216]. As illustrated in Figure 4-1c, a high-
temperature furnace was used to heat samples at 3000 °C for 0.5 h with a temperature ramping
rate of 10 °C min™'. Fe particles trapped inside carbon materials were removed, and the resulting
thermally purified carbon materials were denoted as “TG”. Alternatively, the carbon/Fe
mixtures were purified using an electrochemical method, similar to electrochemical exfoliation
methods used to synthesize graphene from graphite materials [219, 278, 279]. As illustrated in
Figure 4-1d, carbon/Fe mixtures were compressed into a carbon rod and utilized as a positive

working electrode. A platinum foil served as a negative counter electrode. Both electrodes were
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immersed in a 0.1 M ammonium sulfate aqueous solution electrolyte. A direct current (DC)
power of 10 V was applied to the electrodes, and charged ions in the electrolyte were
intercalated into the graphene layers of the carbon rod. Encapsulated Fe particles slowly
leached into the electrolyte over 20 h. Afterward, the carbon rod was washed with water and
dried, and the resulting carbon materials were denoted as “EG”. Two commercial graphite
materials, natural graphite (NG) and synthetic graphite (SG) (Targray Technology

International, Inc.), were also studied as references.

4.2.2 Material characterization

The elemental composition of Fe ore catalysts used was acquired by a wavelength
dispersive XRF spectrometer (PANalytical AXIOS, PW2400) equipped with a 4-kW X-ray
source. The morphology of graphite materials was first examined by SEM using a Zeiss Gemini
Ultra Plus microscope. Their microstructures were further investigated by TEM (JEOL, JEM-
2100), operated at an accelerating voltage of 200 kV. HR-TEM images were obtained by an
HR-TEM microscope (Thermo Fisher Scientific Spectra 300). The particle size of graphite
materials dispersed in ethanol was analysed by a particle size analyser (Malvern Mastersizer
3000). The surface area of graphite materials was measured by N2 physisorption using a pore
size analyser (Quantachrome Autosorb 1Q). Their pore size distribution was calculated using
N2 physisorption isotherms by a DFT method. Their chemical properties were characterized by
Raman spectroscopy on a Renishaw Raman spectrometer (inVia Reflex) under a 532 nm
excitation laser. Their crystalline structures were studied by XRD (PANalytical X’Pert PRO)
equipped with a Cu Ka X-ray source. Their surface functionalities were examined by an XPS
analyser (Specs PHOIBOS 100) with an X-ray excitation photon energy of 1486.6 eV. TGA

was conducted to determine the purity of graphite materials using a thermogravimetric analyser
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(TA Instruments Q500) in the temperature range of 35 to 950 °C. Their elemental compositions

were further detected by ICP-OES (Perkin Elmer Avio 500) and XRF (PANalytical Minipal4).

4.2.3 Electrode fabrication and battery cell assembly

The four types of graphite materials, TG, EG, NG, and SG, were used as active materials
to fabricate electrodes. 80 wt.% active materials, 10 wt.% conductive additives (Super P,
Thermo Fisher), and 10 wt.% sodium carboxymethyl cellulose (Sigma-Aldrich) were mixed in
deionized water. The formed slurry was cast over an aluminum (Al) foil (thickness ~15 um) or
a copper (Cu) foil (thickness ~10 pm) to fabricate cathodes and anodes, respectively. The
electrodes were dried at 120 oC for 12 h in a vacuum furnace. The mass loadings of active
materials on the cathodes and anodes were around 2.0 and 1.5 mg cm™, respectively. CR2032-
type coin cells were assembled to evaluate electrode electrochemical performances. Half cells
consisted of different graphite electrodes as a working electrode, a lithium (Li) foil (thickness
~0.22 mm) as a counter electrode, and a glass fibre separator (Whatman GF/A). Around 200
1L 1 M lithium hexafluorophosphate (LiPFs) in ethyl methyl carbonate (EMC) was used as an
electrolyte and wetted with the separator. For DCB full cells, two graphite electrodes were used
as cathode and anode, respectively, with a mass ratio of active materials in the cathode and
anode at 1:1. They were separated by the glass fibre separator immersed with 200 uL electrolyte.
All DCB cells were assembled in a glovebox under an argon (Ar) atmosphere with oxygen and

moisture levels lower than 0.01 ppm.

4.2.4 Electrochemical measurement and characterization

Electrochemical measurements were performed in the voltage range of 3.0-5.2 V for
cathode half cells and DCB full cells and 0.001-3 V for anode half cells. Galvanostatic charge-
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discharge (GCD) tests were conducted using a battery testing system (LANHE) at room
temperature (25 °C). Rate performance tests for cathode half cells and DCB full cells were
carried out under the current densities of 1-50 C. Note that most of the reported DCB studies
used 100 mA g'! as a basic rate for tests [272, 280-282]. Therefore, in this study, the same value
(1 C=100 mA g") was used for the cathode side and DCBs. Anode half cells were evaluated
at 0.1-10 C rates (1 C = 372 mA g! for the anode side). CV measurements for cathode half
cells were recorded at different scan rates from 0.10 to 1.00 mV s on an electrochemical
workstation (CHI 760D). EIS analysis was also collected by the electrochemical workstation

in a frequency range between 10°-0.1 Hz with an amplitude of 10 mV.

Cathode half cells were disassembled in the glovebox after the rate performance tests to
study the morphology and structure evolutions of graphite materials in cathode electrodes. The
cycled cathodes were rinsed with dimethyl carbonate solvent several times to remove residual
salts. SEM (Zeiss, Gemini Ultra Plus) and XRD (PANalytical X’Pert PRO) were used to

compare the morphology and crystal structure changes in fresh and cycled graphite electrodes.

4.2.5 Calculations of energy density and power density of DCB full cells

The capacity of DCB full cells (Cryy;) is estimated as shown below [283, 284]:

C}athode X mg
m.,+mg,

C}uu -

where Coatnoqe (MAh g) is the gravimetric capacity of the cathode, which can be obtained
from the results for rate capability tests under different rates. m,. and m, is the mass of active
materials at the cathode and anode, respectively. Since the mass ratio of active materials in

cathode and anode is 1:1, the above equation can be simplified as:

C}athode
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The energy density of full cells (Ez,;;) can be calculated as:
Eryn = Crun X Vi

where 1}, (V) is the medium discharge voltage of the cell discharging process at different

current densities I, (mA g™!), which can be obtained from the battery testing system (LANHE).

The power density of full cells (Pry;;) can be calculated as:

Efull

Pfull =T

where t (h) is the discharging time.

It should be noted that different considerations have been taken to estimate the energy
density of DCBs. Several studies do calculations based on active material mass in both the
anode and cathode [272, 283-286]. Meanwhile, some studies considered the total electrode
mass [270, 287]. Thus, full cells’ energy density and power density are also calculated based

on the entire mass of the anode and cathode electrodes. The full cell capacity (C]iuu) is

calculated as:

Ccathode X me

Coyy =
full - 12 /
m; + mg

where m; and m,, are the entire mass of cathodes and anodes, respectively. Since the active
materials account for 80 % of anode and cathode electrodes, the full cell capacity can be

simplified as:

Ccathode

Crun = 2.5

The energy density (Ef,,;;) and power density (Pr,,;;) of full cells can be calculated as:

Efyy = Coyy X Vi
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4.3 Results and discussion

4.3.1 Characteristics of graphitic carbon materials

The morphology of the four types of graphitic materials was first characterized by scanning
electron microscopy (SEM). Figure 4-1¢ and f show that NG and SG display typical compact
graphite structures with large particle sizes of around 10 um. In contrast, TG and EG have
smaller particle sizes, as shown in Figure 4-1g and h. TG displays a relatively smooth surface
with apparent carbon flakes, while EG shows a rougher surface with irregularly shaped
particles. Transmission electron microscope (TEM) images in Figure 4-2a — ¢ show that
unpurified carbon/Fe mixtures contain Fe particles of around 15-20 nm in diameter
encapsulated by graphitic layers in an onion-like structure. TG and EG exhibit hollow onion-
like carbon shells, indicating that thermal and electrochemical purification methods have
removed Fe particles. The graphitic structures of TG and EG were further analysed using high-
resolution TEM (HR-TEM), as shown in Figure 4-2d and e. The details are discussed in a later
section. The particle size distribution of the graphitic materials measured by a particle size
analyser is shown in Figure 4-3. The median diameter (Dso) of NG, SG, TG, and EG is 10.9,

9.1, 3.8, and 3.5 um, respectively, consistent with their SEM images in Figure 4-1.
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Figure 4-2. TEM images of (a) graphitic carbon encapsulating a Fe particle produced in the
methane pyrolysis process, (b) TG, and (¢c) EG. HR-TEM images of (d) TG and (e) EG with

their corresponding interplanar distances.
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Figure 4-3. Particle size distribution profiles of graphitic carbon materials used in this study:

NG, SG, TG, and EG.

Their specific surface area (SSA) and pore structure were studied by nitrogen (N2)
physisorption, and their isotherms are shown in Figure 4-4a. EG displays the largest SSA of
38 m? g, which can be attributed to the partial exfoliation of graphene layers and the
introduction of defects in carbon structures during the electrochemical purification [274]. TG
also shows a large SSA of 23 m? g”!, while NG and SG have much smaller SSA of 2.0 and 1.3
m? g”!, respectively. Their pore size distribution was analysed by the density functional theory
(DFT) method and shown in Figure 4-4b. TG and EG exhibit multimodal distributions of
abundant mesopores with widths in the 2 to 40 nm range and moderate micropores of diameters
around 1 to 2 nm, indicating their mesoporous structures. NG and SG possess relatively less
peaky pore size distributions, with two prominent peaks at around 3 and 30 nm. Consequently,
the average pore sizes for NG and SG are 29 and 2.8 nm, respectively. Although the peak
positions for TG and EG are similar, TG has a much larger average pore size of 36 nm

compared to EG of 3.8 nm, which suggests that the pore structure of TG has been restructured
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during high-temperature treatment with the closure of micropores. TG and EG show total pore
volumes of 0.13 and 0.16 m? g!, respectively, more than one order larger than those of NG and
SG with 0.004 and 0.012 m* g'!, respectively. Considering that pore structures of graphitic
materials are favourable to providing access to electrolytes, enabling ion adsorption, and
preventing volumetric changes during ion intercalations, TG and EG with presented pore

structures are expected to be suitable electrode materials for DCBs [245, 247, 250].
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Figure 4-4. Physiochemical properties of graphitic materials used in this study. (a) N2
physisorption isotherms, (b) pore size distribution, (¢) Raman spectra, (d) XRD profiles, and

(e) XPS spectra of C 1s of NG, SG, TG, and EG.

Their chemical structures were characterized by Raman spectroscopy. Figure 4-4c shows
that their Raman spectra have three typical peaks of carbon materials: the G band from in-plane

vibrations of crystalline graphite, the D band from disordered structures in the graphitic lattice,
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and the G’ band correlated to the number of graphene layers and their stacking order [220, 221].
The intensity ratio between D and G bands (/p/lg) often indicates defect density, structural
vacancies, and/or surface functional groups in carbon materials. SG shows the smallest Ip//c
value of 0.13, suggesting its highest structure regularity with few defects. TG and NG have
similar /p/Ic values around 0.25-0.26, while EG exhibits a larger value of 0.44, indicating a

higher density of defects.

Their X-ray diffraction (XRD) patterns are shown in Figure 4-4d. The interlayer spacing

between graphene sheets (doo2) was calculated using Bragg’s equation:
2dsin8 = ni

where 6 is the peak position, # is the order of diffraction (n = 1), and 4 is the wavelength of the
incident X-ray (0.15406 nm). TG and EG have a slightly larger doo> of 0.3378 and 0.3382 nm,
respectively, than NG at 0.3375 nm. The larger interlayer spacing usually benefits ion
penetration into the graphitic structure [288]. The apparent crystalline length (L«) and thickness

(Lc) were estimated using the Scherrer equation:

KA
L =
Bcosb

where 1 is the wavelength of the incident X-ray (0.15406 nm), f is the full width at half-
maximum of the XRD peaks, and the K value is 1.84 and 0.90 for the (100) and (002) peaks of
carbon materials, respectively [288]. The results are listed in Table 4-2. NG and SG have much
larger Lq and L. than TG and EG. The graphitic structures of TG and EG were further analysed
using HR-TEM, as shown in Figure 4-2d and e. TG exhibits uniform interlayer spacing values
around 0.334-0.339 nm, revealing a similar structure to graphite (doo2 of 0.335 nm) [247]. In
contrast to TG, EG shows larger and uneven doo2 values from 0.384 to 0.358 nm, indicating
that graphene sheets inside EG have experienced expansion to different extents. There are

consistent findings of a larger doo2 in EG than in TG by HR-TEM and XRD. The larger dooz in
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EG is likely induced by the leaching of Fe from graphitic structures and the intercalation of
electrolyte ions during the electrochemical purification, which expands the interlayer spacing
between graphene layers [219, 278, 289-291]. It should be noticed that the doo> values obtained
from XRD are smaller than those from HR-TEM because XRD provides the average

interplanar spacing of bulk materials while HR-TEM reflects localized areal information [266].

Table 4-2. A summary of the physiochemical properties of the graphitic materials used in this

study.

Graphltlc D50 SSA Vpore d[)()re Raman d002 La Lc TTGA Pcarbgn

materials  (um) (m?g!) (ccg!) (nm) Ip/c (nm) (nm) (nm) (°C) (wt.%)

NG 109 2.0 0.012 29 0.25 0.3375 59.63 2324 781 98.98
SG 9.10 1.3 0.004 2.8 0.13 0.3382 4892 2342 786 99.24
TG 3.82 23 0.13 36 0.26 0.3378 2333 11.88 719 99.32
EG 345 38 0.16 3.8 0.44 0.3382 16.12 11.09 686 97.59

Dsp: median diameter (um), SSA: specific surface area (m? g1), Vpore: total pore volume (cc g), dpore:
average pore size (nm), dggz: interlayer spacing between graphene sheets (nm), L,: crystalline length
(nm), L: crystalline thickness (nm), Tr¢4: TGA main peak temperature (°C), Pcarbon: carbon purity

(wt.%)
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Surface functionalities of the graphitic materials were studied by X-ray photoelectron
spectroscopy (XPS). From the XPS survey scans shown in Figure 4-5, all four materials
display similar features, with a large sharp peak and a much smaller peak indexed to C and O
elements, respectively. The atomic O contents for NG, SG, TG, and EG are detected to be
3.2 %, 3.0 %, 2.0 %, and 5.9 %, respectively. This indicates that TG has the highest C-to-O
ratio (C:0) of 49, followed by SG at 32, NG at 30, and EG at the lowest ratio of 16. Figure
4-4e shows the C 1s XPS spectra, which were deconvoluted into the following bands: C in
graphite (C-C) at 284.4 eV, defects at 284.9 eV ascribed to C atoms no longer in the regular
structure, C doubly bound to O (C=0) at 287.3 eV, C bound to two O (O-C=0) at 289.5 eV,
and the characteristic shakeup line of C in aromatic structure at 291.7 eV (n-n" satellite) [174,
273, 291, 292]. Among the four materials, EG has larger peaks for defects, O-C=0 and C=0
bands, suggesting EG has a more defective surface with more O-containing functional groups.
In contrast, TG has a smaller peak for defects and a larger peak for the C-C band, corresponding

to a less defective surface with limited O functional groups.
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Figure 4-5. XPS survey of graphitic carbon materials used in this study: NG, SG, TG, and EG.

(C:0): the atomic ratio of C to O.
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Impurities in the graphite materials were first analysed by thermogravimetric analysis
(TGA) up to 950 °C. Their weight loss profiles and derivative thermogravimetry (DT) profiles
are shown in Figure 4-6. TG has the lowest ash content of 0.68 wt.%, indicating the highest
carbon purity of 99.32 wt.%, even higher than NG and SG at 98.98 and 99.24 wt.%,
respectively. EG has a lower purity of 97.59 wt.%, resulting from Fe residues trapped in carbon
structures. Further, using the standard elemental analysis method by inductively coupled
plasma optical emission spectrometry (ICP-OES) involving intense acid treatments, it is still
difficult to detect the remaining Fe in TG and EG because the remaining Fe particles are tightly
encapsulated inside the completely intact carbon shells [243, 293, 294]. The details of the ICP-

OES analysis are discussed as follows:

ICP-OES analysis was used to detect the elemental compositions of TG and EG. Before
ICP-OES, sample pretreatments were performed. 20 mg of TG and EG were mixed with 10
mL of 70 % nitric acid (HNO3), respectively. The mixtures were sealed in a hydrothermal kettle
and were heated at 150 °C for 6 h. After 6 h of heating, it was found that the graphitic materials
could not be dissolved in the solution. 0.2 mL liquid was taken from the solution and diluted
with deionized (DI) water. ICP-OES results for these sample solutions show zero Fe (ppm)
detected. The experiment indicates that it is challenging for the Fe impurities to come out from
the graphitic structures of TG and EG. This can be attributed to the fact that carbon shells
tightly wrap the remaining Fe after thermal and electrochemical purifications with an onion-
like structure, similar to the one shown in Figure 4-2a [243, 293, 294]. Thus, such Fe cannot

easily break the intact carbon shells to escape.

XPS analysis also suggests that no Fe species are detected on the surface of these graphitic
materials. Furthermore, XRF is used to detect all metallic elements embedded deep inside TG
and EG. Table 4-3 shows that EG has a low Fe concentration of 0.196 wt.%. Considering the

remaining Fe is firmly encapsulated by the completely intact carbon shells. It is not easily
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accessible to electrolyte ions; thus, it was considered these Fe would have negligible influences
on the electrochemical performance of EG electrodes. TG shows an extremely low Fe
concentration of 0.003 wt.% in XPS, approximating zero, indicating the more efficient removal

of Fe by the high-temperature thermal treatment.
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Figure 4-6. (a) TGA weight loss profiles and (b) DT profiles of different graphitic carbon

materials: NG, SG, TG, and EG.

Table 4-3. XRF analysis of EG (left) and TG (right).

Elements C(;T({;:))Siﬁon Elements ((T:VI:‘I;()))sition
Fe 0.196 Mg 0.243
Mg 0.18 Al 0.031
Si 0.077 Ca 0.014
Ba 0.034 Mo 0.013
Al 0.03 Ti 0.009
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Ca 0.028 Fe 0.003
Cl 0.012
Pt 0.011
Zn 0.007
Mn 0.004
Ti 0.003

4.3.2 Electrochemical behaviors of graphitic cathodes

Electrolytes are an essential component of DCBs, acting as a medium for ion migration
and as the source of the active ions. The electrolyte species and composition strongly influence
the performance of DCBs. The performance of various electrolytes has been carefully
compared [271, 295-299]. Ethyl methyl carbonate (EMC) was reported to be an appropriate
solvent owing to its sufficient oxidative stability. EMC is also compatible with lithium
hexafluorophosphate (LiPFs), a common salt used in DCBs [266, 271, 297, 298]. Furthermore,
the electrolyte of 1 M LiPFs in EMC has been found to display better electrochemical
performances in terms of specific capacity and rate performance compared to several other
solvents, such as dimethyl carbonate (DMC), diethyl carbonate (DEC), propylene carbonate
(PC), and 1,3-dioxolane (DOL) [297, 299]. Therefore, 1 M LiPFs in EMC was selected as the

electrolyte for the following DCB half-cell and full-cell studies.

Graphite/Li half cells was first assembled with the electrolyte of 1 M LiPFs in EMC to
investigate the intercalation performance of anions into different graphitic cathodes. Figure
4-7a shows their typical galvanostatic charge-discharge (GCD) curves under the current density
of 1 C within the voltage range from 3.0 to 5.2 V vs. Li/Li". All charge curves exhibit similar

plateaus associated with the stage transformations in graphite intercalation compounds (GICs)
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[296]. There are two obvious turning points at around 4.4 and 5 V on the charge curves and
several others at about 4.8 and 4.4 V on the discharge curves, typical characteristics of graphitic
cathodes [266, 274, 298]. The SG cathode half cell displayed a charge and discharge capacity
of 104.6 and 89.7 mAh g'!, respectively, representing a Coulombic efficiency of 86.1 %. The
NG cathode half cell delivered a charge and discharge capacity of 111.6 and 82.8 mAh g,
respectively, with 74.2 % Coulombic efficiency. The irreversible charge capacity can be
attributed to irreversible reactions on graphitic surfaces [298]. The TG cathode half cell
delivered a comparable discharge capacity of 77.7 mAh g and a higher efficiency of 89.4 %,
indicating improved intercalation reversibility in TG. The EG cathode half cell displayed a
sloping voltage profile without an apparent potential plateau on its discharge curve, a discharge
capacity of 71.6 mAh g, and an efficiency of 77.2 %. These results suggest that TG and EG
can serve as cathode materials in DCBs, delivering comparable charge/discharge capacity and

higher Coulombic efficiency than NG.
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Figure 4-7. Electrochemical behaviors of graphitic cathodes in graphite/Li half cells. (a) GCD
profiles of cathode half cells under 1 C. (b) A TG/Li half cell charge curve during anion
intercalation segmented into three regions: I, II, and III. The labels from B to E correlate with
the corresponding points on the dQ/dV curve shown as an inset. (c) Capacity in Region I, II,
and III of NG, SG, TG, and EG during charging. (d) CV curves of TG/Li half cells at the scan
rates of 0.1, 0.25, 0.5, 0.75, and 1 mV s, (e) The corresponding log i vs. log v profiles used to
determine the b values of TG cathodes. (f) The calculated b values of anion storage in different

graphitic cathodes.

Next, differential capacity vs. voltage (dQ/dV) curves were plotted to study PF¢ storage
mechanisms in the four types of graphitic materials. As shown in the inset of Figure 4-7b, the
peaks on the dQ/dV curve are associated with the coexistence of two intercalation phases in
GICs. A valley between two peaks represents a single intercalation phase of GICs [300]. A
systematic approach was used to segment charge curves into three regions to elucidate the

charge storage mechanisms in these graphitic materials and further correlate them with their
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structural characteristics. Figure 4-7b shows that points A to E’ are identified on TG’s charge
pattern using different valley voltages on the corresponding dQ/dV curve. The charging process
starts from Point A. PFe in the electrolyte migrates to the surface of TG, and the intercalation
begins from 4.3 V at Point B. Stage number (SN) is an index used to describe the formed GICs
with different stage features, which is referred to the number of graphene sheets between two
adjacent intercalated layers. Figure 4-8 depicts the structures of GICs with different SNs [301].
For instance, GICs with a SN of 1 are related to compounds with each graphene interlayer
occupied by intercalants. According to previous in situ XRD analysis of graphite cathodes
under similar conditions, points C, D, and E respond to different SNs of GICs from 3, 2, to 1,
respectively [296, 299, 300]. With the continuous PFe™ insertion, the SN first drops from 3 at
Point C to 2 at Point D. EMC solvent molecules can co-intercalate with PF¢™ into graphite [299].
From Point D to D’, the SN remains at 2. At the same time, PF¢” experiences a realignment in
the graphite lattice. EMC molecules co-intercalated with PFe¢ are squeezed out of graphite to
create more space for more PF¢ storage [296, 299, 300]. With more PFs™ being intercalated,
the SN of the TG cathode drops from 2 to 1 until Point E at 5.1 V. Then, the SN maintains at 1
until Point E” at 5.2 V, during which a squeezing process of co-intercalated EMC molecules
takes place, similar to that happens between Point D and D’. The charging curves and
corresponding dQ/dV profiles of NG, SG, and EG are shown in Figure 4-9. For starting PFe’
insertion, TG and SG show a lower onset potential of 4.3 V at Point B than 4.4 V of NG and

EG, suggesting it is easier to intercalate PF¢ into TG and SG.
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Figure 4-8. Schematic illustrations of graphite intercalation compounds (GICs) with different
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Figure 4-9. Charge curves of graphitic cathodes segmented into three regions and the

corresponding dQ/dV profiles in the insets: (a) NG, (b) SG, and (c) EG in graphite/Li half-cells.

The voltage profiles were divided into three regions: Region I between Point A and B,
related to anion migrating in the electrolyte, adsorption on graphite surfaces, and getting ready

to be intercalated; Region II between Point B and D’, involving the starting of anion
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intercalation until the SN drops to 2; and Region III between Point D’ and E’, representing the
phase transition from SN of 2 to SN of 1 with more anion storage in graphite. The energy
storage capacities of each region for the different graphitic materials were calculated and
summarised in Figure 4-7c. EG shows the highest energy storage capacity of 10 mAh g in
Region I, about 3 times larger than that of SG at 3 mAh g''. This can be ascribed to EG’s largest
surface area and most defective structures, providing more active sites for anion absorption. In
contrast, SG, with the smallest surface area and the least defective structure, shows the lowest
capacity in Region I. These results indicate that the surface area and defect degree are the two
main determining factors that affect the energy storage capacity in Region I [247, 250]. The
energy storage capacity in Region I follows the EG > TG > NG > SG sequence, aligning well
with the four graphitic materials’ SSA and /p/I¢. In Region II, much more anions are stored in
graphite via either intercalation or absorption. The capacity of the four graphitic materials
varies from 39 to 47 mAh g, with a relatively small difference among them. NG, with a larger
Lo 0f 59.63 nm, delivers a higher capacity of 47 mAh g'! than EG (39 mAh g!), with the largest
SSA of 38 m? g!. This suggests that graphite crystalline length (L.) is a more critical parameter
than SSA in determining the capacity in Region II under the 1 C charging current density. A
similar phenomenon was observed in Region III. NG shows the largest capacity of 61 mAh g’
!, suggesting that the L. of graphitic materials may also control the storage capacity in Region

I1I.

Next, the kinetics of anion storage in the graphitic cathodes were analysed using their
cyclic voltammetry (CV) curves obtained under the scan rates from 0.1 to 1.0 mV s in a
voltage range from 3.0 to 5.2 V vs. Li/Li*. The fifth cycle of CV curves under each scan rate
was used to ensure the result consistency, shown in Figure 4-7d and Figure 4-10a - c. Multiple
couples of redox peaks were observed, indicating the reversible intercalation and de-

intercalation of PF¢ into/from graphitic cathodes. The couples of redox peaks in each CV are
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related to stage transformations in GICs. The largest anodic peak a (Figure 4-7d) for TG
appears at 5.1 V, representing Stage 1, consistent with the valley potential obtained at Point E
observed in the dQ/dV curve (Figure 4-7b inset). The relationship between redox peak currents

(7) and scan rates (v) follows a power law [302, 303]:

where a and b are adjustable parameters. An electrochemical reaction can be distinguished
according to two conditions: b = 1, representing fast surface redox reactions, and » = 0.5,
suggesting diffusion-controlled redox reactions [272, 303]. The logarithmic forms of the last
anodic peak a current (ia) and the first cathodic peak b current (ib) (see Figure 4-7d) were
plotted against the logarithmic form of the scan rate (v). The plots are displayed in Figure 4-7¢
and Figure 4-10d - f. The b values were calculated for ia and ib of different graphitic materials
to compare their kinetics between Stages 1 and 2 during anion intercalation. The values are
shown in Figure 4-7f. TG exhibits the highest b values of 0.90 for ia and 1.00 for ib, suggesting
that its anion storage capacity originates from surface redox reactions. In comparison, SG has
the lowest b value of 0.75 for ia, NG is at 0.83, and EG is at 0.84, suggesting increasing
contributions from diffusion-controlled redox reactions. Larger b values for ib were obtained
for all graphitic materials than those of ia, suggesting that anion de-intercalation has faster
kinetics than anion intercalation. TG and EG display relatively large b values for ia and ib,
indicating significant contributions from surface redox reactions to their anion storage capacity.
Based on these analyses, it is speculated that TG and EG cathodes should have excellent rate

performances under a high current density.
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Figure 4-10. CV profiles of graphite/Li half-cells at the scan rates from 0.1-1.0 mV s (a)

NG, (b) SG, and (c) EG. The corresponding log i versus log v profiles to determine b values

for (d) NG, (e) SG, and (f) EG cathodes, respectively.

All graphite/Li half cells were pre-cycled for 60 cycles under 1 C to achieve a stable

condition before rate performance tests, as shown in Figure 4-11. A gradual discharge capacity

increase was observed in the first 60 cycles for NG and SG cathodes, which can be attributed

to a graphite activation process in which the activation energy barrier is overcome, and graphite

layers are opened up after repetitive intercalation/de-intercalation of PF¢ [274, 275, 283, 304].

This phenomenon is inconspicuous on TG and EG cathodes, probably due to their

aforementioned dominating fast surface-controlled kinetics, which enables anions to react near

the graphite surface instead of tolerating energy penalty to expand graphite layers.
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Figure 4-11. Pre-cycling of graphite/Li half cells for 60 cycles under 1 C before rate
performance tests to ensure that all cells have reached a stable condition and eliminate the

effect of graphite activation on measured cell capacities.

This conjecture is further supported by electrochemical impedance spectroscopy (EIS)
analysis results of fresh graphite/Li half cells. Figure 4-12a shows the EIS Nyquist plots of the
freshly assembled half cells. All fresh cells display impedance curves with features of a
semicircle in the high-frequency region and a sloping line in the low-frequency region. As
shown in Figure 4-12a inset, an equivalent circuit was used for quantitative analysis, where Re
represents the ohmic resistance, R.: represents the charge transfer resistance, CPE is a constant
phase element, and W is the Warburg impedance [266, 272, 305]. As shown in Table 4-4, EG
and TG fresh half cells have lower Rc: of 327.7 and 374.5 Q than NG and SG cells with larger
Rer of 417.1 and 427.9 Q, respectively. Since Re is mainly related to the resistance of the
electrolyte, cell components, and their contact resistance, all fresh cells show similar values
around 2 to 4 Q. The fitting results of EIS spectra signify that TG and EG fresh half cells have
lower charge transfer resistance, confirming the previous speculation that the anion storage

could happen faster and easier for TG and EG cathodes.
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Table 4-4. Parameters of EIS spectra for fresh Li/graphite half cells fitted by the equivalent

circuit.
Graphitic R. R
materials Q) Q)
NG 3.16 417.1
SG 2.26 427.9
TG 3.89 374.5
EG 4.18 327.7
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Figure 4-12. (a) Nyquist plots of EIS spectra of fresh graphite/Li half cells. The inset displays
the equivalent circuit for fitting data. (b) The rate performance of graphite/Li half cells. (c¢)
Comparison of the rate performance from 1-50 C. SEM images and XRD patterns of graphitic
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cathodes before and after the rate performance tests: (d, h, 1) NG, (e, 1, m) SG, (f, j, n) TG, and

(g, k, 0) EG, respectively.

The rate performance of graphite/Li half cells was examined from 1 to 50 C in the voltage
window of 3.0-5.2 V. Figure 4-12b shows that TG has a capacity of 78.4 mAh g' under 2 C
and 5 C and a capacity of 69.2 mAh g under 50 C (5000 mA g') with 88.3 % capacity
retention from 2 C to 50 C. NG shows some capacity fading after 40 C. Its capacity drops to
76.8 mAh g at 50 C, around 87.1 % capacity retention. SG shows the highest capacity
retention 0of 92.7 % from 2 C to 50 C. In comparison, EG experiences more significant capacity
fading from 15 C, though its capacity is 72.4 mAh g! when the current density is returned from
50 Cto 1 C, comparable to that of TG at 2 C. The average capacity measured in five cycles at

various C rates is summarised in Figure 4-12c.

When the current density is returned from 50 C to 1 C, TG and EG deliver 76.8 and 70.1
mAh g, achieving a capacity recovery of 98.0 and 96.8 %, respectively. Their capacity
recovery ratio is higher than that of NG at 95.9 %. GCD profiles under the initial 1 C and the
1 C after rate performance tests at 50 C are shown in Figure 4-13. These two GCD profiles of
TG, SG, and EG almost overlap, indicating their excellent reversibility after high rate
charge/discharge. In contrast, NG shows a considerably increased charge capacity of 158.8
mAh g! with a low efficiency of 51.4%. The low efficiency of NG suggests severe side
reactions, probably induced by irreversible graphite exfoliation during the charge/discharge

under high current density.
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Figure 4-13. GCD curves from rate capability tests under the initial 1 C rate (5™ cycle) and
under 1 C rate after 50 C rate tests (61* cycle) for different graphite cathodes: (a) NG, (b) SG,

(c) TG, and (d) EG.

To elucidate the reason for the lower efficiency after rate performance tests, all graphite
cathodes were characterized by SEM. Figure 4-12d - k show SEM images of fresh and cycled
graphitic cathodes. All fresh cathodes show similar morphology as pristine materials (Figure
4-1e - h), whereas dispersed nanoparticles are conductive additives (i.e., carbon black, Super
P). After cycling under the high rates, SG, TG, and EG show minor structural changes except

for a slight decrease in particle sizes. In contrast, the cycled NG cathode displays an apparent
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structural collapse with broken graphite debris and sharpened graphite edges. These structural
changes would create more defects, resulting in more active sites for electrolyte decomposition
and the formation of cathode electrolyte interfaces. This may explain NG’s lower efficiency
after the high-rate test. The excellent rate performance of TG can be attributed to its fast anion
intercalation/de-intercalation, as indicated in its CV analysis (Figure 4-7d - f). TG also exhibits
a quick recovery after the high-rate test, which can be attributed to its structural stability with

a good tolerance for rapid and repetitive anion intercalation/de-intercalation.

The structural variation of graphitic cathodes before and after the rate tests was also
characterized by XRD. Figure 4-121 - o show that NG, SG, and TG have slightly increased
doo2 after the high-rate tests, indicating interlayer expansion due to fast and repeated anion
intercalation/de-intercalation. Fresh NG has the smallest doo2 of 0.333(8) nm, and the cycled
NG has the most significant interlayer expansion ratio of 0.44 %, indicating that NG suffers
from structure deterioration, consistent with its SEM images (Figure 4-12d and h). This result
suggests that NG with a small doo: 1s unsuitable for high-rate applications. In comparison, fresh
TG has a larger doo2 of 0.334(8) nm and experiences a lower interlayer expansion ratio of
0.25 %. The better structural stability of TG can be correlated to its smaller L, and L., which
offer better tolerance to interlayer expansion. The dooz of EG decreases slightly after the high-
rate test. The anion intercalation/de-intercalation in EG may mainly occur near its surface or in
a shallow region near its surface [266, 306]; thus, the interlayer expansion induced by anion

intercalation is negligible on the measured average doo2 of bulk EG.

Overall, TG performs better than NG under high current densities, as indicated by TG’s
higher capacity retention ratio of 88.3 % at 50 C and a higher capacity recovery of 98.0 % at 1
C after the rate test at 50 C. TG’s excellent performance is associated with its fast anion storage

kinetics, lower charge transfer resistance at the initial state, and good structural stability
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resulting from its optimal crystalline size, which helps avoid the structural collapse resulting

from fast and repetitive anion intercalation and de-intercalation.

4.3.3 Electrochemical performances of graphitic anodes

Next, graphite/Li anode half cells were assembled with the different graphitic materials
acting as anodes, and their performance under different charge/discharge current densities was
measured. Figure 4-14a displays their performance under the charge/discharge rates from 0.1
C to 10 C in the voltage window of 0.001-3 V. 10 C was selected as the upper cutoff for anodes
because the corresponding current density would approach 50 C in cathodes (i.e., 1 C = 372
mA g for graphite anode, and 1 C = 100 mA g for graphite cathode). Figure 4-14b shows

the summary of the rate performance of graphitic anode half cells.
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Figure 4-14. (a) Rate performance of graphite/Li half cells with different graphitic anodes. (b)

Comparison of the rate performance of graphitic anodes from 0.1-10 C.

Their corresponding GCD profiles under different current densities are shown in Figure

4-15 and Figure 4-16. TG and EG half cells deliver higher specific capacities at larger current
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rates over 0.35 C till the end of the test. At lower rates from 0.1-0.35 C, TG and EG half cells
have similar capacities comparable to NG half cells. In sharp contrast, SG half cells show a
severe capacity fading starting from 0.2 C and maintain a much lower capacity through the rate
test, indicating its inferior rate performance. From Figure 4-16, SG half cells show larger
polarization induced by high current densities than the other three types of half cells. A larger
voltage jump at the beginning of the charging process was observed for SG half cells under all
C rates, which is related to the ohmic potential drop (IR drop), indicating SG half cells have
larger resistance. During discharging, the high-voltage sloping region capacity is associated
with the adsorption of Li" in defects or edge sites, whereas the low-voltage plateau capacity is
assigned to Li" intercalation into the graphitic layers [288, 307, 308]. SG exhibits limited
capacities in both sloping and low-voltage regions, revealing the sluggish Li* intercalation into
its graphite interlamination. Previous studies have extensively investigated the poor kinetics of
graphite anode [86, 307-309]. The inferior rate capability of SG can be ascribed to its smallest
SSA and pore volume, relatively large crystal size, and less defective structure among the four
graphitic materials, leading to limited active sites for Li" insertion, poor accommodation for
electrolyte, and relatively long ion transport distance. The other half cells all suffered from
capacity decay from around 0.5-1 C, showing similar trends as other graphitic anodes reported

in the literature [94, 310, 311].
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Figure 4-15. GCD curves from rate capability tests under different current rates of 0.1 C (10™

cycle), 0.2 C (15™), 0.35 C (201), 0.5 C (25™), 1 C (30™), and 2 C (35™) for different graphite

anodes: (a) NG, (b) SG, (¢) TG, and (d) EG.
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Figure 4-16. GCD curves of graphite/Li half cells with NG, SG, TG, and EG anodes from rate
capability tests under different current rates: (a) 0.1 C, (b) 0.2 C, (c¢) 0.35 C, and (d) 0.5 C. (The
data presented here is the same as shown in Figure S9 but in a different display version for the

sake of horizontal comparison between the four graphitic anodes under a specific C rate.)

4.3.4 Electrochemical performances of DCB full cells

Finally, DCBs were assembled using the cell configuration shown in Figure 4-1a, using
the same graphite materials in both cathodes and anodes. Figure 4-17a and b show the rate
capabilities of assembled DCB full cells under different current rates from 1-50 C within the

voltage range of 3.0-5.2 V. NG and SG full cells have a capacity of 83.7 and 91.8 mAh g at
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1 C with apparent capacity fading from 10 C. At the end of the tests, the capacities of NG and
SG full cells drop to 59.6 and 65.6 mAh g’!, representing the capacity retention ratio of 71.2
and 71.5 %, respectively. EG and TG full cells delivered their largest capacities of 74.7 and
75.1 mAh g under 5 C, respectively. They have capacities of 66 and 53.4 mAh g at the last
cycle under 50 C, comparable to or even higher than those of NG and SG full cells under the
same condition. They show significantly higher capacity retention ratios of 93.4 and 79.2 %,

respectively, indicating their better rate performance with less capacity decay.
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Figure 4-17. The electrochemical performance of DCB full cells assembled using different
graphitic materials in cathodes and anodes. (a) The rate performance of DCB full cells. (b)

Comparison of the rate performance of DCB full cells from 1 C to 50 C. (¢) Cycling
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performance of DCB full cells under 5 C rate. (d) Comparison of the rate performance of DCB
full cells in this study with those in recently published studies. GCD curves of (¢) TG and (f)
EG full cells at selected cycles from cycling tests under 5 C rate. (g) Ragone plot of TG and
EG DCB full cells in this study in comparison with conventional electrochemical energy
storage devices and recently reported DCBs. The energy density and power density were

calculated based on the total weight of active materials in both the anode and cathode.

A relatively high current rate of 5 C (500 mA g') was selected to analyse the cycling
performance of DCBs. Figure 4-17c shows that TG and EG full cells display highly stable
cycling without capacity fading over 300 cycles. In contrast, NG and SG full cells have
relatively unstable cycling, with fluctuating capacities occurring at only the 100 cycle for the
NG full cell and around the 250" for the SG full cell. TG and EG full cells deliver discharge
capacities of 77.1 and 71.1 mAh g! at the 300" cycle, comparable to that of the NG full cell at
85.4 mAh g! and the SG full cell at 86.6 mAh g™'. Slightly increased capacities were observed
on all full cells during the initial 20 cycles, which can be originated from the gradual wetting
and activation process of the electrodes after repetitive intercalation and de-intercalation [274,
283]. Large energy penalty is taken when opening up the graphite layers for intercalation, and
insufficient penetration of electrodes by the electrolyte would limit the capacities during the
initial cycles [304]. GCD profiles of the full cells at the 50®, 100", 200™, and 300™ cycles are
shown in Figure 4-17¢ and f and Figure 4-18. TG and EG full cells display well-maintained
charge and discharge curves during the 300 cycles and obtained high capacity retention ratios
of 120 and 109 %, further confirming their excellent cycling stabilities. Figure 4-17d shows
that their capacity retention ratio under high current density is also superior to that of most
DCBs reported in recent studies. The details are summarised in Table 4-5 [270-272, 280, 283,

284, 287, 304, 305, 312, 313]. Figure 4-17g shows a Ragone plot of DCB full cells in this
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study compared to conventional electrochemical energy storage devices and recently reported
DCBs [272, 280, 281, 283, 284, 286, 314-316]. The energy density and power density are
estimated based on the total weight of active electrode materials in both anodes and cathodes
(Table 4-6, Table 4-7 and Table 4-8). The TG full cell has high energy densities of 168.7 and
114.9 Wh kg™! at power densities of 0.23 and 10.6 kW kg™, respectively. The EG full cell shows
high energy densities of 159.7 and 144.3 Wh kg™ at power densities of 0.22 and 10.8 kW kg™!,
respectively. The superior energy densities and power densities of the TG and EG full cells

outperform most conventional energy storage devices and recently reported DCBs.
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Figure 4-18. GCD curves of (a) NG and (b) EG full cells at selected cycles from cycling tests

under 5 C rate.

Table 4-5. Performance comparison of DCBs developed in this work with other recently

reported DCBs.
Electrode Electrolyte Cycling Cycles  Final Capacity Rateused Capacity Capacity
(Cathode/ rate capacity, retention, in rate at highest retention
Anode) mAhg!' % capabilit  rate, , %
y tests mAh g!
TG|TG (this 1 M LiPF6 5C 300 77.1 120 %; 1-50C 53.4 792 %
work) in EMC 99.7 %
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(compare

with max
capacity)
EGIEG (this 1 M LiPF6 5C 300 71.1 109 %; 1-50C 66 93.4%
work) in EMC 9.4 %
(compare
with max
capacity)
NGING (this 1 M LiPF6 5C 300 85.4 984 %; 1-50C 59.6 71.2%
work) in EMC 945 %
(compare
with max
capacity)
SG|SG (this 1 M LiPF6 5C 300 86.6 99.1 %,; 1-50C 65.6 71.5%
work) in EMC 939 %
(compare
with max
capacity)
Graphite| AlICl; and 0.2C 600 70 79.5% 02-1C 70 84.3%
graphite [EMIm]CI
[312] (1.3:1 M)
Composite PP, TFSI 3C 600 47 100 % 0.54C 32 45.7 %
graphite
(Co)|Ica
[313]
KS6L 3.5 M 05C 30 93 100 % 0.5-5C 29 312 %
graphite| LiPFs in
SMG A4 EMC
graphite
[271]
Natural Pyri,TFSI - 3C 100 27 60 % 0.5-5C 25 48.1 %
graphite]|
natural
graphite
[304]
Graphite| 52 M 1C 300 83.4 100 % 1-4C 34.8 41.7 %
graphite KFSI  in
[283] TMS
Graphite| 4 M LiPFs 5C 1000 60 75 % 0.5-10C 56 359 %
graphite in EMC
[287] with 3%
FEC
Mesocarbon 1 M LiPFs 5C 3000 - 88.5 % 0.5-10C - 89.3 %
microbead in EMC/SL
(MCMB)| (1:4 vol)
MCMB
[280]
Graphite| 0.5 M 5C 400 52.9 79.2 % 1-20C 344 36.9 %
graphite LiPFs in
[270] EMC/SL
(1:4 vol)
Graphite| 1 M LiPFs 5C 850 67.8 82.1 % 1-20C 54.4 571 %
graphite in EMC/SL
[270] (1:4 vol)
Graphite| 2 M LiPFs 5C 1000 83.7 94.7 % 1-20C 91 94.1 %
graphite in EMC/SL
[270] (1:4 vol)
Reduced 1 M LiPFs 10C 400 280 46.7 % 1-20C 190 43.7%
graphene + 0.02 M
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oxide (rGO)| LiDFOB in
MCMB FEC/FDE
[305] C/HFE
(2:2:6 vol)
MTI 3 M LiPFs 10C 6500 89 92.4 % 1-50 C 78 75.7 %
graphite| in EMC
RGS with 0.5
graphite wt%
[272] LiDFOB
Graphite| 2 M LiPFs 5C 500 85 96 % 2-20C 82 89.7 %
graphite in EMC
(switched) with 3 wt%
[284] VC
Graphite| 2 M LiPFs - - - - 2-20C 53.4 63.3 %
graphite in EMC
(unswitched) with 3 wt%
[284] \e
MCMB 1.7 M C/7 50 38 60.3 % - - -
graphite| LiPFs in
CGP FEC/EMC
graphite (4:6 wiw)
[268] + 5 mM
HFIP
KS6L Pyr, TFSI 5C 500 50 99.8 % - - -
graphite]| with
graphite LiTFSI
[317]
Spent 1 M LiPFs 0.5C 50 36 61 % - - -
graphite in
annealed at EC/DMC
650 °C (SG- (1:1 vol)
650)|SG-800
[285]
Table 4-6. Energy density and power density of TG full cells in this study.
L v, Ceathode Crun Efu Pru
mAh g mAh g Wh kg kW kg
(mA g) V) (1 g (1 g (1 g (1 g
) ) ) )
100 4.60 73.3 36.7 168.7 0.23
200 4.61 75.1 37.6 173.0 0.46
500 4.59 75.1 37.6 172.5 1.15
1000 4.56 73.5 36.8 167.8 2.29
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1500 4.53 71.9 36.0 163.0 3.41
2000 4.50 70.3 35.2 158.3 4.49
2500 4.47 68.5 343 153.1 5.57
3000 4.44 66.6 333 147.8 6.65
3500 4.40 64.3 32.2 141.6 7.72
4000 4.37 61.9 31.0 135.2 8.69
4500 4.32 58.4 29.2 126.1 9.66
5000 4.26 54 27.0 114.9 10.61
Table 4-7. Energy density and power density of EG full cells in this study.
L v, Ceathode Crunl Enu P
(mA o) V) (rlnAh g (rlnAh g (?’Vh kg’ (11<W kg’
) ) ) )

100 4.43 72.0 36.0 159.7 0.22
200 4.46 74.0 37.0 165.0 0.45
500 4.47 74.7 37.4 167.0 1.12
1000 4.46 74.1 37.1 165.3 2.23
1500 4.45 73.1 36.6 162.6 3.34
2000 4.43 71.9 36.0 159.4 4.45
2500 4.42 71.0 35.5 156.9 5.54
3000 4.41 70.0 35.0 154.3 6.61
3500 4.39 69.0 34.5 151.6 7.69
4000 4.38 68.2 34.1 149.3 8.81
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4500 4.37 67.3 33.7 147.0 9.80

5000 4.35 66.3 33.2 144.3 10.82

Table 4-8. Energy density and power density of TG and EG full cells based on the entire mass

of anodes and cathodes.

TG full cell EG full cell
I
(mA ) E P'run E P
(Wh kg™ (kW kg™ (Wh kg™ (kW kg™)
100 135.0 0.18 127.7 0.18
200 138.4 0.37 132.0 0.36
500 138.0 0.92 133.6 0.89
1000 134.2 1.83 132.2 1.78
1500 1304 2.73 130.1 2.68
2000 126.6 3.59 127.5 3.56
2500 122.5 4.45 125.5 4.43
3000 118.3 5.32 1234 5.29
3500 113.3 6.18 121.3 6.15
4000 108.1 6.95 119.5 7.05
4500 100.9 7.73 117.6 7.84

5000 91.9 8.48 115.4 8.66
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4.4 Conclusion

Graphitic materials synthesized by catalytic methane pyrolysis as a co-product of Hz
production can be purified by high-temperature (2800 °C) thermal treatment or low-
temperature electrochemical purification methods, reaching the purity of 99.32 (TG) and 97.59
wt.% (EG), respectively. GCD, dQ/dV, and CV analysis of their charge storage mechanism as
cathodes in DCB half cells indicate that TG and EG enable faster charge storage kinetics than
commercial NG and SG, involving surface redox reactions. TG cathode shows a capacity of
78.4 mAh g! under 2 C and retains 98.0 % at 76.8 mAh g at 1 C after the rate capability test
to 50 C. SEM and XRD show that commercial NG and SG have severe structural collapses
under high current rates. In contrast, TG demonstrates excellent structural stability under fast
and repeated anion de-/intercalation with a low interlayer expansion rate of 0.25 %. Further, as
anodes in DCB half cells, TG and EG also show excellent rate performances with higher
specific capacities at 0.35-10 C. DCB full cells assembled using EG and TG display large
capacities of 74.7 and 75.1 mAh g at 5 C rate and higher capacity retentions. In addition, TG
and EG demonstrate highly stable cycling processes without capacity decay at a high current
rate of 5 C over 300 cycles. TG and EG full cells also exhibit superior energy densities of 168.7
and 159.7 Wh kg'! and power densities of 10.6 and 10.8 kW kg™ (based on the total weight of
active electrode materials in both anodes and cathodes), outperforming most conventional
energy storage devices and recently reported DCBs. Overall, the purified graphitic co-product
of Hz production can serve as both cathode and anode materials in DCBs with excellent rate
performance and cycling stability. This opens their new application in energy storage,

benefiting the broader adoption of the emission-free H2> production process via methane

pyrolysis.
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Chapter 5. Conclusions and outlooks

5.1 Conclusions

Catalytic methane pyrolysis is a promising approach to achieve environmentally friendly
hydrogen production, which directly splits methane into hydrogen and solid carbon materials
with no direct carbon dioxide emissions. With a mass ratio of hydrogen to solid carbons of 1
to 3, large amounts of carbon materials are generated from the catalytic methane pyrolysis
process. Developing suitable applications for these solid carbon co-products can turn them into
value-added commodities, avoid waste generation, and bring economic benefits to offset
hydrogen production costs. Carbon materials play a crucial role in electrochemical energy
storage devices, serving as essential components of electrodes, including conductive additives
and active materials. With the ever-growing energy demand, the continuous development of
the energy storage field holds great potential for the accommodation of these carbon co-

products from clean hydrogen production via the catalytic pyrolysis process.

First, a comprehensive study is carried out on the widely used techniques for the
characterization of carbon materials and the determination of their physiochemical properties
and electrochemical performances. Microscopic and diffraction techniques, including SEM,
TEM and XRD, could be employed to detect carbon materials' morphology and crystal
structure. Nitrogen physisorption technique can determine carbon materials' surface area and
pore structure. Spectroscopic techniques, including Raman and XPS can be applied to obtain
the chemical structure, defect level and surface functional groups of carbon materials. Thermal
techniques such as TGA could examine carbon materials' purity and thermal stability.
Electrochemical characterization techniques including CV, EIS and GCD measurements could

be used to evaluate their electrochemical performances. All these technologies are used in
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further works to investigate and understand the characteristics of solid carbon materials co-

produced from the catalytic methane pyrolysis process.

Second, graphitic carbon materials are synthesized as a co-product from the catalytic
methane pyrolysis process using Fe ore catalysts. They are purified by the standard high-
temperature thermal treatment at 2800 °C and the alternative electrochemical method to reach
high purity of 99.82 and 99.59 wt.%, respectively. Being evaluated as conductive carbon
additives for zinc-carbon batteries, the purified carbon materials show a high electrical
conductivity of up to 98 S cm™ when incorporated in MnO: cathodes and a good electrolyte
(1M ZnSOy4) absorption capability of up to 4.2 mg mg™!, which are two essential properties for
carbon conductive additives. Zinc-carbon batteries assembled using these carbon materials
exhibit a specific capacity of 114 (thermal) and 109 (electrochemical) mAh g! under 0.05 A g°
!, They demonstrate higher electrode conductivity, better rate performance, lower internal
resistance, and superior long-term stability compared with cells using commercial carbon
conductive additives (Super P). Thus, the high-purity graphitic carbon materials from the
catalytic methane pyrolysis process can serve as efficient carbon conductive additives for
batteries. This opens a new path to generate a value-added commodity as a co-product from

eco-friendly hydrogen production.

Third, dual-carbon batteries utilizing carbon materials as active materials for both anode
and cathode electrodes are promising battery systems due to the unique advantages of low cost,
high sustainability, and high working voltage. Their current challenges of unsatisfied
cyclability and poor rate performance resulted from graphite cathodes suffering from severe
structural deterioration, calling for advanced carbon electrode materials. The graphitic carbon
co-products from methane pyrolysis are demonstrated as both cathodes and anodes to enable
high-rate-performance dual-carbon batteries, outperforming commercial natural and synthetic

graphite. The carbon purity can reach 99.32 and 97.59 wt.%, respectively, using a standard
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high-temperature thermal treatment or a room-temperature electrochemical method. Compared
to graphite, they have smaller crystalline sizes and larger surface areas, enabling faster surface
redox reactions and better structural stability upon electrolyte ion intercalation. Dual-carbon
full cells with 1M LiPFe in ethyl methyl carbonate electrolyte deliver energy storage capacities
of 75.1 and 74.7 mAh g at 500 mA g with capacity retentions of 79.2 and 93.4 % after the
high-rate charge/discharge over 5000 mA g!, respectively. They can also be cycled at 500 mA
g’ over 300 cycles without capacity decay, demonstrating excellent cycling stability. They
show energy densities of 168.7 and 159.7 Wh kg™ at power densities of 10.6 and 10.8 kW kg’
!, outperforming recently reported dual-carbon batteries. These findings open a new application
of graphitic carbon co-products from methane pyrolysis, benefiting the broader adoption of the

emission-free hydrogen production process.

5.2 Outlooks

Further studies could explore three aspects.

Optimising the high-purity synthesis of graphitic carbon: Here, the original graphitic
carbon materials generated from methane pyrolysis using low-cost Fe ore catalysts show
purities around 78 wt.%. Additional procedures, such as thermal or electrochemical treatment,
are required to purify these carbon co-products before employing them in energy storage
devices, complicating the process and increasing manufacturing costs. Thus, optimising the
high-purity synthesis of graphitic carbon materials is imperative for their accommodation in
energy storage devices. Meanwhile, developing methane pyrolysis technologies that
simultaneously yield hydrogen with enhanced methane conversion and high-quality carbon co-

products is critical for successful commercial implementation.
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Modifying graphitic carbon with optimal structures: Graphitic carbon materials from
methane pyrolysis using Fe ore catalysts are demonstrated as efficient conductive carbon
additives and active materials for anode and cathode electrodes. Acting as conductive additives,
they enable MnO2 cathodes with high electrode conductivity and good electrolyte absorption
capability, which further contribute to the zinc-carbon batteries with better rate performance,
lower internal resistance, and superior long-term stability, compared with commercial carbon
conductive additives (Super P). Regarding active electrode materials, these graphitic carbon
materials with smaller crystalline sizes and larger surface areas favour faster surface redox
reactions and better structural stability upon ion intercalation, leading to high-rate-performance
dual-carbon batteries outperforming commercial natural and synthetic graphite. The carbon
structures of graphitic carbon materials have strong effects on the intrinsic properties of carbon
materials and the electrochemical performances of related cells; thus, modifying these carbon
co-products with optimal structures (such as surface functionalization) is vital for achieving

advanced energy storage systems with performance enhancement.

Evaluating other energy storage devices: In this work, zinc-carbon batteries and dual-
carbon batteries are selected as the representative systems to demonstrate the effectiveness of
graphitic carbon co-products from methane pyrolysis serving as conductive additives and
active materials for electrodes, respectively. Currently, there is a lack of studies that evaluated
energy storage applications for such carbon materials. Therefore, further investigations are
necessary to validate the suitability of carbon co-products for other energy storage devices. For
example, lithium-ion batteries that have already been commercialised and dominated the
portable electronics market could be considered as a potential battery system to accommodate
these carbon materials. As discussed in the section 1.4.2, LIBs utilizing graphite anode
materials show the intercalation/de-intercalation mechanism for lithium storage, which is

similar to the lithium storage process of the graphite/Li half cells with graphitic anodes
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demonstrated in section 4.3.3. Thus, it is speculated that the graphitic carbon co-products from
methane pyrolysis may work as anode electrode materials for LIBs. Besides lithium-ion
batteries, other rechargeable battery systems that involve carbon materials are also worth
exploring, such as sodium-ion batteries, potassium-ion batteries, zinc-air batteries, and carbon-
enhanced lead-acid batteries. This could help to extend the value-added applications for the
graphitic carbon materials from methane pyrolysis and enhance the economic viability of this

low-emission hydrogen production process.
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