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MOTIVATION

The evolutionist nature of humankind has always been an instinctual motivation for
seeking a plausible energy source. Recently, the quest for energy, which further emerged
in the 20™ century, arising from scientific, technological, and industrial advancement, led
to a situation affecting every aspect of our lives. The global population has grown
significantly throughout the past century, leading to a considerable surge in total energy
requirements.!!) In addition to population growth, political tensions, and globalization
further fueled the demand for energy."?! Major fossil fuels, including coal, oil, and natural
gas, have been the primary sources of supply in order to fulfill this expanding demand.
This contributed to an increase in polluting agents released into the atmosphere, causing
climate change, also recognized as the global climate crisis.”! The concentration of
atmospheric greenhouse gases has reached an all-time high, surpassing the values of the
past 800,000 years.y The abnormal rise in average temperatures is expected to cause
several problems, including the potential extinction of many living organisms. Emergency
plans, such as the Kyoto Protocol and its follow-ups, i.e., the Doha Amendment, are
currently under action to mitigate the effects of the climate crisis.’! Nevertheless, in order
to achieve the pre-determined objectives, it is compulsory to speed up the action and adopt
more sustainable solutions. Notably, among these initiatives, boosting the proportion of
renewables in the overall energy mix occupies a key position.®

Given all the above, a rapid transition to renewable energy sources has already started.
However, the efficient utilization of renewable energy resources is as important as putting
them into service. Electrochemical energy storage systems, primarily batteries, are
commonly recognized as one of the most efficient ways to store energy among the options
available.l” Batteries serve as a source of electrical power and comprise multiple
components designed for chemical energy conversion and storage. Upon the presence of
an electric load, a redox reaction takes place, storing the electrical energy and releasing it
when needed.

Batteries have become one of the essential components of human life since they were
introduced and have been used in many fields, from simple to critical applications.?®!
However, technology and green energy transformation have increased the prominence of
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batteries several times and made them one of the priority investment areas in the 2020s.0
For instance, due to the expanding market, global demand is estimated to increase several
times over by 2030.1'% This significant increase in demand is driving a surge in
investment, leading to the planning and construction of numerous Gigafactories
worldwide."! The majority of this demand is primarily attributable to portable
applications, particularly for passenger transportation. Additionally, batteries are
recognized as the principal component for grid energy storage, which is crucial in
facilitating the integration of renewable energy sources.”™ A closer look shows that a
larger portion of this demand is covered by lithium-ion batteries (LIBs).[" Due to their
outstanding electrochemical performance in both stationary and portable applications,
LIBs are widely considered the current industry standard for rechargeable battery
systems.!'">13] Nonetheless, concerns regarding the extraction, availability, and geopolitical
implications of lithium and associated materials raise doubts about the ability of LIBs to
meet the market demand in near future.!"* The search for substitute rechargeable batteries
goes on unabatedly.

Sodium-ion batteries (SIBs) are seen to be a potential substitute for LIBs due to their
similar operating principle and lower manufacturing cost.[™”! Sodium is far more abundant
and evenly distributed in the crust, making it easier and less expensive to isolate than
lithium.!">1% However, because of the mysterious nature of its underlying components,
SIBs are not yet sufficiently advanced to take the place of LIBs. While lithium and sodium
have several similarities, as conformed by their location in the periodic table, their distinct
physicochemical properties necessitate fundamental changes to develop efficient active
materials for SIBs. Specifically, sodium exhibits a more metallic character and a larger
ionic radius, which hinders the formation of a stable sodium-carbon intercalation
compound on the anode side, resulting in a different ion storage mechanism utilized in
LIBs.l'! Innovations in synthetic methods, post-treatments, and interface engineering
clearly demonstrate the significance of developing high-performance carbonaceous anode
materials for SIBs.!"¥ This dissertation aims to give a systematic approach to fabricating
efficient, high-performance, and sustainable carbonaceous anode materials for SIBs. This
will involve a comprehensive investigation of different chemical environments and post-
modification techniques as well.




OUTLINE

As the statement made by Max Planck, “Insight must precede application,” points out the
necessity of fundamental research and its potential impact on innovations. With this quote
as the primary motivation, Chapter 1 aims to provide a comprehensive and informative
introduction to the topic, including a general overview and setting the ground for more
specific discussions. The chapter discusses a wide range of subjects, beginning with a
global overview of energy storage systems and moving on to development methods for
high-performing carbonaceous anode materials for SIBs.

Chapter 2 focuses on the crucial role of post-synthetic methods in designing interfaces.
In this chapter, a conformal carbon nitride (CN) coating with a thickness lower than 100
nm is deposited on a carbon electrode, creating an artificial passivation layer and a
heterojunction effect that enhances the electrode’s electrochemical performances, i.e.,
initial Coulombic efficiency, rate performance, and total capacity. The mesoporous carbon
material is synthesized from the sodium lignosulfonate precursor, which is a byproduct of
the paper/pulp industry. Thin CN layers are eventually deposited on the substrate using
the chemical vapor deposition (CVD) technique, which enables precise control of the film
thickness. Conclusively, this electroactive interface is found crucial in achieving the
desired performance with a minimum change in the materials’ structure.

Along the lines of sulfur-containing carbons, the purpose of Chapter 3 is to present an
easy and effective process for preparing sulfur-rich carbon as a high-performing anode
material tailored for SIBs. The technique employs a thiophene-containing precursor,
namely oligo-3.,4-ethylenedioxythiophene (oligo-EDOT), to convey a fundamental
understanding of the sulfur heteroatom effect on the electrochemical sodium storage
mechanism.l'> 1 By optimizing the condensation temperature, the materials’
nanostructure undergoes a significant transformation that improves the electrochemical
performance. Moreover, the method yields reversible overpotential sodium plating and
stripping that further increases the specific capacity, which is attributed to the controlled
nucleation of sodium in confined pore spaces. This increases the electrode’s energy
density and ensures safe operation under overload conditions that may occur in real
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applications. To further support the pore-filling sodium storage mechanism, a technique
for in-operando small-angle X-ray scattering (SAXS) characterization is presented,
providing valuable insights into how the electron density difference changes during the
electrochemical processes by demonstrating the interaction between micropores and the
sodium ions.

Two key methods for introducing high-performing and effective carbonaceous anode
materials for SIBs have been covered in earlier chapters. One of these methods comprises
introducing an artificial passivation layer to the carbon electrode to improve its
performance, while the other involves investigating the impact of sulfur heteroatoms. The
method for making a high-performance anode material from sustainable sources for
electrochemical sodium storage is presented in Chapter 4. This chapter focuses on the
development of high-capacity hard carbon with a specific capacity of more than 370 mAh
g!. The hard carbon is made of 5-hydroxymethyl furfural (HMF), a saccharide
dehydration product performing admirably at low and high current densities. Additionally,
extensive electrochemical and physicochemical characterizations are used to understand
the sodium storage mechanism in relation to the chemical environment. The material is
found to be well-stable and promising for potential implementations.
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Concept of energy storage — Energy storage is a process of balancing energy demand and
energy supply by allowing energy to be consumed at a different time than when it is
produced. Energy is available in several forms, including radiation, electrical,
gravitational, heat, and kinetic. The critical function of energy storage is to interconnect
energy from its hard-to-store form to more convenient and efficient forms. The most
commonly available energy storage methods are thermal, mechanical, and electrical.!*"
The commonly employed methods for storage include chemical storage, such as batteries,
and mechanical means, such as pumped hydro storage. It is important to note that diverse
energy systems have different requirements for their own to operate wisely. The main
reason is that the energy demand and supply are typically asynchronous, making it
necessary to have a buffer solution to minimize losses.?!!

Renewable energy sources have gained significant attraction due to the decrease in
operating and manufacturing costs.?! Additionally, the need to reduce carbon emissions
in the industrial sectors has further highlighted the importance of green energy. To ensure
a continuous and uninterrupted power supply, reliable energy storage technologies are
necessary, considering the non-constant nature of renewable energy sources.?*! Energy
storage systems typically comprise three phases: an energy uptake phase, a storage phase,
and an energy release phase. Primary storage systems are those that can only undergo a
single cycle of energy storage, while secondary storage systems can undergo multiple
operating cycles.** Examples of primary storage systems include fossil fuels and single-
use batteries, while rechargeable batteries are an example of secondary storage systems.
Capacitors are examples of pure electrical energy storage devices that use just electrical
storage, commonly referred to as electric-double layer systems. In contrast, batteries
encompass the conversion of energy through chemical reactions and use a combination of
electrical and chemical storage mechanisms. Conversely, pure chemical energy storage
systems entail the storage of energy within chemical species or materials. Fossil fuels are
an example of chemical energy sources. Mechanical energy storage systems include
potential energy, such as storage reservoirs, and kinetic energy, such as flywheels.
Thermal energy storage systems rely on the principle of heat dissipation.?® To accurately
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describe these systems, it is necessary to understand the terminology related to power
(Watt), energy (Watt hour), and their quantitative derivations, such as specific and
volumetric power/energy. A system with a high energy capacity may not be well-suited
for a particular application due to its large size, which decreases its energy density. As
previously noted, each energy storage system is unique in terms of its application field
and usability.*¥ Due to space constraints, high power and energy densities are vital in
portable applications, while stationary applications might sometimes tolerate lower energy
densities.! For instance, regarding electrochemical energy storage in passenger vehicles,
strict requirements mandate the selection of cutting-edge battery systems owing to their
varying energy densities.*® In passenger vehicles, it is necessary to have high-performing
packs, whereas moderate ones can be used on large public transportation systems.?”)
Figure 1.1 displays the typical energy storage systems according to their rated power
versus discharge time.* With regard to the flexibility and scalability of energy systems,
batteries hold a significant advantage for having excellent energy and power densities.
Considering the future volume of the renewables in the energy mix, batteries are expected
to be the essential constituents in the grid energy storage systems.*”!
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Figure 1.1. Energy storage systems intended for commercial applications based on their rated
power and discharge time, adapted from Georgiou et al., Applied Energy, 2018, 226, 1119-1133.
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1.1. Electrochemical energy storage

Electrochemical energy storage systems are known as a favorable choice of energy
storage thanks to their applicability and notable efficiency in energy conversion. With a
variety of available sizes, these systems can be used in a diverse range of applications,
from compact, portable electronic devices to large-scale electrical grids. In secondary
systems where the process is reversible, electrochemical energy storage involves the
conversion of chemical energy into electrical energy and the opposite. To better
understand the driving forces behind this process, consider a simplified example of a
thermodynamic system in which two metals, X and Y, combine to form an electrically
conductive XY compound (Eq. 1.1). Gibbs free energy associated with the reaction can
be expressed in Eq. 1.2.

X+ Y = XY (1.1)
AG; = AG; (XY) (1.2)

In a system where two metals, X and Y, are separated, the formation of XY products
requires diffusion, for example, X to Y. During the diffusion process, the X/XY interface
shifts gradually towards the X side.” The driving force behind the chemical reaction is
the difference in chemical potential between the two electrodes. With a decrease in the
concentration of species X, chemical potential decreases correspondingly. When the
chemical potentials of the species are equal, diffusion stops.% This condition is usually
referred to as equilibrium.

An electrolyte is required in an electrochemical reaction in order to facilitate the transport
of ionic species while impeding electronic species. Completing the reaction requires an
external electrical circuit that connects X and Y, allowing for electron transfer through the
system. If there is any obstruction in the flow of the ionic or electronic paths, the entire
reaction will stop. When the electronic circuit is open and no current is flowing, the ionic
species within the mobile electrolyte encounter a chemical driving force that propels them
in a specific direction. However, this gradient is counterbalanced by an electrostatic
driving force acting in the opposite direction."

The Gibbs free energy is a quantitative measure of the work performed in a
thermodynamic system, in this case, the transfer of electrons from reducing agents to
oxidizing agents. This work can also be represented as the per-mole electrostatic energy
of a charged species, as demonstrated in Eq. 1.3. Here, AG, is the standard Gibbs free
energy change per mole fraction; » is the charge number of the transferred ionic species;
F'is the Faraday constant (96,485 C per mole); and £ is the potential difference between
two electrodes.
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AG, = —nFE (1.3)

In discussions related to electrochemistry, it is important to consider not only the chemical
perspective but also include other relevant terms such as “anode” and ‘“cathode.” The
terms “positive” or “negative” electrode can often be complex when defining anode and
cathode because the sign changes depending on the presence of load or charging. It is
noteworthy to emphasize that the anode is a terminal where the oxidation reaction takes
place, causing electron transfer to the opposite side. In contrast, at the cathode, reduction
takes place. The term “cell potential” (also known as “open circuit voltage”) refers to the
difference in potential between the anode and the cathode."

In addition, other common terminologies in electrochemistry include specific energy,
specific capacity, and specific power. These terms represent physical quantities that are
typically divided by the mass of active material to obtain specific units such as mAh g
or Wh kg!. The terminologies used in electrochemical systems, such as specific energy,
specific capacity, and specific power, are crucial for understanding the basics and making
relative comparisons. Specific energy is the total energy divided by the mass of the active
material, which is commonly used for describing the energy density of batteries and
supercapacitors. Specific capacity describes how much charge is stored in a given amount
of active material. Specific power denotes the power output achievable from the
electrochemical cell per unit mass of active material. By comprehending these
terminologies, one can effectively analyze and delve into more specific discussions.")

Common reactions in electrochemical energy storage systems — Having discussed the
fundamental principles of electrochemical cells, it is now essential to examine the common
reactions that occur in these devices. The most frequent reaction types can be categorized
as formation reactions, displacement reactions, and insertion reactions.*” In formation
reactions, a new phase is created, such as the XY compound in Eq. 1.1. This process
involves the diffusion of a single species through an electrolyte, forming a new phase at
the opposite electrode. Various examples of formation reactions exist, with the Li-
Si/Sn/Sb systems being the most prevalent ones.*'! Another common type of reaction is
the displacement reaction, which occurs when two species displace each other within a
binary phase. One example of a displacement reaction is Li with Cu,O, resulting in
Li>0, as represented in Eq. 1.4.

Li + Cu,0 = Li,0 + Cu (1.4)

In the insertion (or intercalation) reactions, guest species occupy the interstitial sites
within the host material, also known as intercalation material. Such reactions generally
occur within layered crystal structures. Guest species can change the composition of the
present phase, and this phenomenon can be viewed as the solubilization of the guest in
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the host substance. Consequently, these reactions are usually called “solid solution
reactions.” One example of this reaction involves the insertion of lithium into TiS,,?¥ as
shown in Eq. 1.5.

xLi + TiS, = Li,TiS, (1.5)

Probably the most common example in terms of modern-day application is lithium in
graphite, which is the operating principle of LIBs. In this case, highly crystalline and stable
graphite can host lithium atoms, resulting in the formation of the LiCs compound.** From
established principles, contemporary secondary batteries often employ this reaction
mechanism, with particular emphasis on alkali-ion batteries, which have been considered
the leading technology in this field over the last few decades.

1.2. Alkali-ion batteries

The term “alkali-ion battery” generally refers to battery chemistries involving lithium,
sodium, and potassium.?’! The development of portable electronic devices necessitated
the introduction of rechargeable battery systems. The first rechargeable batteries were
made from nickel-cadmium (NiCd) cells, which were subsequently replaced by nickel-
metal hydride (NiMH) batteries due to concerns about the environmental impact and
toxicity of cadmium.?® However, major drawbacks of NiMH batteries were their limited
energy density, memory effect, and more, leading to the search for alternative solutions.

Lithium-based batteries were identified as a potential secondary battery system in the late
20" century owing to their high specific capacity, low self-discharge, and readiness.?”)
Early applications of lithium-based batteries utilized metallic lithium anodes, which were
difficult to recharge due to the dendritic growth of the metal after a few cycles. Therefore,
an alternative negative and positive electrode was sought, resulting in the introduction of
graphite as an effective negative electrode due to its theoretical specific capacity of 372
mAh g% Most of the capacity can be stored at a plateau close to zero versus the lithium
reference electrode without significant irreversible side reactions. However, the lack of
modern manufacturing techniques and laboratory equipment made graphite obsolete for
commercial use for some time. In early trials, propylene carbonate (PC) was introduced
as an electrolyte, which was not compatible with graphite, resulting in an undemanding
performance for scale-up demonstrations.?” As a follow-up, the introduction of soft
carbons, graphitizable carbons, enabled the use of such electrolytes and additives in LIBs,
as they were already compatible with the other chemical constituents.*

Sony introduced the first commercial LIB in 1991, consisting of soft carbon and LiCoO;
as anode and cathode materials, respectively.*'! Meanwhile, modified soft carbons and
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even hard carbons, which are non-graphitizable carbons, were being tried in LIB systems.
However, soft and hard carbons were considered inefficient for large-scale productions.
The introduction of advanced electrolytes, such as ethylene carbonate (EC), dimethyl
carbonate (DMC), and diethyl carbonate (DEC), allowed graphite to be used in LIBs.!**
Since then, LIBs have remained dominant in the market in most aspects, although the
extraction and production of cathode materials remain complicated. A typical LIB consists
of graphite as an anode, LiCoO, as a cathode, a separator (such as Celgard), and a
carbonate-based electrolyte. The use of graphite in LIBs is notable due to its excellent
performance, which includes a capacity of more than 300 mAh g and an initial coulombic
efficiency (ICE) of more than 90%.53% Moreover, graphite possesses good conductivity,
reducing the amount of additional conductive additives like carbon black. The energy
density of LIBs is typically between 150 and 250 Wh kg!, depending on the application,
subject to real-world operating conditions, representing an impressive metric.*)

LIBs have been considered a marvel of modern technology since their introduction. They
continue to dominate the market, particularly in mobile applications where high energy
density and electrochemical performance are required. In contrast, research interest in
sodium-ion batteries (SIBs) was previously limited due to the challenges associated with
working with sodium due to the need for highly specialized production equipment, as well
as the need for more controlled environments that require costly systems.* Moreover,
the elusive nature of cathode materials, such as NaCoO,, which exhibits a complicated
charge and discharge profile compared to its analogous LiCoQO,, has hindered early
research efforts.*31 As such, scientific research on SIBs before the turn of the millennium
was negligible compared to that on LIBs. However, as technological advances in LIBs
continued, research interest in SIBs has also gained momentum, given their analogous
operating principles. The increased interest in SIBs is driven not only by scientific
advances but also by techno-economic and geopolitical issues related to LIBs. As a readily
available battery system, SIBs have received increasing attention not only in laboratory-
scale research but also in industrial applications. The first commercial SIB was introduced
by CATL Company (with a specific energy of 160 Wh kg and 15 min to 80% state of
charge (SoC)) (Figure 1.2a) and followed by Company HiNa Battery Systems (140 Wh
kg™), and the latter has been successfully applied to an electric vehicle (Figure 1.2b and
Figure 1.2c), demonstrating its promising potential for further implementations,*®! despite
its technical specifications not yet matching those of state-of-the-art LIBs. Still, the goal
of achieving an energy density of 200 Wh kg™ in SIBs is still a horizon of development.
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Figure 1.2. (a) The first commercial SIB introduced by CATL, (b) commercial SIB stacks from
HiNa Battery, and (c) the first application of SIB in an electric vehicle (JAC SEHOL E10X), which
provides a range of approximately 300 km when used with 140 Wh kg battery packs. (Copyright,
CATL, HiNa Battery, and JAC)

Alkali-ion batteries have gained significant attention in scientific research, and it is worth
mentioning that potassium-ion batteries (KIBs) have also been studied in this field.[*”
While the current state of research on KIBs does not yet match that of SIBs, it is essential
to recognize the value of understanding the fundamentals of ion storage mechanisms
provided by alkali-ion batteries. The lesser investment in KIB research can be attributed
to challenges in developing battery components, specifically for the anode side. Due to
the larger covalent radius of potassium, the storage mechanism and electrode materials
are significantly different than those for LIBs and SIBs. Furthermore, the identification of
stable cathode material for KIBs remains an area of active investigation, along with
electrolyte restrictions.*”? Nevertheless, research on KIBs is increasing, and similar
operating principles among alkali-ion batteries suggest that advances in KIB technology
will contribute to broader improvements across the whole field.

1.2.1. Commercialization of SIBs

While SIBs and LIBs share similar principles in processing and integrating battery
components, SIBs were considered supplementary battery systems to LIBs in the medium
term due to their lower electrochemical performances.*®! Nevertheless, SIBs can be
effectively utilized in upcoming mobile applications due to their promising energy

11
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densities. Manufacturers currently aim to expand SIB technology to cover the entire range
of LIB applications, but this objective is not yet feasible. Nonetheless, promising results
are emerging for industrial-scale applications, and global manufacturing lines can be
swiftly adapted to SIB technology without requiring substantial investments. 4!

The most significant advantage of SIBs, for now, is their considerably lower cost
compared to LIBs. The supply chain for LIBs is expected to be distorted, not only due to
the challenging extraction of expensive cobalt but also due to environmental concerns.
The total cost of lithium, nickel, and cobalt in the typical battery pack is roughly 30%,
which is remarkably high, and a further reduction in cost is essential.*®! To reduce costs,
some manufacturers have returned to LiFePO, (LFP) cathodes for some applications, even
though they have lower energy densities than LiCoO, (NMC)-based packs. Nevertheless,
even eliminating cobalt from the cathode is insufficient to make LIBs more appealing. For
example, lithium carbonate, the primary chemical source of lithium, is significantly more
expensive than sodium carbonate (roughly 27,000 USD/Ton compared to 300 USD/Ton
as of April 2023, tradingeconomics.com), and sodium is also significantly more abundant.
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Figure 1.3. Analysis of the driving range in relation to the battery pack energy densities of current
SIBs, NCM- and LFP-based LIBs. Reprinted with permission from Figure 3 in Rudola et al., Nat.
Energy, 2023, 8,215-218. (Copyright (2023) Nature Publishing Group, copyright granted through
Copyright Clearance Center, Inc.)

12



CHAPTER 1. INTRODUCTION

In the past decade, several endeavors have been undertaken to show the prospective
capabilities of SIBs at an industrial level. Some of these attempts have reported
comparable results to LFP-based LIBs. ¢! Naturally, the main focus of interest lies in the
electric vehicle (EV) market, which is the largest potential market for the battery industry.
Initially, SIBs were deemed unfit for numerous aspects, but current scientific and
technological developments suggest that they might actually have a chance. Figure 1.3
demonstrates the typical cell-to-pack strategies for SIBs and compares them with the
already available approaches in the EV market. If appropriate pack-level energy densities
can be attained, the performance of SIBs can compete with the NCM- and LFP-based
LIBs.[6!

Pack engineering is one of the main obstacles faced by SIBs. It is a complex task that
requires careful consideration. In general, there is no reason why SIB packs can’t be
employed in these kinds of applications. However, it may be necessary to develop a
unique structural battery solution. According to the most recent US transportation
statistics, 95% of all trips in 2021 were less than 80 km, indicating that SIB deployment
might begin with small city vehicles.*) Considering the sustainability and cost benefits
of SIB chemistry, they could be a promising candidate for moderate-range EV
applications.

1.2.2. Operating principle of alkali-ion batteries

As previously discussed, alkali-ion batteries primarily comprise LIBs, SIBs, and KIBs,
which do not rely on similar storage mechanisms, i.e., insertion (intercalation). The
fundamental operating principle of these batteries involves pairing each electrode with an
appropriate counterpart and combining them with an electrolyte, separator, current
collector, and other components.

In most cases, layered oxides are used as cathodes and carbonaceous materials as anodes.
In the presence of an electric load, redox reactions happen at the active sites, and the ions
migrate to the other terminal. Then, these ions are stored in the structure. Simultaneously,
the flow of electrons generated within the system travels through an external circuit,
resulting in the generation of a current (Figure 1.4).

The insertion mechanism in this context is broadly defined, as the stable intercalation
compound is not uniform across all types of alkali-ion batteries. For instance, the energy
barrier for the formation of an alkali-ion-carbon compound is relatively low for LIBs
(LiCs, with a theoretical capacity of 372 mAh g') and even for KIBs (KCs, with a
theoretical capacity of 279 mAh g').*) However, for SIBs, the nature of sodium makes
its intercalation into carbon inconvenient (NaCes, with a theoretical capacity of 35 mAh
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Figure 1.4. Operating principle of a typical SIB is illustrated.

g1).5% Consequently, the primary mechanism usually occurs through the pore-filling in
SIBs, which involves the diffusion-controlled transport of sodium ions into the micropores
(open or closed) of the carbon anode.l"

From a more scientific standpoint, “alkali-ion battery” refers to systems in which ions do
not participate in further chemical reactions apart from intercalation. When these materials
undergo different reactions with the active materials in electrodes (i.e., compounds found
in cathode materials, such as transition metal oxides, phosphates, coordination polymers,
or polyanionic compounds), they are classified as different battery types. A couple of
examples of those kinds of systems are the lithium-sulfur (Li-S) and sodium-sulfur (Na-
S) battery systems, which involve the formation of alkali-ion-sulfur species during
operation and are distinct from LIBs, SIBs, and KIBs.

1.2.3. Components of a battery cell

Cathodes — In many cases, performance parameters, such as energy density, are
significantly influenced by the cathode chemistry, as the cell potential is crucial for high
energy density. While this holds true for all batteries, the range of cathode materials that
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have been studied under several conditions is particularly extensive for LIBs, which are
currently the only commercially available alkali-ion battery systems.

The materials that have received the most attention in this context are metal oxides with
layered structures, specifically those denoted as LiMO,, where M represents elements
such as Co, Ni, and Al. These oxides allow for the intercalation of Li ions at very high
potentials, such as over 4.0 V (vs. Li"/Li), and possess a stable plateau region.*"
Consequently, these materials are currently the most efficient cathode materials due to
their high theoretical capacity and stable potential, ultimately leading to a remarkable
energy density. However, there is a limitation associated with these materials. At the
potential at around 4.6 V (vs. Li"/Li), the oxygen evolution reaction occurs, and the
flammable electrolyte poses a danger of reacting with it, leading to thermal failure.®? For
mobile applications, currently, there is no other feasible solution beyond the use of oxide
layers. However, for large-scale applications where energy density is not the main
performance metric, other types of cathode materials are considered. Especially given that
cobalt is the most widely used element on commercial LIBs, its availability is also highly
localized in the crust. In such cases, nickel or manganese could replace cobalt, although
their performance may not stand for direct comparison.>®! Alternative cathode materials
are mixed crystals, such as lithium-nickel-cobalt-aluminum oxide (Li(NipsC00.15Alo.05)O>),
which is the preferred choice when a balance is required in terms of energy density, power
density, safety, and availability. Recently, most of the commercial LIBs have also used
mixed crystals, such as lithium-nickel-manganese-cobalt oxide (Li(Nig33:Mng33C0033)O2).
In this case, nickel reduces the amount of cobalt used in the cathode, and manganese
stabilizes the lattice.l**%

Spinels represent another type of cathode material, with LiMn,O4 (LMO) and LiNi,O4
being the typical compositions. These materials can provide high operating voltages,
reaching up to 5.0 V vs. Li"/Li, almost above the oxidative stability of electrolytes.!** 5
LMO is the most well-known member of this group and has been studied for use in
commercial applications. It is sometimes blended with NCM to reduce the amount of
cobalt used in the cathode. The performance of LMO at high temperatures is not sufficient
in terms of cyclic stability and rate-capability. Moreover, there are various types of LMO
cathodes, which can lead to the generation of lower-performance variants (due to their
different chemical structure) during battery operation.

Metal phosphates, denoted as LiIMPO,4 (where M indicates Fe, Mn, Co, or Ni), represent
another important type of cathode material.>>* ¢ LiFePO, (LFP) is the most commonly
used variant of these cathodes, providing a relatively high specific capacity of
approximately 160 mAh g'! at around 3.4 V (vs. Li*/Li). The unique property of LFP is its
flat plateau, along with its superior rate performance and capacity retention. However, the
drawback of this kind of cathode is its low electrical conductivity, which requires costly
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fabrication techniques to be improved. Despite this limitation, metal phosphates are
promising cathode materials, and research in this field is proceeding at a fast pace.
However, due to the performance of NCM cathodes in mobile applications, LFP cathodes
currently lag behind.

On the SIBs side, it has been observed that several cathode materials can be made
compatible to some extent by substituting Li with Na, resulting in stable and similar
compounds. The discovery of efficient cathode material is essential to achieve the desired
level of energy density for mobile applications. Indeed, the cathode constitutes the
heaviest part of the battery, accounting for almost half of the cell weight, which is nearly
twice the weight of the anode. The molar mass of Na is higher compared to Li (i.e., 23.0
vs. 6.9 g mol'); hence, energy densities of analogous cathodes for SIBs are expected to
be lower. For instance, the theoretical capacity of NaCoQO, is approximately 15% lower
than that of LiCoO,. Additionally, the lower redox potential of Na decreases the cell
potential, resulting in a lower energy density in the full-cell. The full-cell voltage is
primarily driven by the cathode potential since the anode plateau usually hovers close to
0 V (vs. reference electrodes) in both LIBs and SIBs using graphite and hard carbons,
respectively.!! A direct substitution of Na for Li in cathode materials is not suitable for
practical applications. As an example, NaCoO, exhibits different plateaus at different
potentials, making it unfeasible for commercial use.*” Conversely, NaFeO, can serve as
a stable cathode material, albeit with a lower specific capacity. It can provide a stable
plateau at 3.4 V (vs. Na‘/Na).l*® However, this material is susceptible to irreversible phase
transitions, leading to faster decay. Mn-based analogs are also under investigation, but
their lower cyclic stability and less flat voltage profiles also put them in a disadvantageous
place.

The superior affinity of polyanionic compounds to Na compared to Li has made them a
desirable candidate for efficient cathode materials. In this regard, NaFePOu, close to its Li
counterpart (LFP), has demonstrated similar cycling properties with a flat plateau profile
at two different potentials while effectively utilizing most of its theoretical capacity.!”
However, low conductivity has posed a significant challenge, necessitating the adoption
of advanced treatment techniques to decrease particle size. The replacement of phosphate
with pyrophosphates has also been considered; in this case, energy density is lower, but
power density and stability are higher. Optimization with Mn and F has also been
explored, with the introduction of F leading to the development of a relatively stable
compound, Na;FePO4F. This material can provide a reversible capacity of approximately
110 mAh g' and exhibits two plateaus around 3.0 V (vs. Na'/Na).[*> ¢

The current consensus deems NASICON (Na Super lonic Conductor) type NaszV2(POs);
(NVP) cathode materials as the most promising in the field,!! even for commercial
purposes. With a capacity of approximately 117 mAh g' and a plateau at 3.4 V (vs.
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Na/Na), these materials are not only easy and affordable to synthesize but are also ideal
for practical applications. Notably, their high ionic conductivity provides remarkable
capacity retention at very high current rates, making them promising in the field.®®" The
introduction of F into the material’s structure leads to the development of another
candidate, namely Na;V,(PO4),F3; (NVPF), which provides a slightly higher potential with
two plateaus at around 3.6 V (vs. Na'/Na).l® However, the synthesis of NVPF
necessitates more control, and the material is comparatively inferior to the NVP in cyclic
stability.

The final class of materials for SIB cathodes includes metal hexacyanometallates,
specifically Prussian blue or white analogous, composed of Fe(CN)s octahedra.l
Although these materials efficiently accommodate Na ions in their octahedral vacancies,
they currently do not meet the requirements of efficient cathodes in practical applications
despite exhibiting remarkable performance in lab-scale investigations. Consequently, it is
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Figure 1.5. In a Ragone plot, the cathode materials for SIBs is represented by their energy density,
specific capacity, and voltage. Reprinted with permission from Figure 7a in Choi & Aurbach, Nat.
Rev. Mater., 2016, 1, 16013-16013. (Copyright (2016) Nature Publishing Group, copyright granted
through Copyright Clearance Center, Inc.)
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evident that the performance of SIB cathodes falls short of replacing their LIB
counterparts in mobile applications in many performance metrics, such as stable operating
voltages, cyclic stability, and rate capability. Nevertheless, ongoing research endeavors
aim to discover much more efficient cathode materials for the future. Alternatively, these
materials may be employed for stationary applications that do not require very high energy
densities. In Figure 1.5, a comparison of cathode materials is visualized in terms of their
fundamental electrochemical performances./*

Anodes — After an extensive discussion over several decades, it has been observed at a
theoretical level that the optimal negative electrodes for alkali-ion batteries are bare
metals, which offer overseen energy densities.!®! However, the irreversible plating and
stripping of metals lead to distortion of surfaces over cycling. This results in the formation
of dendrites, which pose a potential danger of causing short circuits and, thus, failure.
Given these challenges, the anode material should be lightweight and have a consistent
working potential to maintain a stable full-cell voltage during operation and preserve high
energy density. Furthermore, it is essential to consider additional performance metrics that
are just as crucial as energy density, such as cycling stability, chemical stability, wide
operating window, safety, and sustainability.® Consequently, it is essential to develop
anode materials that meet these criteria while holding high-performance standards to
attain sustainable and efficient energy storage solutions.

When compared to the cathode side, the anode exhibits a much narrower range of useful
product scales for both LIBs and SIBs. Titanium-based anodes, such as TiO,, can be
utilized in both cases and offer a lithiation potential of approximately 1.5 V (vs. Li*/Li)
and above 0.5 V (vs. Na'/Na).l*® 67l However, the high voltages associated with LIBs
make them unsuitable for high-energy-density applications. In the case of SIBs, the
modification of electrochemical properties may be achieved through the partial
replacement of Ti atoms with Li, Cr, Co, or Ni. Titanites, being one of the most promising
insertion materials in both cases according to scientific research, led to the introduction
of wvarious chemical structures, such as LisTisO, and Na,TisO:3, among others.
Nevertheless, their low specific capacity and low conductivity remain their primary
drawbacks.[*®]

Meanwhile, alloys have also captured the attention, given their significant theoretical
capacities. However, the formation of alloys is usually accompanied by substantial volume
changes during phase transitions, resulting in a rapid failure of the battery.[®* ¢ Si and Sb
are widely regarded in this context due to their very high capacity. For instance, Li»Sis
can offer capacities of approximately 4200 mAh g' with lithium. However, the alloying
process is sometimes sequential and challenging due to the formation of amorphous
compounds at near-room temperatures. Notably, no alloy formation has been observed
between Na and Si in practical tests, while alloy formation does occur with Sb and Sn,
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which is theoretically expected.[*®> 71 However, controlling the intermediate species is
difficult, leading to volume changes that are detrimental to battery stability. Therefore, it
is crucial to continue exploring advanced materials that meet the requirements for high
performance, safety, and environmental sustainability in order to develop next-generation
energy storage solutions that must be implemented at a large scale.

An alternative strategy for the advancement of anodes in SIBs involves the utilization of
phosphorous.”!! Phosphorous has the ability to react smoothly with sodium, leading to
outstanding electrochemical properties. For example, the redox potential of the formation
of NasP is less than 0.5 (vs. Na"/Na), a relatively low value when compared to other alloy-
based anodes, making it a valuable alternative to obtain a high energy density. Still, there
are challenges associated with phosphorous. White phosphorous is out of discussion in
the use of batteries as they are extremely toxic and flammable. Red phosphorous provides
good stability. Black phosphorous offers high conductivity and possesses a layered
structure similar to graphite, with four phosphorous atoms binding to each sodium atom.!"!!
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Figure 1.6. In a Ragone plot, the anode materials for SIBs is represented by their energy density,
specific capacity, and voltage. Reprinted with permission from Figure 7b in Choi & Aurbach,
Nat. Rev. Mater., 2016, 1, 16013-16013. (Copyright (2016) Nature Publishing Group, copyright
granted through Copyright Clearance Center, Inc.)
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Despite these advantages, this class of materials also faces specific problems, such as low
processability and undemanding real-world electrochemical performance. Additives and
custom facilities/devices are required to achieve the desired particle size and ensure
proper conductivity. Nonetheless, using phosphorous anodes is considered a promising
area of research in developing high-performance batteries.

Carbonaceous materials are frequently thought to be the best for LIBs and SIBs. These
materials are readily available and exhibit remarkable electrochemical performance in
various aspects. In the case of LIBs, commercial batteries typically utilize graphite as an
anode due to its ability to form stable intercalation compounds. The theoretical capacity
of graphite in LIBs is 372 mAh g, with most of this capacity being close to 0 V (vs.
Li*/Li), which allows for its broad use in a variety of applications. Aside from graphite,
non-graphitic carbons can also be employed in some instances while remaining
compatible with LIBs.!*%

In SIBs, graphite is not supported because of the aforementioned limitations. However,
non-graphitic carbons, such as hard carbons, can be used and exhibit similar
electrochemical behavior to graphite in LIBs. Hard carbons can provide more than 300
mAh g', with most of their capacity being stored close to the plateau.!'ss 18 721
Nevertheless, these materials do have some drawbacks, such as capacity degradation at
high currents due to harsh ion insertion processes, which can distort their structures and
negatively impact their long-term cycling performance. Section 1.3.1 delves into the
sodium storage behavior of hard carbon in more detail. Figure 1.6 presents a comparative
analysis of various anode materials in terms of their fundamental electrochemical
characteristics.!**!

Solid electrolyte interphase (SEI) — In light of the discussion on anodes, it is worthwhile
to mention the role of solid-electrolyte interphase (SEI) layers in alkali-ion battery
systems. Despite exhibiting distinct chemical structures in LIBs and SIBs, these layers
share fundamental characteristics. The SEI layer is a natural passivation layer consisting
of the decomposition products of the electrolyte. It occurs when the redox potentials of
the electrodes exceed the electrolyte’s stable electrochemical window, particularly during
the initial operating cycle.[”® SEI layers are mostly inorganic layers that chemically coat
the active surfaces of the electrodes. While this mechanism manifests in both negative and
positive electrodes, the latter is often referred to as cathode-electrolyte interphase (CEI)
layers.

In the late 1970s, Peled and colleagues first introduced the concept of SEI while studying
the electrodeposition of alkali and alkaline earth metals in different electrolytes.™ Their
investigation resulted in a thin, electronically insulating but ionically conductive layer on
the current collector, which, due to its properties resembling those of the liquid electrolyte,
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was referred to as the SELU# SEI layers are of paramount importance in numerous
respects, including their ability to enhance cycling stability, rate capability, safety, and
other critical factors. However, as previously noted, their formation during the initial cycle
is unavoidable and can significantly impact capacity loss and electrolyte consumption.
Thus, the controlled formation, growth, and chemical composition of SEI layers require
meticulous study.

SEls in both LIBs and SIBs primarily comprise heterogeneous mixtures of organic and
inorganic species, with the latter being more dominant.[”” Consequently, SEIs exhibit
sensitivity to different chemical environments, including salts and electrolyte solvents. In
the case of graphite in LIBs, SEI formation typically occurs lower than 0.3 V (vs. Li*/Li),
resulting in a relatively stable structure.[”® However, this is not possible for hard carbons
in SIBs, given that the half-cell potential is higher, leading to considerably lower SEI
stability.l”® The diffusion-controlled mechanism of storage for alkali-ion batteries, such
as the pore-filling in SIBs, is more detrimental to the structure. For example, the harsh ion
insertion process distorts the structure and generates additional surfaces, resulting in the
growth of the SEI layer that consumes electrolytes and decreases the Coulombic
efficiency. Additionally, SEIs in SIBs have been found to be more fragile, which causes
cracking and decomposition after operating for a while.l’”!

Controllable formation and growth of SEIs can be done in several ways. One such
approach involves modifying the electrolytes with various additives (as discussed in the
electrolyte section), although this practice is seldom used. Another technique consists of
utilizing electrodes with relatively low surface areas accessible to the electrolyte, thereby
impeding the formation and growth of excessive passivation, as it consumes electrolytes
and may affect the charge transfer resistivity. However, this strategy has been found to be
controversial, as certain anode materials in SIBs rely on these surface areas to enable
efficient ion storage, such as mesopores that facilitate surface-controlled sodium
adsorption. Another modification method is introducing an artificial passivation layer,
namely an artificial-SEI (a-SEI), as a post-synthetic process to suppress the growth of
naturally forming SEI. Chapter 2 mainly explores this phenomenon experimentally by
introducing carbon nitride (CN) thin film as an a-SEI layer and provides positive
outcomes.!” Further discussions on a-SEI layers can also be found in Section 1.3.2.

Electrolytes — In both LIBs and SIBs, electrolytes must meet several requirements,
including electrochemical and thermal stability, plus ionic conductivity, while remaining
electrically insulating. These electrolytes should be synthesized from feasible and
abundant sources, as they occupy a significant amount of space within the battery. Given
the highly reactive environment on the cathode and anode sides, the electrolyte must also
have a highly stable potential window.[”” Thermal stability is also critical since, as a liquid
phase, the electrolyte should resist thermal decomposition and prevent phase changes
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within the thermal operating window, e.g., -30 to 50°C. The ionic conductivity plays a
crucial role in providing fast ion transfer and reducing charge transfer resistivity, which
is essential for the state of health (SoH, an actual condition compared to the ideal) of the
battery.

Electrolytes typically consist of salts, solvents, and sometimes additives.”* The alkali
salt, containing either sodium or lithium, is the critical parameter. As the diameter of the
anion in the salt is much larger than that of the cation, it conveys the ionic transportation
kinetics to a greater extent. After desolvation, the cations are transferred to the electrodes
and stored through redox reactions or surface-controlled processes. The selection of salts
is crucial, as they have significantly different solubilities in various solvents and
electrochemical stability.[®® Alkali salt decomposition usually occurs as an anodic
process; thus, they should be paired with electron-withdrawing atoms to provide weaker
coordination with the alkali atom. Common anions paired with Na*and Li* cations include
ClOy4, BF4, PFs, [N(FSO,).] (FSI), and [N(CF5SO,).] (TFSI).l”**80 The selection of these
anions should be based on several performance criteria. However, ClO4 is a potential
danger to safety, while FSI and TFSI are rather costly.”® 8} Among these, PFs can be
considered a good compromise despite being highly moisture-sensitive.

Electrolyte solvent is as significant as the alkali salt due to the solvent’s crucial role in the
formation of the SEI and its effect on various other critical factors. The most frequently
exploited solvents are organic polar solvents, such as organic carbonate esters and glycol
ethers. Among the glycol ether solvents, bis(2-methoxyethyl) ether (diglyme) has
garnered much scientific interest owing to its many favorable outcomes.®?! For instance,
in Chapter 4, it is found that the material investigated with diglyme-based electrolyte
solution exhibits better performance than with carbonate-based electrolytes. However,
due to their higher stability, carbonate-based solvents are the primary choice in real-world
applications. In particular, ethylene carbonate (EC) and propylene carbonate (PC) are
often preferred due to their high dielectric constants.®! However, the use of PC in LIBs
is unfeasible as it exfoliates the graphite over time, while in the case of SIBs, it triggers
excessive SEI formation with the hard carbons. EC stands out for its performance and
stability, but its melting temperature of 36°C precludes it from being employed as a
standalone solvent, as it is solid at room temperature. For this reason, it is frequently
blended with other carbonate-based solvents to create binary solvent mixtures. Dimethyl
carbonate (DMC), ethyl-methyl carbonate (EMC), and diethyl carbonate (DEC) are all
highly-miscible options that can be employed in varying volumetric ratios with EC. In
SIBs, the most common electrolyte is 1M NaPFs in EC/DEC (or EMC), while in LIBs, it
is 1M LiPF¢ in EC/DMC, as the use of EC with DMC yields much higher ionic
conductivities. 884!
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It is worth noting that there are certain additives that can be introduced into the electrolyte
solution to enhance its performance further. Although scale-up demonstrations may pose
additional challenges, promising results have been shown at the lab-scale level. Notably,
fluoroethylene carbonate (FEC) is a common additive and is usually added to the
electrolyte solution at levels ranging from 1 to 5 wt. %.1% It has been demonstrated that
the inclusion of such additives increases the stability of the SEI, leading to its thickening
with improved protection. In turn, this mitigates the creation of new surfaces and thereby
hinders the uncontrolled growth of the SEI and electrolyte consumption. A drawback of
such additives is reducing the storage capacity, particularly in the case of SIBs, as hard
carbon stores sodium in its micropores, and a thicker SEI can block the sodium diffusion
channels. Therefore, the amount of additives should be investigated in detail before
implementation. ¢

An alternative class of electrolytes, known as room-temperature ionic liquids (RTILs), has
garnered considerable attention in academic research.?> 8¢ 87 These RTILs exhibit
improved thermal stability and stable potential windows in many cases. However,
compared to carbonate-based electrolytes, their extreme cost makes them unsuitable for
commercial applications. Similarly, solid-state electrolytes have recently been
investigated due to their exceptional thermal stability, lower flammability, improved
durability, and more. However, low ionic conductivity still remains their biggest
drawback, and further investigation is essential for implementation.

Binders and additives — The coating of active material on the surface of the current
collector is required for the assembly of an electrode. For this purpose, electrode slurry
usually contains some adhesive and performance enhancer additives. Binders represent a
crucial class of additives in electrode slurry, serving as the principal agents for furnishing
adhesive strength in the active material and attaching it firmly to the current collector. In
tandem with other components, binders also have requirements that must be met to ensure
high performance. These requirements include the ability to adhere firmly utilizing both
chemical interactions with the other components and good mechanical properties,
sufficient wettability to provide seamless compatibility with the electrolyte, and thermal
stability. Various binder types are available, such as conductive, cross-linking, self-
healing, and many others.® Nonetheless, the most prevalent and suitable varieties for
commercial applications are derived from linear polymers.

Polyvinylidene fluoride (PVDF), polyacrylic acid (PAA), sodium alginate (SA), and
carboxymethyl cellulose (CMC) are linear polymers that are commonly employed as
binders. PVDF, a fluoropolymer, is renowned for its excellent electrochemical stability.
However, its relatively weak intermolecular forces often result in significant volume
expansion during cycling.® Furthermore, to facilitate its usage, hazardous solvents are
used, such as N-Methyl-2-pyrrolidone (NMP), as they are toxic and have a high boiling
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point (i.e., 202°C for NMP). PAA, on the other hand, is an amorphous polymer that is
capable of establishing robust mechanical properties. It provides a desirable electrode
elasticity, enabling it to revert to its initial dimensions even after undergoing volumetric
expansion resulting from sodiation and desodiation during cycling.®! SA, a natural
polysaccharide, can facilitate bond formation under protonation conditions, thereby
improving the SEI stability and increasing the initial Coulombic efficiency. Last but not
least, CMC, a cellulose-derived polymer with numerous hydroxyl and carboxymethyl
groups, might interact chemically with the active components to improve bonding
efficiency.®” As a binder, CMC yields superior electrochemical performance when
compared to the conventional PVDF binder in SIBs.""

In addition, styrene-butadiene rubber/carboxymethylcellulose (SBR/CMC) offers some
advantages for the negative electrodes, given their enhanced stability properties.”!! The
implementation of such binders is excluded on the cathode side owing to the oxidation of
unsaturated bonds present in SBR at high cathodic potentials. Hence, they are not
preferred in cathode slurries.

It is critical in battery technology to discuss the role of conductive compounds in the
positive and negative electrodes. In LIBs, thanks to the conductive nature of the graphite,
the use of an additional conductive additive is often unnecessary.”” However, the cathode
side of the battery, which typically consists of layered metal oxides, exhibits lower
conductivity, thereby necessitating the use of such additives. In the case of SIBs, both the
anode and the cathode require conductive additives because hard carbon is a non-graphitic
carbon and does not provide sufficient electrical conductivity. Hence, the use of
conductive additives is unavoidable for the efficiency of SIBs.

Several batteries contain conductive additives, such as carbon nanotubes (CNTs),
graphene, or carbon black, which are combined into a mixed slurry comprising two or
more components.'*! The integration of such conductive additives into a conductive paste
is necessary for industrial purposes, and it arises from the collective efforts of these
additives to encourage their utilization. Carbon black (such as Super-P), graphene, or
carbon nanotubes (CNTs) are challenging to be dispersed homogeneously. For this reason,
before their inclusion in the electrode slurry and subsequent utilization, it is necessary to
disperse these additives thoroughly. Ideally, conductive additives should exhibit excellent
dispersion in the dispersing agent (such as NMP) to provide effective electrical conduction
with a minimum amount. However, in some cases, the amount of additive binder in the
electrode mixture can exceed 20 wt.%, leading to a decrease in energy density, as their
contribution to the capacity is negligible. Nevertheless, they can enhance electrolyte
adsorption and diffusion by improving the ionic conductivity of the electrodes.
Furthermore, conductive additives should be cost-effective and practical for large-scale
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utilization. Carbon black is preferred over CNTs and other additives due to its
significantly lower cost.[**!

1.3. Background on hard carbon materials

Graphite is the most common carbon allotrope characterized by a layered structure of sp’-
hybridized carbon atoms. Meanwhile, hard carbons represent another type of carbon
allotropes with a disordered, non-graphitizable structure, even at very high
temperatures.['* 1721 Hard carbons typically lack long-range order, yet they may exhibit
locally ordered graphitic-like stacking, sometimes referred to as pseudo-graphitic. These
carbons usually possess a high degree of open and closed porosity, which arises from their
structural features derived from defects and short-range orders. The local pseudo-graphitic
stacking of hard carbons in their (002) planes is larger compared to the one in graphite
(ca. >0.36 vs. 0.34 nm), leading to a lower density compared to graphite (ca. 1.5t02.2 g
cm?).’ By increasing the condensation temperature, these hard carbons exhibit an
increase in the conjugation length, i.e., higher sp? degree with a local structural order.
Hard carbons, however, have a minor change in structural order as compared to soft
carbons, which can be graphitized at higher temperatures.l’?! If the treatment temperature
increases, the available surface area of hard carbons to the gas decreases, and the closed
pores inside of the material become a crucial measure.

Designing the physicochemical properties of carbonaceous materials is an art that is still
a very active area of investigation. The structural features of these materials are dependent
on the precursors, temperature, environment, and other parameters. For instance, when
coal and petroleum pitch are treated, they transform into soft carbons that are graphitizable
at above 2000°C due to the arrangement of their turbostratic disordered layers.”
Meanwhile, hard carbons may be generated from a variety of sources, including cross-
linked polymers and biomasses.”® During thermal condensation, carbon atoms possess
limited mobility, which restricts the rearrangement of sp’-based units. Therefore, they
may preserve the precursor morphology during condensation, controlling the closed and
open porosity. It is noteworthy that it is controversial to classify soft and hard carbons as
completely amorphous since they still contain locally arranged graphitic units and do not
have fully localized T orbitals.

The complex structure of hard carbons can be analyzed through several characterization
techniques, which are thoroughly discussed in Chapter 4. Transmission and scanning
electron microscopy (TEM and SEM) are used for obtaining an overview of structures on
the pm to nm scale. The disordered structure of hard carbons, which typically takes the
form of entangled noodle-like graphitic layers (Figure 1.7a), is explored using TEM. At
the larger-scale, the morphology of hard carbon often appears as larger chunks with
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distinct boundaries and smooth surfaces (Figure 1.7b) in the absence of surface
treatments. Diffraction techniques, such as X-ray diffraction (XRD), enable the
characterization of the interlayer distance and comparison to one of the graphitic carbons.
The (002) reflections are observed at lower diffraction angles, indicating increased
stacking distance.!"-°”! The porous nature of hard carbons is also characterized by other
techniques, such as gas physisorption analysis for open surfaces that are available for gas
adsorption. In this case, N> adsorption and desorption are the most common methods used
for the quantification of such surfaces by applying several methods (such as density-
functional-theory (DFT) and beyond). However, such carbons usually possess micropores
that are not available for N, since the gas kinetic radius may be larger than potentially
available micropores (such as ultramicropores d <0.7 nm (IUPAC)), depending on the
nanostructure. The utilization of different gases, e.g., CO,, He, or Ar, can be employed to
delve into such analysis.”® Closed pores cannot be characterized with gas physisorption
analysis and can be analyzed using scattering techniques. Small-angle X-ray scattering
(SAXS) is a useful method for analyzing structural changes in materials, including

surfaces, interfaces, and crystal structures.” In particular, SAXS is a conventional
method for analyzing the closed porosity of hard carbons both qualitatively and
quantitatively. The scattering curve of a typical hard carbon sample is presented in Figure
1.8a, where the scattering from microporous regions is usually associated with the mid-
range (i.e., 0.5 to 8.0 nm™) of the scattering vector (g).”*® At the same time, additional
structural features such as sharp boundaries, lateral imperfections, and the radius of
gyration can be obtained from the lower g ranges in the Porod region.

Figure 1.7. (a) TEM image of a typical non-graphitic carbon with a short-range order. (b) SEM
images of the same material, revealing the sharp edges and smooth surfaces of the structure.
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1.3.1. Sodium storage in hard carbons

As previously mentioned, the sodium storage mechanism in hard carbons differs
significantly from the lithium storage mechanism in graphite. This is due to the
physicochemical properties of the materials that prevent the formation of a stable
intercalation compound. Despite this difference, the electrochemical behavior of these
materials, as observed in their galvanostatic charge and discharge (GCD) profiles, exhibits
similarities.!'”™ The GCD curve of hard carbons typically includes three distinct regions
(Figure 1.8b). In the beginning, a sharp decrease in the potential to approximately 1.0 V
(vs. Na*/Na) occurs, which is due to the activation with SEI (not to confuse it with the
desolvation process) and is negligibly involved in the energy storage. The second region,
where a “sloping region” occurs, is a surface-controlled storage mechanism that arises due
to the broad energy distribution of adsorption sites for the sodium ions. This happens due
to the capacitive-like storage behavior of the active material (e.g., surfaces and defect
sites). The last region, which is referred to as the diffusion-controlled “plateau region,”
exhibits a relatively constant voltage profile close to 0 V (vs. Na’/Na) and accounts for
the most significant part of the sodium-storage mechanism, as it is important for many
performance metrics, such as obtaining higher cell potential and energy density.[!8 18721
This storage mechanism involves the intercalation and diffusion of sodium ions into the
carbon framework, where redox reactions may occur.

In addition to the GCD measurements, ion storage mechanisms can be assessed using a
number of electrochemical techniques, including galvanostatic intermittent titration tests
(GITT) and cyclic voltammetry (CV). For diffusion-controlled storage, the redox peaks
close to 0 V (vs. Na“/Na) are suppressed at high scan rates in CV due to the limited time
available for the diffusion, while the capacitive sloping region that mainly relies on fast
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Figure 1.8. (a) X-ray scattering profile of a hard carbon in terms of normalized intensity versus
scattering vector (¢). Graphical abstract in Saurel et al., Energy Storage Mater., 2019, 21, 162-
173. (Copyright (2019) Elsevier) (b) Illustration of surface- and diffusion-controlled sodium
storage regions of hard carbons.
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near-surface kinetics is less affected by the scan rate. In GITT, a current pulse is applied
for a specific time and then removed, monitoring the relaxation of the potential. This
approach allows for the calculation of sodium-ion diffusion coefficients based on Fick’s
law of diffusion. As the electrochemical reduction and oxidation reactions happen close
to 0 V (vs. Na‘/Na) at the plateau, a sharp decrease in the sodium-ion diffusion coefficients
is expected.

The sodium storage mechanism in the plateau region is of particular interest to several
studies, and it is still under debate.'" Some studies associate this mechanism with pore-
filling, which occurs through the diffusion of sodium ions into the micropores present
within the material.l'®" Other studies propose that sodium ions can be stored within the
structure, such as between pseudo-graphitic planes and associated defect sites.!'!
However, the most widely accepted opinion is that the mechanism is a combination of
these two processes,!'* as both have been confirmed by ex-situ, in-situ, and in-operando
measurements. The structural changes in the material during sodiation can be evaluated
through X-ray techniques such as in-operando small-angle and wide-angle X-ray
scatterings (SAXS and WAXS).! 1% [n the former case, variation in electron energy
density difference in tiny pores provides robust evidence to support the pore-filling
mechanism, which is also evaluated in Chapter 3. In the latter case, a shift in the scattering
peaks accounts for the increase in stacking distance, which happens because of the
distortion of the planes by sodium. However, in the case of intercalation, the question of
whether sodium forms a stable intercalation compound remains still unanswered. Sodium
nuclear magnetic resonance (**Na NMR) is also a useful tool for monitoring the formation
of sodium clusters in pores.!'%*!

Hard carbons have a wide range of electrochemical properties, making them a promising
material for SIBs. They usually have more than 300 mAh g™ capacities and, in some cases,
even reach up to 400 mAh g',"™ as also presented in Chapter 4. Currently, hard carbons
are the only material class that has progressed to commercialization in SIBs. However,
the practical use of hard carbons depends on their feasibility, as their performances are
usually demonstrated only on a small scale. The most common precursors for hard carbons
are derived from biomasses and carbohydrates (i.e., glucose).l'”! Performance
improvements can be achieved through appropriate synthesis schemes and precursors.
One issue with hard carbons is that they are typically treated at relatively high
temperatures (e.g., above 1300°C) to achieve good performance.*® At lower
condensation temperatures, the materials may not provide the prolonged plateau capacity
required for high-energy-density applications. Therefore, developing high-performance
anode materials through processes with a low energy footprint remains a challenging
endeavor for future implementation. Despite being known for many years, hard carbons
have recently received more attention due to their promising performance for different
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applications. Technological advancements have introduced discussions of several
approaches to improve these materials further for specific applications.

1.3.2. Strategies for enhancing the electrochemical performance of anode
materials in SIBs

In order to examine potential techniques to enhance the performance of carbons in SIBs,
it is essential first to consider some of the challenges associated with them. Sodium
possesses a larger ionic radius, which can negatively impact its diffusion kinetics when
compared to lithium. This presents a significant obstacle to achieving fast operation in
SIBs. Additionally, non-graphitic carbons used in SIBs usually have lower conductivity
compared to graphite in LIBs. This is because the hard carbons are less organized and
present fewer sp? bonds. Other challenges include low sodium ion affinity of active
materials, as well as efficient diffusion channels. Several methods have been proposed to
address these complications as promising techniques for enhancing electrochemical
sodium storage performance.

Heterojunctions for increasing ionic and electronic conductivity — The concept of
heterojunctions emerged within semiconductor materials and has demonstrated
significant potential for various applications, ranging from transistors to solar cells.l'" A
heterojunction is a barrier formed by the contact of two semiconductors with comparable
thermal expansion coefficients, interatomic distances, and crystal structures but different
bandgaps.!'" In this regard, two parameters are critical, namely the work function (¢) and
the Fermi level. The work function is defined as the least amount of energy required to
extract an electron from a substance and convey it to a vacuum. The variation in the work
function of materials substantially influences band alignment and electron flow.
Meanwhile, the Fermi level represents the maximum energy level attainable by an electron
at absolute zero. Alignment of the Fermi levels between materials potentially removes the
barrier for electron flow.!"% Due to concentration polarization, when two semiconductors
are integrated, carriers on one side of the interface migrate spontaneously to the opposing
side. This results in the formation of a space charge area near the interface of the two
semiconductors, and the uneven charge distribution causes an electric field. By adjusting
the bandgap, sodium storage can potentially be enhanced.!"”! In this way, heterojunctions
can be utilized for several purposes, such as increasing ionic and electronic conductivity
in anode materials. Although carbon is commonly linked with semiconductors, its job, in
this case, is to act as the metal in heterostructures. Several studies have demonstrated an
increase in the ionic conductivity of electrodes via this mechanism while also improving
the electronic conductivity.!'"”
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The junction formed between conductive materials and semiconductors, resulting from
differences in work functions that cause free electrons to flow at the interface, is usually
called the Mott-Schottky junction. Although not typically associated with carbon
materials, some carbons can create a Mott-Schottky junction with semiconductors to
enhance the electronic properties of electrodes.l”®! The a-SEI used in Chapter 2 involves
a carbon/CN heterojunction.

Artificial SEI (a-SEI) concept — The SEI is an irregular and inhomogeneous layer that
happens through the side reactions accumulated during the initial operating cycle of the
battery. The formation of SEI is difficult to control; hence, it is crucial for numerous
performance metrics.!”®* 1% For example, excessive formation of SEI boosts electrolyte
consumption, eventually leading to failure. Moreover, the heterogeneous nature of the SEI
creates “hotspots” for faster ion transport, thus accelerating the kinetics for the nucleation
and growth of metal dendrites on some areas of the electroactive surface.!'” To overcome
the issues arising from natural SEI layers, the concept of an a-SEI was initially introduced
for lithium- and sodium-based batteries and is now extended to conventional designs. In
this case, the physicochemical properties of the a-SEIs are meant to improve the
electrochemical performance. Designing effective a-SEI relies on three main
principles:!'®! (i) mechanical stability, where a-SEI should be dense and rigid to avoid
cracking since natural SEI is brittle and prone to cracks, allowing for the dendrite growth
on the surfaces. (ii) Uniform ion transport should be provided by «a-SEI to avoid
localization, which damages the structure, as performance decay is significantly faster due
to inhomogeneous ion flux. (iii) Chemical passivation is the critical parameter, as SEI
should be able to passivate the active surface contact with the liquid electrolyte to prevent
additional parasitic reactions. In Figure 1.9, three main design principles are visualized to
show the importance of a stable a-SEI layer.l'”! Note that all design requirements for
lithium-based batteries are also valid for sodium-based batteries.

Scientists are exploring different techniques to induce a stable and thin conformal layer
that can provide stability during operation, such as preventing dendrite formation and
improving electronic structures by even creating heterostructures with the electrode. 7
Even though the concept of a-SEI is typically exploited in the metal anode (sometimes
also referred to as anode-free) batteries, inhomogeneous and highly porous carbons can
also be covered with a very thin layer of conformal a-SEI with appropriate deposition
methods. In Chapter 2, the chemical vapor deposition (CVD) method is used to introduce
a CN conformal a-SEI and enhance the performance of biowaste-derived carbon,
addressing the heterojunction effect.

Heteroatom effect — Extensive research has been conducted to explore the heteroatom
effect to enhance the electrochemical performance, focusing on nitrogen, phosphorus, and
sulfur as the most widely studied atoms integrated into the carbon structure.’#" 11 Studies
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Figure 1.9. (a) Scheme showing the effect of Li-metal plating/stripping on surface with natural
SEI and (b) with a-SEI. (¢) Scheme showing three main design principles for an effective a-SEI.
Figure 1 in Yu et al. Cell Rep. Phys. Sci., 2020, 1, 100119. (Copyright (2020) Elsevier)

have revealed that nitrogen and phosphorus can enhance first-cycle efficiencies even
though the sodium storage performance is not affected much. Meanwhile, sulfur has been
considered an up-and-coming solution for SIBs owing to its larger covalent radius and
chemical properties, which increase the interlayer spacing of graphitic planes while
introducing the preferential adsorption sites for sodium ions. '’* I These carbons entail
chemical features that are energetically favorable for the surface adsorption of sodium
ions, potentially increasing the capacity.l'”® However, reports indicate that the sulfur-
containing carbons typically lack a diffusion-controlled plateau region, suggesting lower
energy densities in full-cell devices.!'®* 72 1101 Nevertheless, the design of sulfur-rich
carbonaceous anodes can be used for high-power applications due to the improved surface
affinity. Sulfur heteroatoms for efficient sodium storage are widely investigated in
Chapter 3.

The effect of oxygen heteroatoms on electrochemical sodium storage, which can be
positive and negative, is also not ignorable.l'" "l When oxygen is present, the desired
structure of hard carbons can be achieved due to the step-wise condensation process, as
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oxygen plays a critical function in controlling structural stability, e.g., with terminal
groups. At high temperatures, oxygen-bonded species may be removed from the
framework, serving as a pore-forming agent within the material. Thus, they are typically
considered necessary for the fabrication of high-performing carbon materials.!*"
However, a high oxygen concentration is often linked to an unstable SEI. For this reason,
the most promising hard carbons are usually synthesized at very high temperatures, which
has positive outcomes in both cases: (i) oxygen-containing species leave the framework,
creating internal pores for the efficient sodium storage, and (ii) decreased amount of
oxygen brings the formation of a more stable SEI layer. In Chapter 4, high-capacity hard
carbon is introduced in this way, where achieving over 70% ICE with a total capacity of
more than 370 mAh g,

Surface engineering — The relationship between the open surface area of hard carbons
and the electrochemical performance is widely discussed in the literature. However, a high
concentration of mesopores on the surface can reduce ICE as the SEI is usually formed
on these surfaces.!''? Hard carbons with very high open surface areas sometimes bring
ICE below 30%,!"3) causing significant irreversibility. Many studies have, therefore,
focused on reducing the open surface area of hard carbons through various techniques.
For instance, conformal coating methods, such as those used in the formation of artificial
SEls (a-SEls),!"" can be employed to reduce the surface area. However, this may also
have some drawbacks, such as decreased total capacity and rate capability, as surface-
controlled processes play a critical role in fast sodium storage.
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CHAPTER 2. CONFORMAL CARBON NITRIDE
THIN FILM AS AN ARTIFICIAL SEI
ENHANCING SODIUM STORAGE

The results presented in this chapter can be found as, E. O. Eren, E. Senokos, Z.
Song, E. B. Yilmaz, I. Shekova, B. Badamdorj, . Lauermann, N. V. Tarakina, M.
Al-Naji, M. Antonietti, P. Giusto, J. Mater. Chem. A, 2023, 11 (3), 1439-1446.1"!

Notion — A novel method for improving the hard carbons involves the development of an
artificial interphase at the electrodes’ surface to adjust its electronic and chemical
structure, enhancing the stability and performance of SIBs.!”! For this purpose, it is
essential to develop materials that demonstrate exceptional durability both chemically and
mechanically. Additionally, these materials should possess high ionic and low electrical
conductivity and exhibit favorable wetting properties in contact with the electrolyte, all
while maintaining a clearly defined structure. Carbon nitride (CN) demonstrates great
potential as a suitable material for fulfilling these requirements. It possesses a low
electrical conductivity, exhibits high thermal stability, and showcases notable ionic
conductivity.® Importantly, CN is not considered an active material for sodium storage.
Additionally, its in-plane structural pores have the potential to facilitate the diffusion of
sodium ions while effectively obstructing the negative counter ions present in the
electrolyte. An efficient technique for applying CN thin films with adjustable thicknesses
onto different substrates has already been documented through chemical vapor deposition
(CVD).13b: 31

In this section, the synthesis of a carbonaceous anode material derived from sodium
lignosulfonate, which is a byproduct of the paper and pulp industry, is conducted.?
Carbon materials derived from lignin have shown promise as electrochemically active
materials in various applications.) Here, lignosulfonate-based carbon (LSC) with a high
sulfur content is chosen to produce a “sulfur-rich” carbon, the positive impact of which
has been discussed in detail in Chapters 1 and 3. To enhance the electrochemical
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performance of the LSC electrode material, it is coated with thin films of CN using CVD.
The thickness of the CN film is controlled by adjusting the amount of precursor used in
the process. This coating technique leads to significant improvements in the
electrochemical performance of the electrode material. Specifically, the first-cycle
Coulombic efficiency of the coated electrode material is twice as high as that of the
pristine material. The total specific capacity of the LSC is increased by 30%, and there is
a notable enhancement in the diffusion-controlled plateau region at lower current
densities. Moreover, the CN-coated samples exhibit improved rate capability. This
innovative approach emphasizes the importance of designing and controlling interfaces in
carbonaceous anode materials for sodium-ion batteries (SIBs). It demonstrates the
potential for enhancing the performance of SIBs by manipulating the interactions between
different materials at the electrode interfaces.

2.1. CNs: Fundamentals and applications

Semiconductors have emerged as one of the most important classes of materials in the 20"
century despite their reliance on metal and silicon-based constituents. However, the
pursuit of covalent semiconductors remains, and graphene is believed to be a promising
candidate for future electronic materials.[”? Nevertheless, the absence of a distinct energy
bandgap is regarded as a constraint, resulting in numerous attempts to manipulate the
bandgap at the nanoscale level.®! Ongoing research also persists in exploring alternative
covalent semiconductors, and one promising, in this case, is the carbon nitride family."’

b

As far back as 1834, Berzelius and Liebig reported the “melon,” one of the earliest
members reported of the CN family.l'”) However, due to the limited availability of
advanced characterization tools at the time, the in-depth features of CN materials
remained hidden until the late 20" century.!"! Since then, several attempts to synthesize
carbon nitride materials have undergone and were accompanied by theoretical
investigations.!'"¥ Notably, g-C3N, has gained attention due to its distinctive properties as
a sustainable, fully-organic semiconductor that can be thermally synthesized from cost-
effective precursors.!?!

Thermal condensation of CN is utilized with a diverse range of precursors, primarily
composed of organic molecules possessing high nitrogen content, including cyanamide,
dicyanamide, melamine, and others.l") At temperatures around 550°C, a polymeric
architecture consisting of tri-s-triazine units, interconnected through amino groups, is
formed. The polycondensation reactions involved in the transformation of melamine into
g-C3Ny necessitate the continuous removal of ammonia to drive the reactions to the end
(Figure 2.1).I'1 As a result, the material possesses an ideal composition of “C;N,” or a
C/N ratio of 0.75. However, due to incomplete condensation, small amounts of unreacted
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terminal groups (amino groups) may still be present within the material.l'*'* Structurally,
g-CsNy exhibits an arrangement of graphitic-like stacked layers with an interplanar
spacing of 0.32 nm, primarily governed by “van der Waals” interactions.!'! This particular
arrangement, coupled with a high degree of condensation, contributes significantly to the
chemical and thermal stability of g-Cs;N,. Notably, the depolymerization of g-CsNy
initiates only slightly above 600°C and leaves no residual matter even at temperatures as
high as 750°C, thus establishing its position among the thermally stable organic materials
known to date.

The electronic properties of g-CsN, are exciting. The conjugated polymeric structure
exhibits anisotropic semiconducting behavior, with an indirect bandgap typically reported
as 2.7 eV, enabling its suitability for applications involving visible light.l'3) For example,
g-CsN4 serves as a metal-free n-type semiconductor, demonstrating the remarkable
potential for harnessing visible light and generating electron-hole pairs, making it highly
attractive for photocatalytic applications.!" Band engineering and manipulating
semiconductor properties from n-type to p-type are crucial to achieving efficient
heterojunctions and devices.’! Designing appropriate band alignments between
semiconductors is commonly employed to enhance exciton dissociation and facilitate the
separation of charges at the interface of two semiconductors, thereby reducing charge
recombination, which is fundamental for some semiconductor applications. As
demonstrated, g-Cs;N, is an exceptionally versatile organic semiconductor that lends itself
to easy modification through non-metal doping, thereby opening up a wide array of
potential applications.

It is noteworthy that g-CsN4 has proven successful not only in photocatalysis but also in
various other fields.’& '3 1 It has been utilized in fluorescence and electrochemical
sensors, biomedical applications, and the development of batteries and supercapacitors.*®
B3 171 Among those, one potential application of g-Cs;Ns is their use as an artificial
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Figure 2.1. The synthetic steps for g-CN from melamine precursor.
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passivation layer, specifically as an artificial solid electrolyte interphase (a-SEI), in
negative electrodes for alkali-ion battery applications. CNs possess the necessary
characteristics for an effective a-SEI layer, as discussed in Chapter 1. They exhibit ionic
conductivity and stability while being electrically insulators. The ability to tune the
bandgap of g-Ci;Ns presents a multitude of opportunities for diverse applications.
However, in order to establish an efficient heterojunction at the interface, careful
consideration of band alignment is crucial, as it facilitates exciton dissociation and charge
separation. This enables efficient charge transfer while forming Mott-Schottky junctions
with the host materials. Positive outcomes have been reported in applications where CN
was utilized as a passivation layer, as it enhanced the efficiency of alkali-ion transfer and
redox reactions.®¢!

2.1.1. Chemical vapor deposition

In contemporary practice, distinguishing between physical and chemical deposition
methods has become challenging, as many techniques combine both approaches.
However, as a general guideline, physical methods are associated with deposition
techniques wherein the resulting film possesses the same composition as the source
material.["¥l Meanwhile, in CVD, the film’s composition differs from that of the precursor
due to chemical reactions occurring during the process.!"”” CVD holds particular
significance for the deposition and integration of carbon-based films in cutting-edge
organic devices, such as integrated electronics and laser technology. It is a highly effective
technique for achieving high-quality, uniform deposition of thin films, irrespective of
substrate topography.? CVD finds extensive application across various materials,
ranging from metal oxide coatings to polymer and hybrid materials.

The design of a CVD experiment necessitates an interdisciplinary understanding
encompassing chemical principles (i.e., reactions and reaction kinetics), physical
considerations (i.e., thermodynamics and fluid dynamics), and engineering aspects (i.e.,
reactor design) that collectively determine the deposition process onto the substrate.!!
Several CVD methods are available, such as thermal, plasma-enhanced, photo-enhanced,
and more. These configurations are often coupled with vacuum systems to enable low-
pressure deposition. The selection of a specific CVD setup is closely linked to the desired
film material, making it a critical decision point in the development process.

2.2. Preparation of carbon electrode and CN film

The synthesis methods applied here are explained in detail in “A2.1. Preparation of
sulfur-containing carbon and CN thin film application using the CVD method” in

44



CHAPTER 2. CN CONFORMAL FILM AS ARTIFICIAL SEI

Appendices. For the details of electrochemical and physicochemical characterization
methods, please see “A2.2. Electrode preparation” and “A2.3. Physico-chemical
characterizations” in Appendices.

Briefly, the carbon source consists of sodium-lignosulfonate, urea, D-glucose anhydrous,
and deionized water, along with ZnO nanoparticles as a porogen, which is mixed using a
kneader and then extruded into pellets.?? The as-prepared pellets are thermally
condensated at 950 °C. The carbonized pellets are ground into a powder, washed with HCI
solution to remove residual Zn, and referred to as LSC (Figure 2.2a). For CN coating, the
CVD method is applied, already developed by Giusto et al.*" LSC powder is placed in
the downstream chamber, while a melamine precursor is placed in the upstream. The
melamine precursor undergoes sublimation and subsequently deposits onto the target
carbon substrate at a higher temperature of 550 °C. The melamine precursor is heated and
held at a specific temperature (Figure 2.2b). After cooling, a color change is observed in
the samples based on the amount of melamine precursor used (Figure A2.1).

2.3. Results and Discussion
2.3.1. Physico-chemical characterizations

The structure of LSC — ZnO nanoparticles is utilized as porogen in the synthesis of LSC.
The stepwise thermal process leads to condensation, followed by ZnO carbothermal
reduction at temperatures exceeding 907°C with consequent sublimation of zinc.!**! The

. &950‘@ (N,) + Washing (HCI) ‘
Sodium lignosulfonate —

+ Zn0 nanoparticles
Urea, D-Glucose mixture P LsC

(binding agent)

b NH; & 300°C & 550°C
)NI\ ;[I\ .......................... ) - q “

HoN" N7 NH,

Melamine Chemical Vapor Deposition LSC/CN

Figure 2.2. Scheme for the preparation of LSC and LSC coated with carbon nitride (LSC/CN)
anode material. (a) Synthesis of LSC from a sodium lignosulfonate precursor and ZnO porogen.
(b) Deposition of CN onto LSC via CVD method. (Copyright (2023) The Royal Society of
Chemistry)
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residual Zn is eliminated by washing with HCl at room temperature. By means of
inductively coupled plasma optical emission spectrometry (ICP-OES), trace amounts of
residual zinc and sodium (<1.0 wt. %) are identified. Scanning electron microscopy
(SEM) images reveal the LSC morphology at the macroscale, as depicted in Figure 2.3a.
The non-graphitic nature of LSC is confirmed through X-ray diffraction (XRD) by
exhibiting two broad peaks at approximately 23° and 43°, which correspond to the (002)
and (100) reflections of hard carbons, as shown in Figure 2.3b.*¥ The average interlayer
distance of the pseudo-graphitic stacking is found to be 0.39 nm, slightly larger than that
of graphite (0.34 nm). This difference can be attributed in part to the structural impact of
sulfur, as indicated in Table 2.1.5) Raman spectroscopy, displayed in Figure 2.3c, is
utilized to assess the level of order in the carbonaceous materials. The G band at around
1600 cm™ represents graphite-like sp’ hybridization, while the D band at 1350 cm!
represents disordered breathing mode oscillations.*! The I,/1¢ ratio is determined to be
1.0 based on the intensity of the fitted peaks, typical of non-graphitic carbon materials.
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. d-spacing = 0.39 nm

I‘ntensi‘iy / a.u.

25,30 35740 45 50 55 .60
20 / degree

4
4

Intensity / a:u.

800. 1000,4200 140051600 1800 2000 |
"Raman shift/ cn™ :

Figure 2.3. (a) SEM image depicting the final LSC powder. (b) XRD pattern with the calculated
d-spacing from Bragg’s law. (¢) A Raman spectrum showing the I,/l¢ peak intensity ratio.
(Copyright (2023) The Royal Society of Chemistry)
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Table 2.1. Elemental compositions (wt. %) from EDX analysis.

Sample C o N S Zn/Na

LSC 87.3+2.7 44+0.6 n/a 42+1.5 4.1+1.1
LSC/ThinCN 82.7+3.7 1.7+0.5 11.6 £2.8 13+1.2 2.7+0.6
LSC/MediumCN 71.5+£3.0 3.7+0.3 17.7+£3.4 26=+1.1 45+1.2
LSC/ThickCN 63.1+£3.2 3.6+1.0 259+33 3.0+0.5 44+34

Conformal a-SEI preparation — Following that, the LSC carbon material is introduced
into the CVD system and coated with a CN layer of varying thicknesses. To achieve this,
melamine is selected as the solid precursor for CN due to its cost-effectiveness, non-toxic
nature, and relatively low sublimation temperature, making it a widely used precursor for
the synthesis of CN materials.®™™ The resulting samples represent different levels of CN
layer thickness, as confirmed by examining cross-sectional transmission electron
microscopy (TEM) images (Figure 2.4a). In the annular dark-field (ADF)-TEM images,
the carbon nitride layers appeared brighter compared to the LSC material. Energy-
dispersive X-ray (EDX) maps obtained from the same areas further validated that the
bright regions corresponded to the denser CN layers, as N is contained only in the CN
layer. Through analysis of image intensity contrast, the thicknesses of the CN layers were
determined to be 10 = 2 nm, 26 =+ 6 nm, and 69 = 14 nm for LSC/ThinCN,
LSC/MediumCN, and LSC/ThickCN, respectively.

Valence electron energy loss (VEELS) spectral data cubes across the LSC/ThickCN
sample are collected to understand the interface between LSC and CN better. These
VEELS spectra illustrate the energy loss experienced by the electron beam as a result of
inelastic scattering caused by the outer shell electrons of the material (Figure 2.4b),
providing information about the valence electron density. The width of the VEELS peak
reflects the damping effect observed in single-electron transitions.” In the case of LSC,
a peak at 6.0 eV was observed, which is characteristic of carbonaceous materials.*®! On
the other hand, the CN coating shows a peak at 4.5 eV, indicating that the electrons were
displaced from the sample with lower energies compared to LSC (Figure 2.4c). Near the
interface, the electron beam induced the flow of electron density from LSC towards CN,
resembling the behavior observed in the depletion region of a Schottky contact, which
effectively reduces the energy barrier at the interface. The maximum intensity of the peak
showed a slight red shift, suggesting a coupling between the electronic states of CN and
LSC. This electron flow from LSC to the CN layer, accompanied by the generation of a
negative potential at the CN coating, is expected to enhance the transport of sodium
towards the LSC electrode and improve the electrochemical properties. It is worth noting
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that the electron density components are located outside the material, extending several
nanometers, indicating the presence of transient low-energy electrons that are
plasmonically or excitonically bound to the surface of the material.

The influence of the CN layer thickness on the morphology of the materials is examined
using SEM. The findings indicate that the thinnest CN coating does not visibly alter the
carbon surface morphology compared to the bare LSC material. However, as the amount
of melamine and, consequently, the thickness of the CN film is increased, the LSC surface
becomes entirely covered by a CN layer that is superimposed onto the carbon structure
(Figure 2.5a and Figure A2.2). Elemental maps obtained through EDX analysis (Figure
2.5b) reveal that nitrogen is uniformly distributed on the carbon material without any

=l Nitrogen EDX map

LSC/ThinCN
=102 nm

LSC
CN at vacuum
Vacuum

" transition

40-48eV

Intensity / a.u.

mix

01234567 8 9101112
Energy loss / eV

Figure 2.4. (a) The thicknesses of the CN layers determined by analyzing the intensity change
in the images collected from different locations. (b) ADF-STEM image of the LSC/ThickCN
sample. The area from which the VEELS spectral data cube is marked by a white rectangle.
Spectral imaging maps for different energy windows (¢) EELS spectra acquired at the vacuum
region, CN, interface, and LSC are compared. (Copyright (2023) The Royal Society of
Chemistry)
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noticeable phase segregations. The nitrogen content increases as the thickness of the CN
film increases (Figure 2.5a and Table 2.1).

LsC LSC/ThinCN LSC/MediumCN LSC/ThickCN

Figure 2.5. (a) A schematic diagram depicting the variation in CN layer thickness as a function

of the amount of melamine precursor used is presented. The nitrogen content for each sample is
determined by EDX. (b) Elemental mappings of C, O, S, and N, obtained from EDX, illustrate
that these elements are homogeneously distributed along the framework without any significant
localizations. (Copyright (2023) The Royal Society of Chemistry) (Copyright (2023) The Royal
Society of Chemistry)
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Note that the amount of N in the bare LSC is lower than the detection limit of the EDX
(confirmed later via XPS), pointing to the increase in N content associated with the CN
film on top. The bulk CN has characteristic peaks at 13.0° (100) and 27.5° (002) in the
XRD pattern, the latter being more pronounced.® After CN deposition on LSC, it is
observed that the typical (002) peak of CN can be seen in the patterns (Figure A2.3).
However, the (100) peak is not visible as (002) due to the significant contribution from
LSC. Raman spectra (Figure A2.4) do not exhibit any significant differences.

Thermogravimetric analysis (TGA) is conducted under synthetic air and nitrogen
atmospheres (Figure A2.5). The results indicated that the presence of the CN coating
notably improves the thermal stability of the pristine LSC material. This enhancement
demonstrates the close interaction between the two materials, leading to a higher thermal
degradation resistance than their individual components. This behavior is characteristic
of composite materials, where the combination of different constituents results in
improved thermal properties.?> 31 As an illustration, composite materials, such as
LSC/ThinCN, demonstrate a remarkable increase in thermal stability when exposed to air.
At 900°C, approximately 24% of the composite material remains, whereas the pristine
LSC carbon only retains about 10% under the same conditions (Figure A2.5). This
observation is noteworthy, considering that the CN thin films completely decompose at a
lower temperature of 650°C under synthetic air. The enhanced thermal stability exhibited
by the composite material highlights the synergistic effect between LSC and CN, resulting
in improved resistance to high-temperature degradation."

The N, sorption isotherms, specifically Type IV isotherms (Figure A2.6), indicate that
both the pristine LSC and the composite materials possess a mesoporous structure. This
is characterized by multilayer adsorption of nitrogen followed by capillary condensation
within the mesopores. Using the density-functional-theory (DFT) model, the nitrogen
available surface area of the pure LSC is determined to be 498 m* g'. However, as the
thickness of the CN film increases, this surface area is reduced to 4 m? g''. This reduction
confirms the growth of the CN thin film and the subsequent decrease in the available
surface area for nitrogen adsorption. The decrease in the nitrogen-available surface area
also limits the surface available for the growth of the natural passivation layer, known as
the solid-electrolyte interphase (SEI), which typically forms on the electrode’s surface
during initial sodiation.?” When comparing the cumulative micropore volume (dpore <2.0
nm) of LSC and LSC/ThinCN, the difference is found to be minimal (Figure 2.6a). CO,
sorption experiments are conducted at room temperature (Figure A2.7) to investigate the
microporous surface area.’! Generally, the CN coating layer reduces the volume of
micropores, except for the CO,-accessible ultramicropore volume (dpore <0.7 nm) of
LSC/ThinCN, which remains similar to that of LSC. However, as the coating thickness
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increases, a barrier forms ahead of the ultramicroporous texture, significantly reducing
the CO,-accessible area for both LSC/MediumCN and LSC/ThickCN (Figure 2.6a).

The chemical composition and states of the CN film deposited on LSC are verified using
X-ray photoelectron spectroscopy (XPS) and Fourier-transform infrared spectroscopy
(FTIR). In the Nls core level deconvolution (Figure 2.6b), the peak at 400.9 eV is
attributed to terminal amino groups (-NHy), while the peaks at 399.4 eV and 398.6 eV
correspond to central heptazine-based nitrogen (N-(C);) and aromatic nitrogen (C=N-C),
respectively.?! The ratio of aromatic to central nitrogen remains constant, indicating that
the film maintains its structural integrity without an increase in terminal edge groups
associated with defect sites. Furthermore, XPS analysis of pure LSC before CN deposition
reveals negligible nitrogen content (Figure A2.8), supporting the findings from EDX
analysis (Table 2.1). The pristine LSC material exhibits sulfur features in the form of -C-
SOy and -C-S- states (Figure A2.8). The features at approximately 170 eV are attributed
to -C-SOx units, while those around 164 eV correspond to covalent -C-S- bonds of the
thiophene type.l*** 25> 33 The sulfur content in LSC is estimated to be approximately 4.1
wt. %. In the Cls spectra (Figure 2.6¢c), the peak at 284.6 eV is assigned to C-C bonds,
while the peaks at 286.4 eV and 288.3 eV are associated with the carbon bonds to amino-
terminal groups and heptazine rings (-N=C-N-), respectively." The chemical structure of
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Figure 2.6. (a) The cumulative meso- and micro-pore volumes of the materials from N, and CO,
physisorption. (b) The XPS Nls core levels of the materials, and the corresponding chemical
structure of the CN-cycle (inset). (¢) The Cls core levels of materials. Increasing the coating
thickness leads to a decrease in the signal from pristine LSC, resulting significant increase in
C—NH; and CN; to C—C ratio. (Copyright (2023) The Royal Society of Chemistry)
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the films is further examined using FTIR (Figure A2.9). While the pristine LSC material
does not exhibit distinct features in the IR range, the introduction of the CN film with
increasing thickness results in the emergence of characteristic CN peaks. The observed
peaks, such as the CN-heterocycle heptazine breathing mode (810 cm™) and the CN-cycle
vibrations (1258 cm™ to 1630 cm’), are consistent with previous reports on CN
materials.%

2.3.2. Sodium storage behavior of materials

CN thickness effect on electrochemical impedance spectroscopy (EIS) — The impact of
CN thickness on electrochemical impedance spectroscopy (EIS) is investigated to assess
the overall resistance of the electrode and the contribution of the CN coating. Figure 2.7
demonstrates that EIS is conducted on the electrodes to compare the equivalent series
resistance (ESR), which combines the resistances from the bulk electrolyte and the
electrode itself among varying CN thicknesses. Analysis of the Randles circuit model
reveals that the difference in ESR is negligible across the electrodes with different CN
thicknesses (R, Table 2.2). However, the results indicate that the deposition of a 69 nm-
thick CN layer raises the charge transfer resistance from 86.8 Ohm cm™to 396.5 Ohm cm
2 (R,, Table 2.2). This substantial increase is attributed to the insulating behavior of the
CN layer.B

Galvanostatic charge and discharge (GCD) measurements — The initial galvanostatic
charge-discharge (GCD) curves presented in Figure 2.8a demonstrate that the application
of a CN coating enhances the initial coulombic efficiency (ICE) of the active electrode
material. In its pristine form, the LSC electrode exhibits a modest ICE of 25%. However,
when coated with CN, the LSC electrode consistently achieves an ICE of over 40%. This
improvement validates the notion that a durable CN coating limits the surface area of the
electrode available for electrolyte decomposition, thereby mitigating the formation of the

Table 2.2. Internal and charge transfer resistivities of materials from Randles circuit model.

250 Sample R: / Ohmcm? R;/ Ohm cm?
Before cycling LsC o
2504 LSC/MediumCN LSC 69 868
2004 LSCIThickCN
8 1ol Mﬁ 1.SC/ThinCN 6.0 158.1
¥ 100 ! 1.5C/MediumCN 5.1 266.4
[ SC/ThickCN 5.8 396.5
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Z'/ Ohm

Figure 2.7. Nyquist plots of the materials before cycling and relative Randles circuit model.
(Copyright (2023) The Royal Society of Chemistry)
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SEI layer.*® After the stable formation of the SEI layer, the reversible capacities of
electrodes are as follows: LSC (214 mAh g'), LSC/ThinCN (275 mAh g'),
LSC/MediumCN (220 mAh g'), and LSC/ThickCN (190 mAh g'), all measured at 30 mA
g during the 10™ cycle (Figure 2.8b). In all cases, Coulombic efficiencies surpass 99%.
Interestingly, the deposition of a 10 nm-thick and uniformly distributed CN film positively
influences the sodium storage capacity, increasing it by more than 30%. This outcome
indicates that the artificial passivation layer has an electronic impact on the carbon
electrode, particularly in the non-capacitive Faradaic storage mode. A significant
enhancement in battery performance is observed by controlling the film thickness during
CVD. The structural characteristics of the materials and the electronic/chemical
interactions between the CN film and the electrode create synergies that enhance the
sodium storage performance. Similar to other multilayer configurations,?®®! the carbon
electrode, with its high electron mobility, rapidly transfers electrons to the CN layer,
which possesses a relatively positive work function, establishing a Schottky transfer
layer.® This LSC/CN electrode, with a thickness of approximately 10 nm (comparable to
the Schottky length), exhibits the lowest charge transfer resistivity compared to other CN-
coated electrodes. The electron-rich CN layer then attracts sodium ions, which are
subsequently directed toward the carbon electrode for storage. In this process, sodium
ions undergo reduction to sodium metal close to 0 V (vs. Na“/Na). The resulting electron-
rich sodium species then donate electrons back to the carbon electrode, which, in turn,
transfers its electron to the CN layer, completing the cycle. This polarization-
backdonation-stabilization effect explains to the broader plateau with minimal changes in
the capacitive range at lower potentials below 1.0 V (vs. Na'/Na). However, as the
thickness of the CN layer increases, this effect diminishes and eventually reverses due the
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Figure 2.8. (a) The initial and (b) 10" cycles of the half-cells at 30 mA g'. (Copyright (2023)
The Royal Society of Chemistry)
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charge transfer resistivity. Importantly, the improved electrochemical performance cannot
be attributed to the vacuum thermal treatment during the CVD process or the contributions
solely from the CN material. To demonstrate that the observed enhancement in sodium
storage performance is indeed a result of the heterojunction effect, pure LSC material
undergoes the same heat treatment without the presence of the melamine precursor, thus
avoiding the deposition of any CN film. This experiment (Figure A2.10) reveals a
decrease in capacity for the pristine LSC material while the ICE remains similar. This
finding reinforces the idea that the substantial improvement in electrochemical
performance is indeed due to the presence of the conformal CN layer. Furthermore, it is
observed that bulk CN material makes a negligible contribution to sodium storage (Figure
A2.10) due to its high electrical resistivity, making it unsuitable as an active material for
sodium storage under the same electrochemical conditions. Eventually, the observed
enhancement in electrochemical performance arises from the synergistic contribution
between LSC and CN materials rather than from the properties of each material
individually.

Rate performance — At higher current densities, where electrodes primarily rely on
pseudo-capacitive storage, the introduction of a CN coating enhances the rate capability
of pristine LSC, as depicted in Figure 2.9. For example, when charged at rates of 300 mA
g' and 600 mA g, the specific capacity of pristine LSC is doubled when combined with
ThinCN. Also, even though the storage capacities of pristine LSC and LSC/MediumCN
are similar at 30 mAh g, LSC/MediumCN exhibits superior rate performance at higher
current densities due to the presence of the CN film.

The plateau capacity, resulting from the intercalation of sodium ions within planes and
micropores found in the disordered carbons, is achieved when low-energy supercapacitive
adsorption reaches saturation, as depicted by the intercalation/filling-based model. This
model suggests that the effect of the CN film on the supercapacitive mode, represented by
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Figure 2.9. Rate capability performance of materials and associated column chart showing
distribution of plateau and sloping capacities. (Copyright (2023) The Royal Society of
Chemistry)
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the sloping region of the GCD curve, is negligible as the electrodes display almost
identical sloping behavior. However, a substantial change in performance, primarily in the
plateau region, is observed at approximately 0.1 V (vs. Na’/Na), where the plateau
capacity of pristine LSC is extended from 80 mAh g! (a total of 214 mAh g') to 140 mAh
g (atotal of 275 mAh g").

Evaluating the sodium storage mechanism using cyclic voltammetry (CV) — CV with
the different scan rates is used for the evaluation of the ion storage mechanism (Figure
2.10a).57 An analysis is achieved by plotting the “log(i, peak anodic current)” versus
“log(v, scan rate)” (Eq. 2.1).

i =avP 2.1)

A slope “b-value” value close to 1 indicates a convective storage mechanism related to
surface-controlled processes. Conversely, bulk-diffusion-controlled mechanisms exhibit
b-values close to 0.5.% Here, “b-values” (Figure 2.10b) for LSC and LSC/ThinCN are
0.65 and 0.55, respectively. This is consistent with the GCD data revealing the extended
plateau region of the LSC/ThinCN is related to diffusion-controlled storage.

Sodium ion diffusion coefficients from galvanostatic intermittent titration technique
(GITT) - The “apparent sodium-ion diffusion” coefficients are determined via the GITT
measurements. The GITT is a convenient method for estimating the ion diffusion
coefficients in electrochemical environments. However, it relies on certain assumptions
and estimations based on Fick’s law of diffusion. Here, it has been confirmed that the
potential response shows a linear correlation when plotted against the square root of the
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Figure 2.10. (a) CV plots of LSC and LSC/ThinCN with different scan rates. (b) log(i, peak
anodic current) vs. log(v, scan rate) plots of LSC and LSC/ThinCN from CV. (Copyright (2023)
The Royal Society of Chemistry)
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step time, as shown in Figure A2.11. Consequently, the “first-order approximation”
proposed by Weppner and Huggins can be employed for these materials.®” This
approximation is applicable to both spherical and planar geometries. However, it is
important to note that this approach relies on a set of assumptions.*’!

1. The step time is significantly shorter than the effective diffusion time.
ii. The transient data is sufficiently extensive to exclude ohmic and kinetic
overpotential.

The diffusion coefficients from GITT can be calculated using the simplified equation (Eq.
2.2) based on these assumptions.

Dyq = - (metar)” (25:)° (22)

T \ MgS AE;

In the equation, T represents the pulse duration, mz and M; denote the actual and molar
mass of the active material, respectively. V), is the molar volume, while S denotes the
surface area of the electrodes. Therefore, (msV1/M3) corresponds to the electrode volume,
and dividing it by S yields the electrode thickness. The changes in steady-state voltage
(AE;) and cell voltage (AEr) during a single GITT pulse can be obtained from the typical
GITT curve of the material, as illustrated in Figure 2.11a and Figure 2.11b.1*) The
diffusion coefficients are calculated from 1.0 to 0.2 V (vs. Na*/Na) with a step size of 0.05
V. According to Figure 2.11c, the diffusion coefficients of the materials exhibit variations
within the range of 10 and 10" cm? s, depending on the potential of sodiation and
desodiation. During the sodiation, the diffusion coefficients of LSC/MediumCN and
LSC/ThickCN are significantly lower compared to those of LSC and LSC/ThinCN.
However, during desodiation, there is a noticeable decrease in the diffusion coefficient of
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Figure 2.11. GITT profiles of the (a) LSC and LSC/ThinCN; (b) LSC/MediumCN and
LSC/ThickCN during sodiation and desodiation at 30 mA g'. (¢) Variation of material diffusion
coefficients obtained from GITT as a function of sodiation and desodiation potentials. (Copyright
(2023) The Royal Society of Chemistry)
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LSC/ThinCN, indicated by the plateau around 0.3 V (vs. Na“/Na). This behavior has been
previously documented and attributed to the occurrence of specific electrochemical
reactions*!®™ 4 (such as the oxidation/reduction of sodium) that occur only for
LSC/ThinCN in this particular case.

Based on the analysis conducted, it is argued that the CN coating serves multiple purposes.
Firstly, it acts as an artificial interphase, providing mechanical stability, ionic
conductivity, and chemical passivation.i®s 3" 41 Additionally, the CN coating plays a
crucial role in reducing the plateau potential through the heterojunction effect at the
interface. This is facilitated by the charge transfer from carbon nitride to the LSC carbon,
thereby increasing the number of accessible active sites in the underpotential mode. In
these findings, it is proposed to label this type of interphase as an “inter-active interphase.”
The improved storage of sodium ions, which leads to a significant portion of capacity
being stored at approximately 0.1 V (vs. Na'/Na), enhances the expected energy density
in the full-cell configuration.

Long-term stability — To assess the durability of the electrodes, both LSC and
LSC/ThinCN undergo 1000 cycles at a rate of 300 mA g”', as depicted in Figure 2.12. The
capacity retentions of LSC and LSC/ThinCN are 88% and 78%, respectively. The higher
capacity retention of the pristine LSC electrode can be attributed to the predominant
pseudo-capacitive adsorption of sodium ions, which is less detrimental to the electrode
structure compared to the slower process of ion insertion that can lead to localized
disruptions of graphitic-like domains in carbons.**! Nevertheless, LSC/ThinCN still
provides a 65% higher capacity at the 1000th cycle compared to pure LSC.
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Figure 2.12. The durability of LSC and LSC/ThinCN electrodes is evaluated through stability
tests involving 1000 cycles at a constant current density of 300 mA g'. (Copyright (2023) The
Royal Society of Chemistry)
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The application of a conformal coating made of CN plays a crucial role in enhancing the
electrochemical properties of carbon obtained from sustainable sources. The thickness of
the coating is identified as a critical parameter for improving sodium storage, particularly
in the non-capacitive Faradaic storage mode. This improvement can be attributed to the
heterojunction effect between CN and lignosulfonate-derived carbon. Unlike noble
carbon, lignosulfonate-derived carbon is a reductive carbon with a higher Fermi level
compared to the a-SELPM 2241 As a result, LSC donates electrons to CN, leading to
sodium ions accumulation through the polarization effect, as illustrated in Figure 2.13.
The positive polarization of LSC facilitates the stabilization of reduced sodium at the
solid-solid interface, creating a polarization-backdonation-stabilization effect that
enhances sodium storage in the composite electrode. The charge transfer and increased
polarity also improve the ion transfer by enhancing wettability, adsorption enthalpy, and
intercalation. However, excessively thick CN layers can hinder diffusion and shift the
dominant storage mechanism from diffusion-controlled to surface-controlled. In Figure
2.13, the proportion of plateau capacity in pristine LSC increases from 36% to 51% with
a thin CN coating, but further deposition reduces its contribution to only 25%.

LSC/ThinCN LSC/MediumCN LSC/ThickCN
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Figure 2.13. At 30 mA g, the sodiation curves provide insight into the impact of sloping and
plateau capacities on sodium storage. Additionally, illustration of how sodium is accumulated at
the interface. (Copyright (2023) The Royal Society of Chemistry)
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2.4. Conclusions

The composite material consisting of carbon and CN exhibits remarkable improvements
in various electrochemical performance metrics such as ICE, rate capability, and total
specific capacity when a 10 nm thickness of the CN film is applied. Importantly, the
plateau capacity of the original electrode is extended significantly, indicating a potential
increase in energy density for full-cell devices as the a-CN layer exhibits a negligible
increase in the electrode’s weight. The effective utilization of the heterojunction effect at
the interfaces between materials is made possible by combining reductive carbon with
precisely controlled deposition of the CN film. Going beyond this thickness does not
enhance the overall specific capacity and diffusion-controlled sodium storage, but it does
improve the rate capability compared to the pristine lignosulfonate-derived carbon. In
particular, the thin CN film shows promise as an artificial interphase, enhancing the
sodium storage performance of carbon-based anode materials derived from abundant
sources and industrial byproducts.
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CHAPTER 3. SULFUR-RICH CARBON AS A
HIGH-PERFORMING ANODE MATERIAL

The results presented in this chapter can be found as, E. O. Eren, C. Esen, E.
Scoppola, Z. Song, E. Senokos, H. Zschiesche, D. Cruz, I. Lauermann, N. V.
Tarakina, B. Kumru, M. Antonietti, P. Giusto, Microporous sulfur-carbon
materials with extended sodium storage window. Adv. Sci., 2024, In press.

Notion — Developing carbonaceous anode materials for high-performance SIBs is an
essential endeavor toward a sustainable future of energy storage. One of the most
promising strategies for developing highly efficient anode materials is the introduction of
sulfur atoms within a carbon framework. This induces an expansion in pseudo-graphitic
stacking, distorts the structure, and creates favorable sites for sodium ions. In this chapter,
a microporous sulfur-rich carbon anode is developed from a liquid sulfur-containing
precursor, namely 3.,4-Ethylenedioxythiophene (EDOT). At higher condensation
temperatures, the sodium storage mechanism shifts from surface-controlled to diffusion-
controlled. This change in storage mechanism is found to be independent of interplanar
spacing; instead, it anticipated an increased microporosity and a thiophene-rich chemical
environment. These properties enable the extension of the underpotential plateau region
and reversible overpotential sodium storage. Moreover, in-operando small-angle X-ray
scattering (SAXS) is utilized to corroborate the pore-filling mechanism. This technique
reveals variations in electron density differences throughout the sloping and plateau
regions. Overall, the framework presented in this chapter has the potential to enable the
design of high-performance anodes for sodium-ion batteries with competitive energy
density.

Herewith, an innovative method is introduced for preparing sulfur-containing carbon
anode with a high sulfur content using a stable thiophene-containing oligomer (oligo-
EDOT). By increasing the condensation temperature, a significant change in the
nanostructure and sodium storage mechanism is observed, which results in a higher
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plateau capacity while maintaining a larger interlayer distance than graphite. Notably, the
resulting material exhibits an unprecedented plateau capacity of 165 mAh g' compared to
other sulfur-containing carbonaceous materials (as listed in Table 3.1). In addition, it is
demonstrated for the first time reversible overpotential sodium deposition, which is
attributed to the controlled nucleation of sodium in confined pore spaces, a crucial tool for
increasing the electrode energy density and ensuring safe operation under potential
overload. Therefore, a larger interplanar spacing in the turbostratic structure is not the sole
parameter for improving performance, as it is proven that (ultra-)microporosity and the
chemical environment are crucial factors for designing novel anode materials for SIBs as
well.

Table 3.1. Comparison of recent studies regarding sulfur-carbon materials in Na-ion and
RT Na-S batteries.

Material System S content Heat Max. Plateau ICE Reference
/wt. % treatment Capacity Capacity /%
/°C /mAhg' /mAhg'
SC-800 Na-ion 14.9 800 255 - 50 This work
SC-900 Na-ion 10.3 900 325 55 53 This work
SC-1000 Na-ion 7.3 1000 325 165 50 This work
SC Na-ion 5.5 1100 243 90 36 1]
S, N-C RT Na-S 9.1 650 350 - 44 2]
S-HC RT Na-S 13.6 600 430 - 56 [3]
SC RT Na-S 15.6 700 482 - 74 4]
DC-S RT Na-S 269 500 516 - 63 2
S-CS-600 RT Na-S 32.0 600 520 - 72 [6]
SHC-500 RT Na-S 159 500 678 - 84 7]
NSC2 Na-ion  n/a 800 280 - 38 (€]
S-Cmph-700 RT Na-S n/a 700 373 - 66 ]

3.1. Sulfur heteroatom effect

The sulfur heteroatom effect has already been discussed in previous chapters, such as the
conceptual introduction in Chapter 1 and Chapter 2, in which the latter utilizes sulfur-
containing carbon, namely LSC, as a substrate for CN deposition. This chapter focuses on
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a model material to investigate the effects of sulfur heteroatoms alone on the sodium
storage mechanism.

The introduction of heteroatoms in carbonaceous anodes has been extensively studied to
enhance the sodium storage performance of non-graphitic carbons.!"” Among various
heteroatoms, sulfur doping is considered a promising approach for SIBs due to the larger
covalent radius and the chemical properties of sulfur, which lead to an increase in the
interlayer distance between pseudo-graphitic planes and the creation of preferential
adsorption sites for sodium ions. The performance improvements achieved by sulfur
doping are often linked to changes in the local packing geometry and chemical structure
induced by specific bonding motifs.l> > 'l However, carbons with high sulfur content are
typically exploited as an electrode material for room-temperature sodium-sulfur batteries
(RT Na-S) due to the formation of Na,S, compounds during electrochemical processes.!'?
With a decrease in the amount of sulfur in the carbon, the electrochemical reaction
between sodium and sulfur is suppressed, leading to the benefit of surface adsorption for
SIBs. Nonetheless, even in SIBs, sulfur-containing carbons usually lack the diffusion-
controlled plateau region, decreasing average cell potential in a full-cell and thus lowering
the energy density.>® 1 In order to attain favorable performance in applications, it is
necessary to achieve a balance, which may involve control over the chemical structure,
morphology, and sulfur content in the material.

3.2. Preparation of sulfur-carbon

The procedure for synthesizing Oligo-EDOT 1is conducted through photooxidative
polymerization.!'* In brief, 3,4-ethylenedioxythiophene (EDOT, 97% purity, Sigma-
Aldrich, 10 mL) is mixed with graphitic carbon nitride (g-CN, 500 mg) as photocatalyst
and sonicated for approximately 10 minutes in a vial. The photopolymerization process
involves placing the vial in front of a 50 W visible light source and stirring continuously
for 24 hours at room temperature. Following filtration of the g-CN, Oligo-EDOT is

Carbonization (N,)

@800 °C  (SC-800)

o o hv d o g o
__/ \/ \__/ @900°C (SC-900)
EDOT Oligo-EDOT @1000 °C (SC-1000)

Figure 3.1. Synthetic steps for SC-800, SC-900, and SC-1000. (Copyright (2024) Wiley)
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obtained as a viscous honey-like fluid. For thermal condensation, the Oligo-EDOT is
subjected to a target temperature (800°C for SC-800, 900°C for SC-900, and 1000°C for
SC-1000) at a heating rate of 3.15 K min" under a nitrogen atmosphere in a furnace and
held at this temperature for 2 hours (Figure 3.1). The resulting material exhibits a thin,
crispy film with a metallic sheen appearance and is subsequently ground into a fine
powder. The details of the electrochemical and physicochemical characterization methods
can be found in “A3.1 Electrode preparation and electrochemical characterizations” and
“A3.2 Physico-chemical characterizations” in the Appendices.

3.3. Results and Discussion
3.3.1. Physico-chemical characterizations

Characterization of oligo-EDOT — The linear non-doped oligomer, oligo-EDOT, is
synthesized by means of the oxidative photopolymerization of EDOT, using CN as a
photoinitiator," yielding a viscous fluid. The chemical structure of oligo-EDOT is
confirmed using Fourier-transform infrared (FTIR) spectroscopy. The FTIR analysis
reveals the presence of characteristic peaks corresponding to C=C, C—C stretching, and
C-S vibrations in the thiophene ring and the conjugations in the polymeric structure, as
shown in Figure 3.2 1141

The thermal behavior of the oligomer is evaluated using thermogravimetric analysis-mass
spectroscopy (TGA-MS). The TGA-MS profile shows that there is stepwise thermal
condensation of oligo-EDOT (Figure A3.1). The intense signals observed in the mass
spectrum above 600°C are attributed to fragments such as CiH,", CO*, CO,"*", and OH".
The signals at 32 (m/z) are assigned to S* and O," fragments, which show a steady decrease
even at temperatures above 800°C, indicating the presence of significant amounts of sulfur

Oligo-EDOT
A

Intensity / a.u.

stretching  vibration

3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™

Figure 3.2. FTIR spectrum of oligo-EDOT. (Copyright (2024) Wiley)
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at high temperatures. However, no significant mass losses over 50 (m/z) are observed to
mirror the SO," and CS," fragments. The precursor is then subjected to thermal
condensation at 800°C, 900°C, and 1000°C, resulting in carbon materials that are referred
below to as SC-800, SC-900, and SC-1000, respectively.

Characterizations of sulfur carbons — Scanning electron microscopy (SEM) provides
insights into the material’s physical appearance, revealing that it condenses into large
chunks with sharp edges, which appear as a lustrous metallic sheen (as depicted in Figure
3.3). Increasing the carbonization temperature caused a decrease in sulfur content, from
approximately 15 wt. % at 800°C to 10 wt. % at 900°C and 7 wt. % at 1000°C,
characterized by elemental analysis (EA). Meanwhile, the oxygen content remains
constant at all three temperatures, hovering around 3 wt. %, as shown in Table 3.2.

Table 3.2. Elemental compositions of the materials via EA and EDX.

Elemental Compositions [wt. %]

C S )
+ + +

SC-800 (EA) 81.9+0.1 14.9+0.3 3.1+03
(EDX) 853+ 1.7 13.242.0 1.5+ 0.4

SC-000 (EA) 86.1+0.1 10.3 0.1 36+0.6
(EDX) 89.2+0.3 8307 25405

6x0. S x0. 1 £0.

SC-1000 (EA) 89.6+0.3 73+40.1 31402

(EDX) 90.5 + 0.4 72408 22404

Figure 3.3. The SEM images of the material at various magnifications. Panel (a) displays pre-
grinded monolith-like structures (SC-800). The inset in the figure depicts a powder with a
metallic sheen appearance. Panel (b) exhibits post-grinded glitter-like powder (SC-900 and SC-
1000). (Copyright (2024) Wiley)
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Energy-dispersive X-ray (EDX) spectroscopy confirms that the C, S, and O elements are
uniformly distributed throughout the material without any significant phase segregation
at the sub-micrometer level. This is supported by the elemental maps displayed in Figure
3.4a and Figure A3.2. Morphological analysis, carried out using high-resolution
transmission electron microscopy (HRTEM), reveals that the samples appear to be
homogeneous. The fast Fourier transform (FFT) profiles obtained from HRTEM images
of various sections of the samples show one diffuse ring, indicating the absence of long-
range order at the nanoscale. However, features such as periodic intensity alternations in
one direction and layer-like structures are observed locally, which reveal the presence of
non-graphitic domains typical of turbostratic and ramen-like structures (as shown in
Figure 3.4b and Figure A3.3).0' The distances between these short-range graphitic stacks
are directly measured in the image and found to be consistent across all samples,
measuring 0.38 nm (as depicted in Figure 3.4b; inset, Figure A3.4, and Figure A3.5).

Small-angle X-ray scattering (SAXS) is a robust technique utilized for comprehending the
topological information of complex porous structures at a relatively large scale.!'” Data
processing requires several steps of corrections to take into account the contribution from
the beam flux, transmission, and backgrounds (empty capillary and beam).!'™ In

1 (0.35nm)

AVAAAY
/\/\/Wosem)
/\/\/\/W

/\/\W

0002040608 101214 16 18 20
Dista /nm

AN

Carbon

Figure 3.4. (a) An image obtained through secondary electron SEM of SC-1000, along with SEM-
EDX maps depicting the distribution of carbon, sulfur, and oxygen in the chosen region of interest.
(b) HR-TEM image of SC-1000, revealing the presence of short-range order pseudo-graphitic
stacks in the disordered framework of the material. The inset of the image showcases line profiles
of SC-1000, which are obtained through analyzing the average distances between locally stacked
graphitic-like sheets using the image intensity function from FFT profile. (Copyright (2024)
Wiley)
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summary, the raw intensity (Figure 3.5a) obtained from the measurement can be reduced
by the following equations.

dx
Ipixel = Iy 'e't'E'AQpixel (3.1)

Here, I, denotes the intensity of the beam in cps, e represents the thickness of the sample
(for powders, it is the thickness of the capillary sample holder without walls, which is
0.048 cm), ¢ stands for the angle-dependent transmission of the sample, d2/d( is the
scattering cross-section per unit volume in cm™, and AQ,..; represents the solid angle of
the pixel. The value of A0, is calculated based on equations 3.2, 3.3, and 3.4. 4, denotes
the geometrical surface area of the pixel in cm? (68 x 68 um), D, is the sample-detector
distance in cm (28.3), and 20 is the angle between the sample-pixel axis and the beam
axis. The scattering cross-section per unit volume (d2/d2) (g) is then calculated and
plotted with respect to the scattering vector (¢), as illustrated in Figure 3.5b.

Apixel (20)
AQpixer = W (3.2)
Apixel (20) = AgixezCOS(ZQ) (3.3)
— Do
D(26) = Cos(26) (3:4)

SC-1000 SC-1000
SC-900 Q2 SC-900
SC-800 oy “ "mr’cropore SC-800

5 1000 5 -

s 5
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w v
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Figure 3.5. (a) Raw intensities vs. scattering vectors of the materials. (b) SAXS patterns of the
materials with normalized intensities in cm™. (Copyright (2024) Wiley)
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Upon analysis, two primary contributions are observed in the final pattern. Porod’s law of
scattering from sharp interfaces, such as macroscopic surfaces, corresponded to a
particular slope in g at low angles.!'”® However, it is elucidated by Ruland et al. that the
decay through ¢~ is observed due to the defective nature of carbonaceous materials, which
brings the total scattering intensity to ¢~.['™ ¥ Although SC-800 shows an almost ¢~
behavior, the pattern is shifted through the ¢~ for SC-900 and SC-1000, possibly due to
an increase in mass and surface fractals.!"” Meanwhile, the signal in the intermediate ¢
ranges is attributed to the microporous nature of the materials.'”™ ! The scattering
intensities at the mid-g range reveal an increase in micropore volume at higher
temperatures (Figure 3.5b).

The X-ray diffraction (XRD) patterns presented in Figure 3.6a exhibit two broad peaks at
22° and 43°, which can be attributed to the (002) and (100) planes of disordered carbons,
respectively.* - 200 These findings are consistent with previous studies. By utilizing
Bragg’s law, the interlayer distances are calculated from the highest intensity of the (002)
reflection, resulting in an average value of 0.40 nm for all samples. This indicates that the
larger d-spacing observed compared to that of graphite (0.34 nm) is not significantly
affected by the sulfur content or the temperature increase within the range considered.
The stacking distances derived from the XRD analysis are in good agreement with the
results obtained from HRTEM investigations.

In addition, the trend in the graphitization degree of the carbonaceous materials can be
monitored using Raman spectroscopy, where the G (~1580 cm™) and D (~1345 cm™)
bands are analyzed. The G band represents sp* hybridization, while the D band reflects

a b

26002/ ° dooz / nm DG Io/ls

(002) SC-800  22.05 0403 o | o
SC-900 2213  0.401

SC-1000 22.33  0.398 SC-900 0.84

SC-1000 0.90

(100)

Intensity / a.u.
Intensity / a.u.

2D

10 15 20 25 30 35 40 45 50 55 60 500 1000 1500 2000 2500 3000 3500
26/ degree Raman shift / cm™

Figure 3.6. (a) XRD patterns of materials. Inset: Table presenting 2 6. (degree) vs. doo> (nm). (b)
Raman spectra of materials showing D and G bands. Inset: Peak intensity ratios of D (Lorentzian)
and G (BWF) bands. (Copyright (2024) Wiley)
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the oscillations of the breathing mode.*!) From the spectra shown in Figure 3.6b, all
materials exhibit broad D and G bands, as well as a very broad 2D region. An increase in
the absolute intensity of the D band is associated with an increased order in disordered
carbons, whereas it suggests the opposite trend for graphitized carbons.?!) The I,/I ratio,
determined by measuring the peak intensity using Lorentzian fit for the D band and the
Breit-Wigner-Fano (BWF) model for the G band, is found to increase from 0.80 to 0.90
upon increasing the pyrolysis temperature from 800°C to 1000°C. This implies that the
carbons are at the second stage of their amorphization trajectory, which was proposed by
Ferrari and Robertson.?!) Furthermore, a slight increase in the Ip/lg ratio at higher
pyrolysis temperatures suggests a tendency to increase graphitic units in the materials.

Accurate characterization of porosity and available surface area is essential for the
successful development of high-performance anode materials. To this end, valuable
information is obtained through the use of N, and CO, gas sorption measurements, which
can be analyzed using appropriate models such as the density functional theory (DFT)
model. Here, DFT is utilized to assess the pore size distribution in disordered carbons.
DFT is a reliable method for estimating pore structure parameters, in contrast to
conventional methods based on the Kelvin equation.?? DFT is frequently applied to a
wide range of porous materials with various pore structures.**! The approach involves
using a mathematical model to calculate theoretical isotherms for individual pores of a
particular adsorbate-adsorbent system. Combinations of the theoretical isotherms are then
fitted to the experimental data using the adsorption isotherm, resulting in a final pore size
distribution (PSD) that reflects the volumetric contributions of pores with different sizes
whose theoretical isotherm best fits the experimental data. Additional information about
the DFT approach to pore size analysis can be found in relevant literature.!**!

Analysis of N, sorption indicates that the surface area available for N is less than 10 m?
g (Sger) for all samples, with a negligible amount of mesopores (Figure A3.6). While
many studies aim to synthesize electrodes with high N, surface area, electrodes with a low
amount of macro and mesopores have a positive effect on the performance of SIBs.
Indeed, low surface area suppresses the excessive growth of the solid electrolyte
interphase (SEI) during the first loading cycle, which primarily affects the initial
Coulombic efficiency (ICE), as previously reported in Chapter 2.1%! This is important
because excessive SEI growth can significantly decrease battery performance and
consume the electrolyte. To explore the potential presence of smaller pores, a CO, sorption
experiment is conducted, which is a more suitable method for examining the
microporosity of hard carbons (Figure 3.7), as the kinetic radius of CO; is significantly
smaller than that of N,.1*) The results confirm the sub-microporous nature of the samples,
which is consistent with previous studies on high-capacity hard carbons.?” The volume
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Figure 3.7. CO, sorption analysis; (a) cumulative micropore volume. Inset: statistical summary
from DFT method; (b) PSD, and (c) isotherms. (Copyright (2024) Wiley)

of micropores and ultramicropores is instead significantly affected by the pyrolysis
temperature. For instance, the cumulative volume of micropores (dpor. <0.8 nm) more than
doubles as the pyrolysis temperature increases, particularly from 900°C to 1000°C (e.g.,
from 0.20 cm® g' to 0.55 cm® g') (Figure 3.7; inset table), which supports the trends
observed in SAXS. The removal of heteroatoms such as S, O, and pendant groups at
higher temperatures might act as a pore-forming agent, subsequently creating a
micropore-rich carbon. Importantly, the pores with a diameter below 0.8 nm can allow the
diffusion of sodium ions while hindering the transport of the counter ion in the electrolyte
(in this case, PF¢), even for surfaces with a neutral charge (referring to the absence of a
net positive or negative charge).l?®!

The X-ray photoelectron spectra (XPS) spectra of the S2p core level presented in Figure
3.8a exhibit an intense doublet peak at 163.8 eV (S2ps») and 165.0 eV (S2pi), as well as
two broader peaks at 167.8 eV and 169.1 eV. The doublet peaks at 163.8 eV and 165.0
eV correspond to the spin-orbital splitting peaks and can be attributed to the covalent —C—
S—bonds found in thiophene-type compounds. On the other hand, the peaks at 167.8 eV
and 169.1 eV correspond to —C—SOx units, which are primarily attributed to —-C—SO,—C—
sulfone bridges.> ' 2! The signals of all peaks in the S2p core level decrease with
increasing pyrolysis temperature in relation to the Cls peaks. However, the relative ratio
of the —C—SOy peak to the —C—S— peak increases at higher temperatures (Table 3.3),
indicating that the sulfur in the -C—SO,—C— configuration is more stable compared to the
—C—S— sulfur. The shoulder at 284.5 eV in the C1s region of the XPS survey (Figure 3.8b)
corresponds to the sp? carbon, while the intense peak at 285.5 eV is attributed to the sp’
carbon and contributions from C—S bonds.®*" An increase in temperature also increases
the relative area of the sp’ peak, in agreement with observations made using Raman-
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Figure 3.8. XPS spectra of the materials analyzed, with (a) representing the S2p core level and
(b) showing the C1s core level. In addition, (¢) illustrates EELS spectra of the materials, exhibiting
the carbon K-edge with both * and o* states. (Copyright (2024) Wiley)

Table 3.3. The ratio of deconvoluted peak areas from the S2p and Cls regions of the XPS survey
is calculated based on SC-800 as a reference.

Sample XPS S2p XPS Cls
C-SOx to C-S ratio sp’/sp?(plus C-S)
SC-800 X y
SC-900 1.2x I.ly
SC-1000 .4x 1.2y

spectroscopy. Peaks at 286.4 eV, 287.6 eV, and 289.1 eV correspond to the C,Oy species
and are also observed in the Ols core level.P! In the Ols core level (Figure A3.7), the
peak centered at 530 eV corresponds to both the indium oxide foil utilized as a substrate,
which does not impact the S2p and C1s regions and the O-S bonds. In contrast, the wider
peak represents the oxygen-carbon species, along with the hydroxide.??!

Electron energy loss spectroscopy (EELS) spectra can provide insights into the chemical
environment at the atomic/nanoscale. The features between 280 and 320 eV representing
the carbon K energy-loss near-edge structure (ELNES) can be qualitatively used to
estimate changes in the sp’ to sp’ carbon ratio (Figure 3.8c). The sharp peak at 284.5 eV
and the features around 292 eV correspond to the 1s -» ©* (C=C) and 1s —» ¢" (C-C)
antibonding states, respectively.3! A distinct increase in the nt* states and the onset peak
of the 6" (292.0 eV) indicate the formation of more sp’-hybridized carbons, confirming
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an increase in graphitic order at higher condensation temperatures.*¥ No significant peak
shift is observed in the carbon K-edge. In the low-loss region of SC-800, SC-900, and SC-
1000, the plasmon peaks (Figure A3.8) at 6.0 eV (only = electrons) and 23.0 eV (n+o, all
valence electrons).*>! Here, the electronic structure of the materials associated with the
low-loss EELS is expected to be similar.

3.3.2. Sodium storage behavior of materials

Galvanostatic charge and discharge (GCD) measurements — Based on the GCD curves,
the initial Coulombic efficiencies (ICEs) of SC-800, SC-900, and SC-1000 are determined
to be approximately 50%, as depicted in Figure 3.9a. The ICE of disordered carbon anodes
within carbonate-based electrolytes has been previously reported to range between 30 and
70% in the literature.® Recent research indicates that the ICE can be significantly
improved by utilizing ether-based electrolytes, which are believed to enhance the kinetics
of the diffusion-controlled plateau region.*” However, achieving this goal requires
experimentation with various combinations of solvents and salts, as electrolyte
compatibility is highly dependent on the physicochemical properties of the materials. In
addition, various strategies can be employed to enhance the ICE, including (i) Increasing
the pyrolysis temperature to create a more ordered carbon texture with fewer defect sites,
which are typically responsible for irreversible sodium ion adsorption,®! (ii) pre-sodiation
of the anode material,®”! (iii) surface engineering of the electrode and designing an
artificial solid-electrolyte interphase (a-SEI) layer,*” and (iv) optimizing the
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Figure 3.9. (a) The initial cycles of SC-800, SC-900, and SC-1000 with their ICEs. (b) The 10™
GCD curve of the electrodes at a specific current density of 0.1C (30 mA g™). (Copyright (2024)
Wiley)
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electrolyte.*!! Among those techniques, the design of an a-SEI is explored as a potential
method to improve ICE in Chapter 2. Further, electrolyte optimization, which positively
enhances ICE, is also discussed in Chapter 4.

After the formation of a stable SEI, SC-800, SC-900, and SC-1000 exhibit stable
capacities of around 250 mAh g, 325 mAh g, and 325 mAh g, respectively, as shown
in Figure 3.9b. The alteration in the shape of the sodiation and desodiation curves
indicates the modification of the sodium storage mechanisms and resembles changes in
the structure and chemistry. Here, the plateau region is identified as the point of transition
between the capacitive and diffusion-controlled regions, which is found to be
approximately 0.1 V (vs. Na*/Na). Notably, the SC-1000 exhibits a well-defined extended
plateau region with a typical sloping area in a high-voltage region. Conversely, the SC-
800 does not show any noticeable plateau region, implying that the sodium storage is
primarily governed by a surface-controlled mechanism. The SC-900 represents an
intermediate state between SC-800 and SC-1000, exhibiting a small plateau contribution
to the overall capacity.

Cyclic voltammetry (CV) and galvanostatic intermittent titration (GITT) measurement
— The examination of the sodium storage mechanism here follows the same concepts
outlined in Chapter 2. Precisely, the b-value of the materials is calculated using Eq. 2.1
for the CV analysis (See Figure A3.9 for CV curves), while the GITT is analyzed using
Eq. 2.2 (See Figure A3.10 for GITT curves).

The concentration of sodium ions at the electrode-electrolyte interface, if the redox
reaction of the electroactive species relies mainly on diffusion, is usually time-
dependent.*?! This is demonstrated by the fast rate of the sloping region, as observed with
SC-800, which highlights capacitive storage, while the sluggishness of the plateau mode
indicates non-capacitive Faradaic behaviors. The slope of the log(i, peak anodic current)
vs. log(v, scan rate) plots from the CV enables differentiation between surface- or
diffusion-controlled mechanisms of sodium-ion storage. A b-value close to 1 indicates a
surface-controlled electrochemical process, while a h-value close to 0.5 suggests that the
diffusion-controlled mechanism is dominant.*?! The corresponding b-values confirm that
SC-800 is more surface-controlled, while SC-900 and SC-1000 involve more diffusion-
controlled storage mechanisms (Figure 3.10a). Sodium-ion diffusion coefficients are
calculated from GITT (Figure 3.10b), revealing that the diffusion coefficients of the
electrodes are around 10*® and 10” cm? s™' during the sodiation and desodiation processes,
in the range of typical hard carbons.*y However, a sharp decrease in diffusion coefficients
is observed for SC-900 and SC-1000 during the plateau region (<0.2 V (vs. Na'/Na)),
indicating a different sodium storage behavior due to the presence of phase-transition
reactions at that potential window (such as intercalation and pore-filling), which makes
time-dependent processes more prominent.*! In contrast, SC-800 does not exhibit such a
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Figure 3.10. (a) h-value plots from CV. (b) Sodium-ion diffusion coefficients of the materials
calculated from GITT. (Copyright (2024) Wiley)

sharp decrease in that region as it is purely capacitive until the cutoff potential. The
sodium-to-carbon ratio at the non-capacitive Faradaic mode is approximated as NaCao7
for SC-900 (55 mAh g') and NaCs6 (165 mAh g') for SC-1000, considering the
theoretical capacity of NaCe, which is 35 mAh g'.* The sulfur heteroatom is expected
to significantly influence the charge distribution on the carbon surface, leading to a
stronger binding affinity for sodium ions and reducing the formation energy of sodium-
carbon compounds. !

In general, the adequate accommodation of sodium ions necessitates a significant increase
in interplanar spacing, as well as the provision of optimal micropores for an adsorption-
intercalation/filling model. Sulfur atoms are observed to play a crucial role in distorting
the material’s structure by increasing the stacking distance of graphitic planes and
introducing defect sites. However, the relationship between interplanar distance and the
electrochemical properties is not always straightforward, as the sodium storage behavior
of pendant groups contributes to surface-controlled sodium storage rather than diffusion-
controlled. If the material’s structure is sufficiently open for sodium storage, a diffusion-
controlled process should occur once the low-energy supercapacitive adsorption reaches
saturation. Observations here show no indication of sodium intercalation in the SC-800,
as it still has a very high amount of sulfur inside. Increasing the pyrolysis temperature
leads to the removal of sulfur-containing fragments from the material, leading to a higher
proportion of sp? hybridized carbon and fewer edge terminations, which is attributed to
be the primary reason for the sharp increase in the CO,-accessible micropore volume. An
increase in micropores improves the efficiency of the desolvation process, hindering the
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Figure 3.11. (a) The sodiation curves obtained at 0.1C (30 mA g') are linked to the adsorption-
intercalation model based on the outcomes of physicochemical analyses. (b) The top section of
the figure displays the rate performance of the electrodes at various current densities, including
0.1C 30 mA g'), 0.2C (60 mA g), 0.5C (150 mA g'), 1C (300 mA g'), and 2C (600 mA g).
Meanwhile, the bottom section exhibits a column chart of the electrodes at different current
densities, illustrating the distribution of the plateau and sloping capacities. (c¢) results of the 500
cycle stability tests conducted at 1C (300 mA g). (Copyright (2024) Wiley)

diffusion of negative ions in the electrolyte (PFs) and also the electroactive area
responsible for the redox reactions. Once this volume increases, sodium intercalation
becomes more prominent, leading to a sudden and prolonged plateau capacity (Figure
3.11a).

At higher current densities, all electrodes tend to be involved in fast-near-surface
activities, as semi-infinite diffusion-controlled Faradaic storage in bulk is often slow, as
seen in battery devices with Faradaic reactions.*®! As an example, the rate capability of
SC-1000 becomes inferior to that of SC-800 and SC-900 (Figure 3.11b), making SC-800
and SC-900 more suitable for fast charging (Figure 3.12).

In order to assess the long-term stability of the electrodes, the batteries are subjected to
500 cycles at 1C (300 mA g') (Figure 3.11c). This is an important measurement to reveal
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Figure 3.12. (a) 10" and (b) 40" sodiation curves of materials. (Copyright (2024) Wiley)

the cycling stability of the materials to simulate their performance in real applications as
the capacity retention is expected to be high under charging and discharging at relatively
high current densities. The results show that SC-800, SC-900, and SC-1000 have capacity
retention rates of 92%, 90%, and 80%, respectively. The significant capacitive mode
provided by SC-800 and SC-900 contributes to excellent stability; however, at this current
density, SC-1000 still offers a small plateau region, which can lead to a slight decay during
cycling as non-capacitive Faradaic storage tends to cause irreversible decomposition of
electrolyte and then reduce the efficiency. Still, results here show that all materials exhibit
good capacity retention after 500 cycles.

After GCD cycling, electrochemical impedance spectra (EIS) show double-semi circles
(Figure A3.11), with the semi-circle in the mid-frequency region commonly associated
with SEI formation and contributing significantly to charge transfer resistance. The
excessive growth of the passivation layer can affect the state of health (SoH) of the
batteries.[*”) The charge transfer resistance (R; in Figure A3.11) of SC-1000 after cycling
is the highest among all samples, which might indicate lower SoH than SC-800 and SC-
900 due to more harsh electrochemical reactions (Table A3.1).

Full-cell using Na;V(PO,); (NVP) as cathode material — The SC-1000 demonstrates a
notable feature in the form of an elongated plateau region, which facilitates most of the
sodium storage at an elevated cell potential. As a result, the energy density in full-cell
applications is considerably improved in comparison to the SC-800 and SC-900 batteries.
To showcase the complete cell functionality of the SC-1000, the NVP cathode material is
chosen as a positive electrode.
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Figure 3.13. (a) The XRD pattern of the NVP cathode material. (b) The half-cell GCD curves of
the NVP/C cathode material at various rates with IM NaPF, in EC/DEC (1:1 in vol.) along with
5 wt. % FEC. (¢) The GCD of the full-cell, NVP//SC-1000, with the negative electrode being SC-
1000 and the positive electrode being NVP/C. The current density and specific capacity are
calculated based on the mass of the active material in the positive electrode. (Copyright (2024)
Wiley)

The crystal structure of the NVP is validated using XRD (Figure 3.13a), and its
electrochemical performance is assessed through half-cell GCD measurements (Figure
3.13b). The cathode slurry contains an equal proportion of conductive carbon (Super-P,
10 wt. %) as the anode material (SC-1000). Two different electrolytes, namely 1M NaPFg
in EC/EMC (3:7 in vol.) and 1M NaPFg in EC/DEC (3:7 in vol.) with the addition of 5 wt.
% FEC, are employed. The latter electrolyte demonstrates slightly better electrochemical
performance for the cathode material, yielding a capacity of approximately 105 mAh g
at 0.2C, which corresponds to more than 92% of its theoretical capacity (ca. 117 mAh g
). However, the presence of FEC in the anode side leads to a noticeable reduction in the
plateau capacity, which could be attributed to the formation of a thick SEI layer, impeding
sodium diffusion. For the purpose of testing the anodes, 1M NaPFs in EC/EMC (3:7 in
vol.) is chosen as the electrolyte for full-cell measurements. Prior to full-cell testing, the
SC-1000 anode material undergoes presodiation to mitigate the effect of initial coulombic
efficiency and ensure stability. The energy densities of the full-cells are computed using
Eq. 3.5, where O represents the capacity at a specific rate, m corresponds to the total active
material mass, and U denotes the cell voltage.

E=[’2dQ (3.5)

Based on the active materials, the energy density is determined to be 170 Wh kg at 0.2C
and 149 Wh kg at 0.4C (Figure 3.13c).
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3.3.3. Boosting electrochemical storage by sodium plating and stripping

Electroplating and stripping sodium is another type of sodium storage widely exploited in
metal anode batteries. Having very high theoretical capacities of metal anodes and stable
cell potential due to the electroplating process, this type of storage is found to be a novel
approach for increasing the energy density of batteries. However, this storage mode is not
standard for insertion-based anodes, as the irreversible plating of metal causes the
formation of large dendrites and “dead” metal residues, which can adversely affect battery
performance and safety. Sodium’s lower cohesion energy with respect to lithium, is
enabled it to be more homogeneously nucleated and plated at the electrode, which requires
a favorable chemical environment for sodium adsorption and nucleation, as provided by
a microporous structure.*8 This type of storage has also never been proposed for carbon-
based electrodes as it destroys the structure and causes the growth of the dendrites.

Based on these considerations, the materials here are subjected to this type of sodium
storage mode. Even though the harsh plating and stripping process, the total reversible
capacity of SC-1000 can be extended over 380 mAh g, with an over 95% Coulombic
efficiency, which is an overseen value in this type of storage among the carbon-based
electrodes. This is in contrast to SC-800 and SC-900, which do not allow such reversible
metal plating and stripping under any of the cutoff conditions (Figure 3.14a). The sharp

dip in the nucleation overpotential is associated with more dendritic spikes (Figure
3.15b).#”)

To prove it, an ex-situ investigation using SEM is conducted (Figure 3.15). For the sample
preparation, the materials undergo overpotential sodium deposition mode for more than
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Figure 3.14. (a) Overpotential sodium deposition behavior of materials, where the cutoff
conditions for sodiation and desodiation are set to 400 mAh g' and 2.5 V (vs. Na'/Na),
respectively. Panel (b) presents an enlarged view of the nucleation overpotential regions, which
play a critical role in the initial stages of sodium deposition. Panel (¢) displays the stability of the
SC-1000 during 60 cycles of sodium plating and stripping at a current rate of 0.1C (30 mA g™).
(Copyright (2024) Wiley)
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ten cycles. After disassembling the half-cells in a glove box, the anode materials are
washed with pure DMC organic solvent to eliminate any residual electrolyte. The EDX
spectra, as shown in the inset of Figure 3.15, confirm that the frameworks are free from
the solid electrolyte, as there are no signals from fluorine and phosphorus. The sodium
signals observed in the spectra can be mainly attributed to the overpotential deposition of
sodium metal. The SEM images of the materials in a sodium-plated state follow the
electrochemically observed nucleation kinetics of metal plating, with larger crystallites
observed in SC-800 and smaller in SC-900, especially for SC-1000.

In contrast, the broad nucleation dip found for SC-1000 indicates that the growth of
sodium crystallites occurs via the formation of a larger number of nuclei on the surface,
reflecting a more intimate and thermodynamically favorable interaction between the
electrode and the sodium atoms. This dispersity provides promising reversibility and
stability, attributed to the high amount of (ultra-) micropores combined with the
heteroatomic surface and optimum adsorption enthalpy between sodium metal and the
host SC-1000. The (ultra-)micropores behave like “bags” within the electrode to host the
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Figure 3.15. The SEM images of the materials after overpotential sodium deposition, and the
inset shows the EDX spectra of the frameworks. (Copyright (2024) Wiley)
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nucleation of a few sodium atoms to grow out homogeneously at the SC-1000 surface to
the plating layer that is again quantitatively removed during stripping.

The amount of plated sodium in this overpotential mode can be approximated using
Faraday’s law of electrolysis.

Q=i-t (3.6)

=) o

The equations are related to the total electric charge passed through a substance (Q), the
Faraday constant (F), the molar mass of the substance (M), the mass of the substance
liberated at the electrode (m), and the valency number of ions (z). The surface plating of
sodium takes place after the nucleation dip, as depicted in Figure 3.14b, and continues
until the cutoff capacity is reached. The period from the nucleation dip (approximately
364 mAh g') to the cutoff capacity (400 mAh g') is determined to be 4320 seconds,
during which a current of 30.3 pA is applied. Therefore, the amount of plated sodium in
the first operating cycle of overpotential mode is estimated at 31.2 pg, calculated using
Eq. 3.6 and Eq. 3.7, considering the valency number of ions (z=1) for the reduction of Na*
to Na (0). However, the amount of plated sodium is subject to change due to the shifting
of the nucleation dip during cycling. At the 60™ cycle, the estimated amount of plated
sodium is 17.2 pg.

The shift in the nucleation dip is correlated to the change in the structure caused by the
harsh plating and stripping process that reduces the Coulombic efficiency to around 92%
at the 60" operating cycle in this mode (Figure 3.14c). While overpotential sodium
deposition is reversible, the constraints of the process still require more research. Given
that this type of sodium storage is not well-studied for carbonaceous materials,*” these
insights are critical to building more efficient electrochemical sodium-based energy
storage systems. For practical applications, reversible overpotential sodium deposition
may significantly increase the plateau capacity, average cell potential, and energy density.

3.3.4. Elucidating the pore-filling mechanism by in-operando SAXS

It is shown that SAXS is a potent analytical methodology that can effectively study the
accessible and bulk porosity of non-graphitic carbons, even when subjected to in-situ and
in-operando measurements.’'’ When utilized in combination with synchrotron light
sources, SAXS measurements can detect alterations in the structure of the studied
electrodes while operating in ideal conditions. In this regard, the deposition of sodium at
under- and over-potential modes on SC-1000 is examined utilizing in-operando SAXS. A
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Figure 3.16. A cell made of stainless steel with a specially designed transmission window for
operando SAXS measurement (left) and experimental setup at BESSY II (right). (Copyright
(2024) Wiley)

specialized half-cell with a Kapton film on the transmission window is employed for the
measurements (Figure 3.16).

The scattering intensity, /(¢g), is mathematically described as a function of the electron
density (p) difference known as Ap, which represents the disparity in density between
particles and their surrounding media. This relationship can be expressed as follows:

1(q) = KAp*P(q)S(q) (3.8)

In this equation, K is a constant, P(g) represents the form factor function utilized to
determine particle shape, and S(g) describes the spatial distribution of particles. The
sphere model (Eq. 3.9), which accounts for scattering from both macro- and micro-pores,
is employed as a fitting model and fits precisely to the raw data (Figure 3.17a and Figure
3.18).

in(qr)— 2
P(q) = [4mr3 T (q‘j’;)“’s(q” (3.9)

During the process of sodiation, a noticeable decrease in intensity is observed within the
relative g range, indicating the insertion of sodium ions into the microporous structure
(Figure 3.17b). Upon desodiation, the scaled intensity returns to a state close to its initial
condition at the mirroring potential, demonstrating the reversibility of the pore-filling
mechanism. This result aligns with previous findings."?!
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The Ap is associated with contrast, which is a measure of the intensity of X-ray scattering
relative to the surrounding medium.! When alkali ions are inserted into carbon, the Ap
of the structure is expected to increase due to the electron cloud. The fitting model
includes two regression models, each corresponding to the fitting of spherical micro- and
mesopores within the structural composition:

1(q) = KoAP02f<P (r0)P(q,m9)dry + K1AP12 f @ (r1)P(q,m1)dry + background (3.10)

Through the mathematical transformation of Eq. 3.8 to Eq. 3.10, it can isolate the electron
density variation into distinct variables, namely Ap, and Ap;. In this context, the symbol
Apy indicates the disparity in electron density between micropores near large particles,
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Figure 3.17. (a) A graph depicting the scattering of single particles and the two-sphere fitting
model, which indicates a high-degree of accuracy in matching the experimental data. Subfigure
(b) provides a closer examination of the scattering patterns from the microporous region during
the sodiation and desodiation processes. Subfigure (c) illustrates the alteration in the modified
electron density difference (AN) of the micropores in relation to the current collector during the
sodiation and desodiation processes. Finally, subfigure (d) shows the changes in the average
radius of the micropore model during the sodiation and desodiation processes. Smoothing lines
are in purple color to show the trend clearly. (Copyright (2024) Wiley)
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macropores, and mass fractals. Conversely, Ap; denotes the dissimilarity in electron
density between those large particles and the aluminum current collector, which exhibits
minimal interaction with sodium ions.®¥ As a result, the comprehensive contrast in
electron density between the micropores and the current collector can be mathematically
expressed as AN in Eq. 3.11:

AN =2m(Ro)*|Apo - Ap,| (3.11)

In the detailed examination presented in Figure 3.17c, the variation in electron density
follows a similar pattern to that observed in the sodiation and desodiation curves. In the
sloping region, changes in AN are typically not observed since the storage process is
primarily governed by the pore-filling mechanism, whereby sodium ions are strongly
adsorbed onto the surface. However, a significant reduction in the overall AN is observed
in the diffusion-controlled plateau region, indicating a substantial change in electron
density difference between the micropores and the surrounding environment associated
with the ion diffusion. When the overpotential region is analyzed, its effect on AN is
slightly reduced, potentially due to the nucleation of sodium starting and growing through
the surfaces. During the desodiation process, AN returns to its initial state in accordance
with the scattering patterns and radius.

Following sodiation, the average radius of particles (R,) (measured in nm,
Eq. 3.12) visibly decreases, which is attributed to sodium ion uptake by the material in
micropores (Figure 3.17d). This decrease in (R,) initiated with the surface adsorption of
sodium ions and further continues in the plateau region. Conversely, upon desodiation, an
opposite trend is observed, with an increase in (R,) that approaches the initial state.

_ Jrop(ro)dry
(Ro) = ooyam (3.12)

In the in-operando SAXS experiment, diffraction patterns are collected from 16 distinct
locations. To demonstrate the consistency of the findings mentioned in the main text,
supplementary locations, which reveal similar patterns, are presented in Figure A3.12.

The equation presented in Eq. 3.9, which corresponds to the two-sphere model, exhibits a
high level of accuracy in fitting, even when applied to very low ¢ ranges beyond the
examined region (Figure 3.18a). Furthermore, within the mid-¢ range, wherein the
microporous characteristics of the model material are manifested, the fitting precision is
notably enhanced, as exemplified in Figure 3.18b and Figure 3.18c.

Ex-situ measurements are performed on the precycled electrode, as illustrated in Figure
3.18d. The results obtained indicate a significant decrease in the intensity of the micropore
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region, indicating the presence of electrolytes leftover, which may exist as oxidized
compounds that are entrapped within the micropores and cannot be removed without
additional treatment. The identification of such phenomena presents a noteworthy
challenge in ex-situ investigations and warrants careful consideration when comparing
them with in-operando studies.
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Figure 3.18. The fitting quality of the two-sphere model for the raw data (consisting of two
randomly selected profiles) is shown in panel (a). An enlarged view of profile 1 and profile 2 is
presented in (b) and (c), respectively. (d) A comparison of the SAXS profile between the cycled
electrode and the ex-situ electrode that are precycled. (Copyright (2024) Wiley)
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3.4. Conclusions

This chapter presents a novel method for producing sulfur-rich carbons possessing a high
sulfur heteroatom content through the pyrolysis of oligo-EDOT. The unique chemical and
nanostructural characteristics of the material lead to excellent electrochemical properties,
resulting in a reversible capacity exceeding 320 mAh g'! in underpotential deposition
mode. Increasing the condensation temperature makes it possible to generate materials
with significantly different sodium storage mechanisms, ranging from high-rate capable
surface-controlled capacitive storage at higher sulfur contents to non-capacitive Faradaic
storage at lower sulfur contents, which is essential for high energy density applications.
The physico-chemical and structural properties of the anode material allow for promising
overpotential sodium deposition in the latter case. The transition between surface-
controlled to diffusion-controlled sodium storage mechanisms at different pyrolysis
temperatures is thoroughly examined and correlated with the (ultra-)microporosity and
short-range nanostructural order of the electrode materials. The uniqueness of the
synthesized material enables the achievement of an unprecedented reversible
overpotential deposition, which can improve the energy density of the battery by reducing
the average anodic potential, enhance the safety of the battery during operation when the
potential might not be adequately controlled, and define a potential pathway for the
innovation and development of carbon-based anode materials. Based on the material’s
chemistry and nanostructure, the findings here are expected to pave the way for
developing high-performing electrodes with an extended operation window based on
carbon-sulfur materials.
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CHAPTER 4. HIGH-CAPACITY SUSTAINABLE
HARD CARBON FOR SIBS.

Notion — The successful commercialization of SIBs relies heavily on designing and
implementing highly efficient materials within the battery packs, from the electrode
materials to supporting constituents. As stated in Chapter 1, the scope for improvement in
the cathode materials is considerably constrained due to several limitations on the material
side. However, research on the anode side is more expansive, mainly focusing on
improving the performance of current carbonaceous materials. In this regard, hard carbons
have emerged as a potential material for SIBs. Even within this category, there are
subclasses of hard carbons, providing different electrochemical behaviors depending on
the materials’ structure.!!)

Primarily, the current benchmark of hard carbons in SIBs comes from their superior
performance compared to other carbonaceous materials, particularly graphite and soft
carbons, which fail to deliver promising results in SIBs (Figure 4.1).”) Hard carbons
typically exhibit higher specific capacities compared to the previous. A higher specific
capacity combined with the diffusion-controlled storage mechanism directly corresponds
to an increased energy density, a critical measure for practical applications.*?! The
structural characteristics of hard carbon also facilitate the efficient storage of sodium ions,
encompassing processes such as ion insertion and micropore filling together."!

The sodium storage behavior exhibited by hard carbons can be comparable to that
observed in graphite within LIBs, providing a constant half-cell potential with a long
plateau, thereby ensuring stable full-cell measures when combined with appropriate
cathode materials. Another advantage associated with hard carbons lies in their synthesis
processes, which can also be obtained from abundant sources, such as biowastes and
industrial byproducts, as elucidated in the preceding chapters. Considering the trend in
this field, there is still considerable room for further improvement of these materials,
particularly through the introduction of more efficient synthesis and post-synthesis
methods to control the chemistry and nanostructure of the carbonaceous materials towards
improving the storage performances.?
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This dissertation explores several strategies aimed at enhancing the electrochemical
performance of carbonaceous anode materials. Chapter 2 focuses on the post-synthetic
approach, wherein CN is utilized as an a-SEI layer. By carefully adjusting the structural
and electrical properties of the materials, significant improvements in sodium storage can
be achieved. In Chapter 3, the sodium storage mechanism is evaluated within the concept
of pore-filling while considering the sulfur heteroatom effect. Here, Chapter 4 elucidates
a practical approach for fabricating a high-capacity anode material from sustainable
sources for electrochemical sodium storage. A high-capacity hard carbon material is
prepared through the one-step thermal condensation process utilizing 5-hydroxymethyl
furfural (HMF), yielding high performances in SIBs and providing the requirements for
being a potential anode material for commercial applications. In order to create a hard
carbon material of choice, it is crucial to consider the potential methods available for
enhancing performance metrics.

4.1. Parameters to improve the electrochemical performance

Hard carbon anodes in SIBs normally have specific capacities of 300 mA h g or lower,
while some investigations have found values as high as 400 mA h g'."*! Enhancing the
surface- and diffusion-controlled sodium storage will increase the specific capacity.
However, due to different thermal treatment requirements, it is difficult to expand the
capacity of both at once. Improving capacitive adsorption can be achieved with low-
temperature heat treatment, heteroatom doping, and creating open surfaces, as discussed
in Chapter 3, where the material pyrolyzed at lower temperatures provides much more
sloping capacity (i.e., SC-800 vs. SC-1000). However, these methods significantly
decrease the electrical conductivity and volumetric energy density, making them less
practical for real applications. Also, the more open surface is one of the main reasons
for the low initial Coulombic efficiency (ICE). Therefore, it is necessary to prepare hard
carbon materials to tackle all the drawbacks above while maintaining the increased plateau
capacities.

Although the mechanism for sodium storage in the plateau region is still partially elusive,
the presence of closed pores and a larger interlayer spacing are frequently linked to higher
plateau capacities.P! Increasing the interlayer spacing is typically achieved by introducing
heteroatoms, which can be done through doping methods or using alkali-metal-containing
substances from the beginning. In both cases, an increase in interlayer spacing has been
reported to have an impact on the plateau capacity.* > However, when compared to the
effect of micropore volume, the influence of interlayer spacing is considerably less
significant.* !
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An alternative approach to increasing the plateau capacity is to enhance the capacity
through closed micropores. This can be accomplished by preventing the rearrangement of
carbon atoms.P! Introducing oxygen through preoxidation or utilizing oxygen-rich
precursors has been observed to restrict the graphitization process at high temperatures,
resulting in the formation of more turbostratic domains. This, in turn, facilitates the
formation of closed pores internally and leads to a significant increase in the plateau
region.!> >

Due to their disordered structure, hard carbons naturally possess defects. These defects
contribute to irreversible adsorption and, more significantly, consume the electrolyte,
forming a thicker SEL.”) One effective method for mitigating these defects is to increase
the carbonization temperature. However, excessively high temperatures promote
graphitization, which has a negative impact on the specific capacity by reducing it and
simultaneously increasing the diffusion barrier for sodium ions. It is crucial to control the
condensation temperatures carefully to obtain good performance. In the case of hard
carbons, the optimal heat treatment is usually around 1200°C and 1300°C."! This range is
significantly more energy-efficient when compared to the typical processes used for
graphite anodes, which often require temperatures exceeding 2500°C. However, to
promote the concept of more sustainable SIBs, it is still necessary to reduce the energy
footprint of the fabrication process further. This will contribute to the overall goal of
developing more environmentally friendly and sustainable energy storage solutions.
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Figure 4.1. (a) The typical XRD patterns of hard carbon, soft carbon, and graphite. (b)
Associated GCD curves in half-cell. Figure 1 in Saurel et al., Adv. Energy Mater., 2018, 8§,
1703268. (Copyright (2018) Wiley)
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A useful strategy for reducing defects in carbon materials is to optimize the carbonization
atmosphere. In particular, using a reducing gas such as hydrogen is a viable option to
mitigate the reactivity of defects at high temperatures.”’? When exposed to a reducing
atmosphere, functional groups that contain oxygen, such as C-O and C=0, and dangling
bonds present in the carbon structure can undergo hydrogen reduction, converting them
into volatile water and organic alkanes. This transformation helps eliminate defects and
improves the overall quality of the carbon material. Additionally, it results in the formation
of a significant number of nanopores within the structure, which can be utilized for
efficient sodium-ion storage.!

4.2. The effect of precursors on structure

Organic precursors are subjected to very high temperatures under an inert atmosphere to
create graphitic carbons. These precursors are typically derived from biomasses, coal, or
petroleum sources.!”” During pyrolysis, volatile substances, i.c., hydrocarbons, water,
methane, carbon dioxide, carbon monoxide, and ammonia, are released. The main loss in
weight occurs within the temperature range of 250-500°C, and temperatures above 700°C
are generally considered for the condensation of the precursors.?! However, oxygen or
nitrogen heteroatoms could still be present in the remaining carbonaceous material.
Higher temperatures must be attained before all of these components are released.'?! After
thermal condensation, the microstructure of the final carbon product can be categorized
as either graphitizing carbons or non-graphitizing carbons, depending on the nature of the
precursor. Non-graphitizing carbons exhibit a short-range arrangement with randomly
oriented graphitic layers. Due to their low crystallinity and high amount of turbostratic
disorder, these carbons exhibit broad X-ray diffraction peaks. The diffraction patterns of
both graphitizing and non-graphitizing carbons change significantly when the temperature
rises beyond 2500°C. In the case of graphitizing carbons, their X-ray diffraction peaks
become sharper, which indicate the creation of a long-range graphitic order. (Figure 4.1).
In contrast, non-graphitizing carbons experience a localized increase in crystallinity, yet
their structure remains isotropic, with minimal interlayer reflections present.!

The limited ability of non-graphitic carbons to undergo graphitization at elevated
temperatures can be attributed to their unique microstructure. Initially, models proposed
the randomly oriented graphitic domains interconnected within amorphous regions. This
arrangement hinders the graphitization process and contributes to the development of a
highly porous structure. Subsequent models now put the idea of a foam-like three-
dimensional isotropic structure, wherein the walls of the micropores consist of curved
carbon layers stabilized by non-hexagonal groups. As the temperature increases, the
micropores gradually close and merge, but the resulting carbon material maintains a lower
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density than graphite. This microstructural characteristic of non-graphitic carbons,
featuring a foam-like structure with curved carbon layers and micropores, explains their
inability to graphitize even at high temperatures fully.!!

Precursors containing heteroatoms that have the ability to remove a significant portion of
hydrogen from the residue tend to yield non-graphitizing carbons. Examples of such
precursors also include carbohydrates (e.g., sugars and cellulose).> ® Therefore, a
practical guideline for predicting the type of carbon produced during thermal condensation
is to estimate the excess hydrogen-to-carbon ratio. For instance, the presence of excess
hydrogen following the initial mass loss is responsible for the formation of cokes.?
However, it is crucial to consider other aspects as well, as cross-linking can substantially
impact the precursor’s thermoplasticity. Despite a considerable excess of hydrogen, this
cross-linking may occur in the precursor or in the initial stages of the heat treatment. The
phenolic resins, lignin, and styrene-divinylbenzene polymers, among others, exhibit this
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Figure 4.2. A diagram showing the carbonization process that takes place during the pyrolysis
of organic materials, including thermosetting and thermoplastic polymers. The diagram also
shows the typical carbon microstructure, along with the corresponding range of interlayer
distances observed. Figure 2 in Saurel et al., Adv. Energy Mater., 2018, 8, 1703268. (Copyright
(2018) Wiley)
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behavior.”” Before carbonization, the precursor can also be intentionally induced to cross-
link to stop further melting and impede the graphitization process. This effect is evident
in materials such as PVC or polyethylene.l'” In order to maintain the appropriate fiber
morphology, a thermoplastic precursor is melted to create fibers, which are then cross-
linked before carbonization. This process is known as oxidation-induced cross-linking. In
general, the heat treatment processes create differences in morphology for thermosetting
and thermoplastic precursors (Figure 4.2).

4.3. Production of HMF

A hydroxymethylfurfural (HMF) is a chemical compound that contains an aldehyde
(CHO) and hydroxymethyl (CH,-OH) groups on the furan ring.!'" HMF represents a topic
of considerable interest in chemistry as it is derived from biomasses and is an appealing
candidate for many applications.!"!) Particularly in sustainable chemistry, HMF has a
prominent role owing to its ability to be produced from renewable sources and its potential
as a precursor for the synthesis of many valuable compounds. Extensive research has been
conducted to explore HMF’s potential for transformation into various biofuels, thereby
offering a sustainable alternative to fossil fuels.!'!!

Hexoses, which are six-carbon sugars (i.e., glucose), are usually dehydrated to form HMF
(Figure 4.3). The procedure entails putting the hexoses under a series of specific
treatments and catalysts with specific functions.!"?! Pretreatment of lignocellulosic
biomass, cellulose hydrolysis to glucose, glucose isomerization to fructose, and fructose
dehydration are a few of the complex steps that the hexoses should undergo to create
HME.[?°! Side reactions such as the condensation of sugars, reaction intermediates, the
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Figure 4.3. Synthesis of HMF from biomasses in different pathways. Figure 4 in Hou et al.,
Green Chem., 2021, 23, 119. (Copyright (2021) The Royal Society of Chemistry, copyright
granted through Copyright Clearance Center, Inc.)
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transformation of HMF into humins, and the degradation of HMF into formic acid or
levulinic acid occur in parallel and reduce the HMF yield.

A viable approach to obtain HMF involves the catalytic dehydration of fructose. Several
catalysts, including metal salts, ionic liquids, organic solvents, and Brensted acid catalysts,
facilitate the conversion of fructose to HMF.['?! Moreover, the fructose-based
polysaccharide inulin can be used to form HMF through sequential hydrolysis to fructose
and subsequent dehydration. Conversely, the conversion of glucose to HMF, despite its
abundance and lower cost compared to fructose, presents challenges due to its more stable
structure. Normally, the process of turning glucose into HMF happens in two steps; first,
glucose is isomerized to fructose, then fructose is dehydrated to form HMF (Figure
4.3).'”"I The isomerization of glucose to fructose often exhibits lower yields and efficiency
compared to the HMF production directly from fructose. This isomerization process can
be catalyzed by a number of catalysts, including Lewis acids, isomerases, and Brensted
bases. Direct conversion of glucose to HMF generally yields lower product yields and
selectivity compared to conversion from fructose. HMF can also be generated as a
byproduct during the pretreatment, hydrothermal processing, and carbonization of
cellulose, hemicelluloses, and biomass.[®! Furthermore, chitin biomass derived from
chitosan and crustacean shells can serve as alternative feedstocks for HMF production.
Non-acidic catalysts, such as solid catalysts or ionic liquids, as well as alternative reaction
conditions, are being investigated to enhance the selectivity, efficiency, and sustainability
of HMF production.!?*! These methods seek to enhance the HMF synthesis overall.

In a thermal polymerization process, the removal of OH groups initiates at approximately
170°C, and further heating of HMF to slightly above 250°C leads to dimerization.!*
Subsequently, a significant portion of the molecules undergo char formation through the
Diels-Alder reaction, resulting in the generation of a substantial amount of carbon as a
final product, whether through hydrothermal carbonization (HTC) or conventional
methods." HMF, being an oxygen-rich precursor, is an effective precursor for the
production of non-graphitic carbons, as previously discussed. In this context, the presence
of oxygen facilitates the formation of an extremely confined, porous, and interconnected
structure, which can efficiently accommodate the sodium ions. Thus, based on the current
benchmarks of saccharides in the SIBs,!") HMF is used in this Chapter as a sustainable
precursor to producing high-capacity hard carbon electrodes.

4.4. Preparation of hard carbon derived from HMF

The hard carbon anode is synthesized from HMF precursor via one-step thermal
condensation at 1100°C. The details of the synthesis method, electrochemical, and
physico-chemical characterizations can be found in “A4.1. Preparation of hard carbon
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from HMF”, “A4.2. Electrode preparation and electrochemical characterizations”, and
“A4.3. Physico-chemical characterizations” in Appendices.

4.5. Results and Discussion
4.5.1. Physico-chemical characterizations

Structure of carbon — Scanning electron microscopy (SEM) images reveal the material
condensates, forming large particles characterized by distinct sharp edges and boundaries
analogously to other hard carbons (Figure 4.4a and Figure 4.4b). Elemental analysis (EA)
indicates that the composition consists of approximately 97.5 £ 1.0 wt. % carbon and 2.5
+ 1.0 wt. % oxygen, with a negligible amount of hydrogen. Energy-dispersive X-ray
(EDX) spectroscopy confirms the homogeneous distribution of C and O within the
material without any observed localization (Figure 4.4a, inset). The composition of the
elements in the structure is further supported by EDX, yielding similar values of EA.

Structural analysis is conducted using high-resolution transmission electron microscopy
(HRTEM) (Figure 4.4c). The obtained image verifies the non-graphitic nature of the hard
carbon, revealing the short-range ordered structure with pseudo-graphitic planes
throughout the structure.l'® The absence of long-range order is indicated by a single
diffuse ring in the fast Fourier transform (FFT) profile. Two broad peaks with centers at
around 23° and 44° are visible in the X-ray diffraction (XRD) pattern and are attributed
to the (002) and (100) reflections of non-graphitic carbons, respectively (Figure 4.4d).l'”
These broad peaks serve as confirmation of the short-range order present in the materials
associated with the hard carbons. By employing a Gaussian fitting model on the
diffraction pattern, the interlayer spacing of the (002) reflection is determined to be 0.39
nm (Figure 4.4d, inset). A less dense structure is evident because this computed gap is
notably bigger than that of graphite (0.34 nm). Further investigation into the structure is
conducted through Raman spectroscopy, wherein the G and D bands are analyzed utilizing
the PseudoVoigt fitting model (Figure 4.4e). The material exhibits characteristic D and G
bands with a peak intensity ratio (In/I) of 1.1 alongside a significantly broad 2D region,
which is typical for non-graphitic carbons (Figure 4.4e, inset).!'8! Overall, the structure of
the HMF-1100 aligns with the expected characteristics of other non-graphitic carbon
materials.

Gas physisorption experiments with CO2 and small-angle X-ray scattering (SAXS)
measurements are carried out to investigate the porous structure of the material. The
investigation of open and closed surface areas is important in designing high-performance
anode materials for SIBs. In this particular context, the CO, physisorption proves to be
more practical due to its smaller kinetic radius compared to that of N, allowing for easier
access to the open micropores and even ultramicropores.!”
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Figure 4.4. (a) and (b) SEM images of the HMF-1100 with different magnifications. Inset: EDX
maps of C and O, showing the homogeneous distribution of the elements across the structure. (c)
HRTEM image of the HMF-1100. Inset: FFT profile. (d) XRD pattern of the HMF-1100. Inset:
Gaussian fitting model and calculated interlayer distance of (002) reflection. (¢) Raman spectrum
of HMF-1100. Inset: PseudoVoigt fitting of D and G with peak intensity ratios. (f) CO gas
physisorption of HMF-1100. Inset: Pore size distribution (PSD).
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Analysis of the pore size distribution reveals that the material is predominantly composed
of micropores smaller than 0.8 nm across the structure. The volume of accessible
ultramicropores (dpore <0.7 nm (IUPAC)) is determined to be 0.12 cm® g'! (Figure 4.4f,
inset). Overall, the abundance of gas-accessible micropores facilitates diffusion-
controlled storage of sodium ions, while the exclusion of macropores (i.e., those larger
than 2.0 nm) enhances the first cycle efficiency by preventing the formation of excessive
SEI within the macropores. "

The evaluation of closed pores within the material is performed using SAXS, widely
recognized as a robust technique for investigating topology at a broad scale.?!! The SAXS
pattern reveals two prominent contributions in the case of hard carbons: Porod’s region
that is associated with the scattering from sharp interfaces, such as macroscopic surfaces
corresponding to a particular slope in ¢ at low angles, and the microporous region within
the intermediate ¢ ranges (Figure A4.1).1?!*2] Qualitative analysis indicates that the HMF-
1100 possesses a considerable quantity of closed pores, even surpassing the SC-1000
described in Chapter 3. This significant presence of micropores is expected to enhance
the diffusion-controlled sodium storage mechanism further, potentially exceeding the
performance of the SC-1000 material in this specific scenario.

4.5.2. Sodium storage behavior of the material

Galvanostatic charge and discharge (GCD) measurements with different electrolytes —
The sodium storage performance of the HMF-1100 is evaluated using GCD measurements
conducted at different current densities. In light of the promising outcomes associated
with ether-based electrolytes, the electrochemical behavior of HMF-1100 as a sodium
storage material is further investigated using an ether-based electrolyte. In general, ether-
based electrolytes have demonstrated notable improvements in sodium storage
performance when compared to traditional carbonate-based electrolytes.*®) These
improvements include a significant enhancement in sodium-ion diffusion kinetics and a
reduction in charge-transfer resistance.*” To ensure comparability between the two
different solvents, IM NaPFs in Diglyme and 1M NaPFs in EC/EMC (3:7 in v) are studied.
Electrochemical impedance spectroscopy (EIS) analysis reveals that the electrode-
associated resistances are similar in both cases (R, in Figure A4.2). However, in terms of
charge transfer resistance, the ether-based electrolytes exhibit superior performance,
displaying substantially lower charge transfer resistance compared to the carbonate-based
electrolyte (R. in Figure A4.2). This improvement has positive implications for the ion
storage mechanism, as it facilitates an improved desolvation process and the rapid transfer
of sodium ions.
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The initial GCD curve reveals that HMF within the 1M NaPFs in Diglyme electrolyte
exhibits a significantly higher capacity compared to the one with 1M NaPF¢ in EC/EMC
(3:7 in v) (Figure 4.5a). Specifically, the former demonstrates a capacity of 376 mAh g’
in the second cycle, while the latter displays a capacity of 331 mAh g'. However, the first-
cycle efficiencies (ICE) are observed to be similar (72% vs. 72%). The capacity increase
is more pronounced within the plateau region, indicating that the ether-based electrolyte
improves the kinetics of the diffusion-controlled plateau region. Once the SEI layer is
stably formed, the HMF-1100 material exhibits a reversible capacity of more than 370
mAh g'. This high capacity, combined with a plateau capacity of more than 250 mAh g
!, implies the significance of this carbon, equalizing the theoretical capacity of graphite in
LIBs (372 mAh g'). Considering that HMF-1100 is derived from a sustainable and more
energy-efficient production process, this high-capacity anode material holds potential for
further advancements and innovation.

Regarding rate performance, the materials are cycled at different current densities ranging
from 30 mA g! (0.1C) to 600 mA g' (2C) (Figure 4.5b). The superior performance
observed at lower current densities persists even at higher current densities. Notably, even
at rates exceeding 1C, the material maintains a prolonged plateau capacity, coming from
its high diffusion-controlled storage characteristics. For instance, at 1C, it provides a
capacity of approximately 300 mAh g, while at 2C, it exhibits a capacity of around 250
mAh g' (Figure 4.5c). These results are fascinating, considering that carbons of this
nature typically exhibit significant decay at high currents due to the time-dependent nature
of diffusion-controlled sodium storage.!*® The unique structure of the carbon material is
also found to be highly compatible with the ether-based electrolyte.

When considering cycling stability, it is essential to acknowledge that hard carbons have
inherent limitations compared to graphite in LIBs due to the absence of a stable
intercalation compound between sodium and carbon. As a result, the storage mechanism
of hard carbons in SIBs primarily relies on harsh ion insertion and pore-filling
mechanisms, which gradually distort the structure and lead to capacity degradation.¢!
HMF-derived carbon is subjected to cycling at high rates, specifically 600 mA g (2C)
and 1 A g'(3.3C), with a capacity retention of approximately 80% after 60 cycles in both
cases (Figure 4.5d). Although the cycling stability of this material is lower than that of
graphite in LIBs, it is still better than that of conventional HCs for SIBs. The cycle stability
of hard carbons has been the subject of numerous investigations. Some approaches include
further exfoliating graphitic layers and introducing sulfur heteroatoms into the carbon
structure, as in Chapter 3, to improve safer surface-controlled storage or the utilization of
more refined electrolytes.?! These strategies aim to mitigate the capacity fading issue and
enhance the long-term stability of hard carbons in SIBs.
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Figure 4.5. (a) Initial GCD curves of the HMF-1100 with different electrolytes showing the ICE
and reversible capacity at 2" cycle. (b) GCD cycles of HMF-1100 at different current rates. (c)
Rate capability of the HMF-1100. (d) Cycling stability at 600 mA g and 1 A g"' showing capacity
retention after 60 cycles.

A comparative analysis with carbons derived from glucose and fructose, treated at the
same temperature of 1100°C, reveals that HMF-based carbon exhibits more promising
results in terms of initial cycle efficiency and total capacity, even outperforming
commercially available hard carbon in half-cell measurement (Figure 4.6).

Cyclic voltammetry (CV) and galvanostatic intermittent titration (GITT) measurement
— The sodium storage mechanism is investigated using GITT and CV measurements,
following the experimental procedure outlined in Chapter 2. In the GITT experiments, the
diffusion coefficients of sodium ions within the material are determined based on Fick’s
law of diffusion. The sodium-ion diffusion coefficients of the HMF-1100 are found to be
similar during both sodiation and desodiation processes, approximately on the order of 10
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Figure 4.6. Initial and the 5™ GCD curves of the hard carbons derived from HMF, Glucose, and
Fructose, plus a commercial HC.

$and 10°cm? s! (Figure 4.7a), which is consistent with the characteristics of hard carbons.
27l However, as discussed earlier, a significant decrease in the diffusion coefficients is
observed as the voltage approaches 0 V (vs. Na*/Na) at the plateau region. This decrease
provides evidence for the presence of electrochemical reactions that conflict with Fick’s
law of diffusion. Such behavior is commonly observed in diffusion-controlled sodium ion
storage processes.?”!

Additional evidence supporting the diffusion-controlled kinetics is obtained through CV
analysis (Figure 4.7b). In this analysis, the concentration of sodium ions at the electrode-
electrolyte interface is primarily influenced by time-dependent processes, ! which is the
scan rate. The relationship between the logarithm of the peak anodic current (log(i)) and
the logarithm of the scan rate (log(v)) in the CV plots allows for the examination of
surface- or diffusion-controlled mechanisms of sodium-ion storage. The calculated slope
(b-value) of the log(i) vs. log(v) plots indicates the nature of the dominant electrochemical
process. A b-value close to 1 suggests a surface-controlled mechanism, like in capacitive
behaviors, while a b-value close to 0.5 indicates a diffusion-controlled mechanism.?®! The
obtained b-value confirms that the diffusion-controlled mechanism is predominant in the
sodium-ion storage process.
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4.6. Conclusions

This Chapter presents a one-step thermal condensation process for the fast and efficient
synthesis of hard carbon from HMF. The quest for sustainable and efficient carbonaceous
anode materials for SIBs poses significant challenges, making the exceptional
performance exhibited by this material critical. The HMF-derived hard carbon
demonstrates fascinating electrochemical characteristics, surpassing the theoretical
capacity of graphite in LIBs. Additionally, the performance of this material is examined
with different electrolyte solutions, where the ether-based electrolyte provides superior
performance to the carbonate-based electrolyte. Notably, carbons of this nature typically
exhibit limitations in delivering high cycling stability at high current densities, which is a
critical factor for the commercialization of SIBs. However, further advancements are
possible through alternative approaches. In conclusion, hard carbon made from HMF has
the potential to be an anode material for SIBs and is flexible enough for future
developments. Further investigations are ongoing to define the characteristics that enable
large capacity and better rate performance towards high-performance SIBs.
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This dissertation systematically examines the strategies to improve the performance of
carbonaceous anode materials in sodium-ion batteries (SIBs), including post-synthetic
treatments, the effect of sulfur heteroatoms, and methods to prepare high-performing hard
carbon anodes addressing structural requirements.

Chapter 2 focuses on the fabrication of a composite material consisting of sustainable
carbon anode material derived from sodium lignosulfonate, with a conformal carbon
nitride (CN) film serving as an artificial solid-electrolyte interphase (a-SEI) layer. The CN
film is deposited using a chemical vapor deposition (CVD) method, known for its ability
to generate highly uniform thin films. Within a specific range of thickness, the composite
material exhibits exceptional performance in SIBs due to the heterojunction effect at the
interface. This effect improves the ion transfer kinetics by facilitating improved solvation
and effectively tunneling the sodium ions from the electrolyte to the electroactive material.
Additionally, it reduces the open surface area that is available for electrolyte
decomposition, thereby enhancing the first-cycle efficiency by mitigating the excessive
SEI growth. By optimizing the thickness of the CN film, a substantial increase in specific
capacity is observed, along with an increased plateau capacity, enabling more efficient
storage of sodium ions. This is crucial for the further improvement of SIBs in high-energy-
density applications. However, it should be noted that thicker layers of conformal CN do
not present positive effects on diffusion-controlled sodium storage, as the CN layer itself
is an electrically insulating material and is responsible for increasing the diffusion barrier
of sodium ions. Nevertheless, even with thicker CN films, materials exhibit improved rate
capability at high current densities, which is attributed to the fast kinetics of surface-
controlled capacitive behavior. This approach is found promising in enhancing the
performance of carbonaceous anode materials, particularly those derived from abundant
sources or industrial byproducts.

The optimization of conformal a-SEls represents a unique concept for improving
electrochemical performance while minimizing the increase in material weight. Thus, in
terms of increasing the energy density, this accomplishment is significant considering the
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current challenges faced by SIBs, particularly the lack of suitable energy densities. To
further enhance the electrochemical performance, the application of artificial SEIs opens
space for further research and discussion, focusing on improving battery materials through
the fine-tuning of electronic properties at the interface or redesigning the surfaces.
Furthermore, this type of a-SEI can be further studied to accommodate a wide range of
substrates, ranging from organic materials to inorganic electrode materials, especially on
the cathode side.

In Chapter 3, high sulfur-content carbon anodes are synthesized from an oligomer
precursor. Controlling the condensation temperature during synthesis changes the
material’s structure, resulting in a more ordered configuration with an increased
microporosity. The material prepared at higher temperatures presents unique chemical and
nanostructural characteristics, which enables more diffusion-controlled sodium storage
compared to those treated at lower temperatures. With typical underpotential sodium
deposition, the material demonstrates a reversible capacity exceeding 320 mAh g' with
an extended plateau capacity of 165 mAh g, surpassing other sulfur-rich carbon materials
in the field. The material’s physicochemical and structural properties also contribute to its
ability to achieve reversible overpotential sodium plating and stripping. This capability
enhances the energy density, improves operational safety, and, among others, paves the
way for further improvements in electrochemical sodium storage. Also, an in-operando
SAXS method is developed here in order to prove the pore-filling mechanism. The
findings of this study highlight the critical role of factors such as ultra-microporosity and
the chemical environment in the design of effective anode materials for SIBs.

The introduction of sulfur-heteroatom in carbon electrode materials shows promise in
certain aspects. However, it is important to note that its primary benefit lies in specific ion
storage mechanisms, which may not be applicable in commercial applications due to low
energy densities. Nevertheless, it could be well-suited for high-power applications due to
a more surface-controlled mechanism provided at higher sulfur contents. The influence of
heteroatoms should be further investigated within the context of other substances, as each
energy storage mechanism possesses distinct chemical environments.

Chapter 4 introduces a one-step thermal condensation process, aiming to efficiently and
rapidly synthesize hard carbon from 5-hydroxymethylfurfural (HMF). The development
of sustainable and effective carbonaceous anode materials for SIBs poses significant
challenges, highlighting the remarkable performance demonstrated by this particular
carbon. The hard carbon derived from HMF exhibits fascinating electrochemical
properties, surpassing the theoretical capacity of graphite in lithium-ion batteries (LIBs)
(i.e., 376 mAh g! vs. 372 mAh g!). The performance of this material is systematically
evaluated with different electrolytes, revealing the superior performance of the ether-
based electrolyte in comparison to the carbonate-based electrolyte in overall performance.
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Notably, carbon materials of this nature often encounter difficulties in maintaining high
cycling stability at high current densities, which is a critical consideration for the
commercial viability of SIBs. To overcome this, more research should be conducted on
the long-term effects of harsh ion insertion mechanism on the carbon structure, as the case
of graphite in LIBs is inapplicable here. Also, a comparative study is conducted with
different hard carbon materials, such as commercial wood-derived hard carbon and hard
carbons derived from glucose and fructose, the main chemicals producing HMF. The
results highlight the carbon derived from HMF provides better electrochemical
performance, specifically in terms of total and plateau capacity, even surpassing the
capacity of commercially available hard carbon. Overall, hard carbon from HMF is found
promising as an anode material for SIBs and offers flexibility for further developments.

The results presented in this dissertation provide insights into enhancing the
electrochemical performance of carbonaceous anode materials and have laid the
foundation for the advancement of high-performance anode materials with extended
operational windows.
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Al. Abbreviations and Variables

ADF Annular dark-field

BWF Breit-Wigner-Fano

CEI Cathode electrolyte interphase

CMC Carboxymethyl cellulose

CN Carbon nitride

CNT Carbon nanotube

Cv Cyclic voltammetry

CVD Chemical vapor deposition

DEC Diethyl carbonate

DFT Density-functional-theory

DMC Dimethyl carbonate

EA Elemental analysis

EC Ethylene carbonate

EDOT 3.4-Ethylenedioxythiophene

EDX Energy dispersive X-ray

EELS Electron energy loss spectroscopy

EIS Electrochemical impedance spectroscopy
ELNES Energy-loss near-edge structure

EMC Ethyl methyl carbonate

ESR Equivalent circuit resistance

EV Electric vehicle

FEC Fluoroethylene carbonate

FFT Fast Fourier transform

FSI Bis(fluorosulfonyl)imide

FTIR Fourier-transform infrared spectroscopy
GCD Galvanostatic charge and discharge
GITT Galvanostatic intermittent titration test
HMF 5-Hydroxymethylfurfural

HRTEM High-resolution transmission electron microscopy
HTC Hydrothermal carbonization

ICE Initial coulombic efficiency

ICP-OES Inductively coupled plasma optical emission spectrometry
IUPAC International Union of Pure and Applied Chemistry
KIB Potassium-ion battery

LFP Lithium iron phosphate

LIB Lithium-ion battery
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LMO Lithium manganese oxide

LSC Lignosulfonate-derived carbon
NCA Nickel, cobalt, and aluminum
NCM Nickel, cobalt, and manganese
NMP N-Methyl-2-pyrrolidone

NMR Nuclear magnetic resonance
NVP Na;Va(POs);

NVPF Na3Va(POs).Fs

PAA Polyacrylic acid

PC Propylene carbonate

PSD Pore size distribution

PVC Polyvinyl chloride

PVDF Polyvinylidene difluoride

RT Room-temperature

RTIL Room-temperature ionic liquid
SA Sodium alginate

SAXS Small-angle X-ray scattering

SBR Styrene-butadiene rubber

SEI Solid electrolyte interphase

SEM Scanning electron microscopy
SIB Sodium-ion battery

SoC State of charge

SoH State of health

TEM Transmission electron microscopy
TFSI Bis(trifluoromethanesulfonic)imide
TGA Thermogravimetric analysis
TGA-MS Thermogravimetric analysis mass spectroscopy
VEELS Valence band electron energy loss spectroscopy
WAXS Wide-angle X-ray scattering

XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
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A Ampere

C Celsius

D Diffusion coefficient

D, Sample-detector distance (in SAXS)

E Electrode potential

e The thickness of the sample (in SAXS)

eV Electron volt

F Faraday constant

Iy The intensity of the beam in cps (in SAXS)
i Current

K Kelvin

m Mass

M Molar mass

mAh Milli ampere-hour

n Charge number of transferred ionic species
P(q) Form factor function

q Scattering vector (in SAXS)

o Capacity

S(q) Spatial distribution of particles

Sger BET surface area

t Angle-dependent transmission (in SAXS)
T Temperature

U Cell voltage

V Volt

v Scan rate

V Volume

w Watt

Wh Watt-hour

@ Work function

z Valency number

AE; Cell voltage during a single GITT pulse
AN Modified electron density difference

Ap Electron density difference

AQpi The solid angle of the pixel (in SAXS)
AZ; Steady-state voltage during a single GITT pulse
AGr° Standard Gibbs free energy

A The average radius of particles

ax/dQ Scattering cross-section per unit volume (in SAXS)
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A2. Supplementary information for Chapter 2

A2.1. Preparation of sulfur-containing carbon and CN thin film
application using the CVD method

A carbon source consisting of 58 wt. % of sodium-lignosulfonate from Domsjo Fabriker,
a binder mixture comprising 4 wt. % of urea from Sigma-Aldrich and 4 wt. % of D-glucose
anhydrous, also from Sigma-Aldrich, and 10 wt. % of deionized water, along with 24 wt.
% of ZnO nanoparticles with a size of 20 nm from NanoAmor as a porogen are combined
using a commercial kitchen kneader manufactured by Bosch, Germany. The mixture is
then extruded and cut into pellets measuring 1 mm in diameter and 1.5 mm in length using
a commercial noodle extruding machine (La Monferrina, Italy). The function of the
glucose/urea binder is to induce crosslinking while carbonizing the pellets and producing
a robust sulfur-rich carbon material. Without the glucose/urea binder, the physical mixture
would lead to the arbitrary evaporation of Zn, and the intended interconnected hierarchical
structure would not be realized. The extruded pellets are air-dried for 12 hours and
subsequently placed in an ashing furnace (Nabertherm, Germany) under a nitrogen
atmosphere. The pellets are crosslinked at 120 °C for 2 hours with a heating rate of 3 K
min"! and then heated to 950 °C at the same rate and held at that temperature for 2 hours
to achieve stepwise condensation. During this process, the ZnO nanoparticles undergo a
carbothermal reduction, resulting in Zn metal, which is subsequently sublimated. The
carbonization yield is found to be 30%. Finally, the carbonized pellets are ground into a
powder and washed with a 0.1 M HCl solution under continuous stirring to eliminate any
residual Zn. The carbon substrate material here is denoted as LSC.

The deposition of CN films on LSC is performed using a PlanarGROW-3S-OS (UK)
chemical vapor deposition (CVD) system equipped with a 3-in. quartz tube. Typically,
150 mg of LSC powder is placed in the center of the second chamber, while a glass boat
containing 1 g, 2 g, or 5 g of melamine (99%, Sigma-Aldrich) precursor is placed in the
center of the first chamber for the LSC/ThinCN, LSC/MediumCN, and LSC/ThickCN
samples, respectively. The vacuum is pulled down to 10 Torr, and the substrate
temperature is increased to 550 °C with a nitrogen flow rate of 50 sccm serving as a carrier
gas. Once the substrate reaches 550 °C, the melamine precursor is heated to 300 °C at a
rate of 10 K min™' and held at that temperature for an additional 30 min. Subsequently, the
samples are cooled naturally to room temperature. A notable color change from black to
bluish is observed in the samples, which is dependent on the amount of melamine
precursor used.
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A2.2. Electrode preparation and electrochemical characterizations

The electrodes are produced by mixing LSC, LSC/ThinCN, LSC/MediumCN, and
LSC/ThickCN with conductive carbon black (Super-P, Alfa Aesar) and polyvinylidene
difluoride (PVDEF, Kynar HSV-900) as a binding agent at a weight ratio of 8:1:1. The
PVDF is dissolved in N-Methylpyrrolidone (NMP, Sigma-Aldrich). The slurry is then cast
onto an aluminum foil (15 um) using an automatic doctor blade film applicator (mtv
messtechnik, Germany) and subsequently dried in a vacuum oven (Thermo Fisher, USA)
at 80 °C overnight. The active materials are loaded onto the electrode at a final loading of
approximately 1.0 mg cm? for all samples. Electrochemical measurements are performed
using two-electrode Swagelok-type cells on a Biologic MPG-2 instrument (France).
Swagelok-type cells are assembled in an argon-filled glovebox (MBRAUN, Germany)
with an H,O and O: content of less than 0.1 ppm. The electrolyte used is 1M NaPF; in
ethylene carbonate (EC)/ethyl methyl carbonate (EMC) (3:7 in vol., E-Lyte GmbH, 200
uL), and glass fibers (Whatman GF/C) serve as the separators, while a thin piece of sodium
metal (99.5%, Sigma-Aldrich) is employed as both the counter and reference electrode.
For data reproducibility, at least four Swagelok-type cells are prepared for each sample.
The galvanostatic charge-discharge (GCD) curves of the half-cells are measured in the
potential range of 0.005-2.5 V (vs. Na“/Na). Before the measurements, the half-cells are
rested for at least three hours. Cyclic voltammetry (CV) measurements are conducted at
scan rates of 0.5, 1.0, 2.0, and 5.0 mV s! in the potential range 0of 0.01-2.0 V (vs. Na*/Na).
Electrochemical impedance spectroscopy (EIS) is performed using an AC perturbation of
10 mV in the frequency range of 10 Hz to 20 kHz. The galvanostatic intermittent titration
technique (GITT) is utilized to calculate the sodium-ion diffusion coefficients of the
electrodes. During the experiments, current pulses (30 mA g') are applied for 600
seconds, and relaxation potentials are measured for 3600 seconds. All electrochemical
measurements are conducted at room temperature.

A2.3. Physico-chemical characterizations

X-ray photoelectron spectroscopy (XPS) is performed using the CISSY equipment
(Helmholtz-Zentrum Berlin, Germany) with a SPECS XR 50 X-ray source using the Mg
Ko radiation. The hemispherical analyzer (CLAM4 by VG) is used to analyze
photoelectrons. The binding energy calibration is performed using clean samples of gold,
copper, and silver foil. Indium foil (99.99%, Sigma-Aldrich) is used as a substrate. The
Shirley-type background and Lorentzian-Gaussian (mixed) models are used for the
fittings. The crystallinity of the material is determined by X-ray diffraction (XRD) using
Rigaku SmartLab (Japan, Cu Ka, 0.154 nm). Raman spectroscopy is obtained using a
WITec Alpha 300 (Germany) confocal Raman microscope with an excitation wavelength
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of 532 nm. Fourier-transform infrared (FTIR) spectrometry is performed using a Thermo
Scientific Nicolet iD7 (USA) spectrometer. Thermogravimetric analysis (TGA) is
conducted using NETZSCH TG-209 Libra (Germany) under a synthetic air and N,
atmosphere at a heating rate of 10 K min™'. Physisorption measurements are conducted on
a Quantachrome Quadrasorb SI (Austria) at 77 K for N, and 273 K for CO,. Samples are
degassed overnight before the measurements. The density functional theory (DFT)
method is used to evaluate the pore size distribution (PSD) of the materials employing
adsorption isotherms. Inductively coupled plasma optical emission spectrometry (ICP-
OES) is conducted with PerkinElmer Optima 8000 (USA). Scanning Electron Microscopy
(SEM) imaging uses the Zeiss LEO 1550-Gemini (Germany) system with acceleration
voltages of 3, 5, and 10 kV. An Oxford Instruments X-MAX (UK) 80 mm? detector
collects the energy-dispersive X-ray (EDX) data. For the scanning transmission electron
microscopy (STEM) observations, samples are embedded in Spurr resin (Electron
Microscopy Sciences) polymerized at 65 °C. Ultrathin sections (80-100 nm thick) are
obtained from trimmed resin blocks by ultramicrotomy (Leica Ultracut UCT, Germany)
using an Ultra 35° diamond knife (Diatome). The STEM study is performed using a
double Cs corrected JEOL JEM-ARM200F (Japan) (S)TEM operated at 80kV and
equipped with a cold-field emission gun and high-angle silicon drift EDX detector (Jeol
JED-2300 100 mm?, Japan) (solid angle up to 0.98 steradians with a detection area of 100
mm?). Annular dark-field (ADF) STEM images are collected at a probe convergence semi-
angle of 25 mrad. The so-called “beam shower” procedure is applied for 30 minutes,
which is necessary for reducing hydrocarbon contamination during subsequent imaging
at high magnification. Images are analyzed with Gatan’s microscopy suite (GMS) version
3.4.
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Figure A2.1. (a) The pellets after extrusion. (b) The pellets after pyrolysis, which results in the
formation of LSC. (¢) LSC after CN deposition (LSC/ThickCN) displays a dark bluish color.
(Copyright (2023) The Royal Society of Chemistry)
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Figure A2.2. SEM images, captured at low and high magnifications, are used to examine the thin
and thick CN coatings, respectively. The images reveal that both coatings are densely layered on
a highly porous and rough surface. (Copyright (2023) The Royal Society of Chemistry)
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Figure A2.3. XRD patterns of the materials, which include pure CN that polymerized under the
same thermal conditions. (Copyright (2023) The Royal Society of Chemistry)
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Figure A2.4. Raman spectra of the LSCs with different CN thicknesses. (Copyright (2023) The
Royal Society of Chemistry)
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Figure A2.5. TGA profiles of the materials under both (a) N, and (b) synthetic air atmospheres
demonstrate increased thermal stability. (Copyright (2023) The Royal Society of Chemistry)
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Figure A2.6. (a) Nitrogen adsorption and desorption isotherms (Type V) of materials and pore
size distribution (PSD) graphs with cumulative pore volume for (b) LSC, (¢) LSC/ThinCN, (d)
LSC/MediumCN, and (e) LSC/ThickCN. (Copyright (2023) The Royal Society of Chemistry)
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Figure A2.7. (a) CO; adsorption and desorption isotherms of materials and pore size distribution
(PSD) graphs with cumulative pore volume for (b) LSC, (¢) LSC/ThinCN, (d) LSC/MediumCN,
and (e) LSC/ThickCN. (Copyright (2023) The Royal Society of Chemistry)
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Figure A2.8. (a) XPS C2s core level spectra with the C-C and C-O peaks. (b) XPS S2p core level
spectra demonstrate the presence of sulfur, which is attributed to the nature of the lignosulfonate.
(¢) XPS N1s core level demonstrates the absence of nitrogen prior to the deposition of CN, thereby
confirming that the nitrogen content detected after the deposition is solely attributed to the CN
film. (Copyright (2023) The Royal Society of Chemistry)
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Figure A2.9. FTIR spectra of the materials. (Copyright (2023) The Royal Society of Chemistry)
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Figure A2.10. 1% and 10™ GCD curves of the pure CN, LSC, and LSC/CVD (without melamine).
(Copyright (2023) The Royal Society of Chemistry)
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A3. Supplementary information for Chapter 3
A3.1. Electrode preparation and electrochemical characterizations

The electrodes are produced through a process that involves blending C-800, C-900, and
C-1000 with conductive carbon black (Super-P, Alfa Aesar) and polyvinylidene difluoride
(PVDF, Kynar HSV-900) as the binding agent in a weight ratio of 8:1:1. The PVDF is
dissolved in N-Methylpyrrolidone (NMP, Sigma-Aldrich). The mixture is applied onto an
aluminum foil (15 um) using an automatic doctor blade film applicator (mtv messtechnik,
Germany) and dried under vacuum at 80°C overnight. The electrodes’ final active material
mass is approximately 1.0 mg cm™ for all samples. Electrochemical measurements are
conducted with two-electrode Swagelok-type cells on a Biologic MPG-2 instrument
(France). Onsite in-operando SAXS measurements are performed using a portable
potentiostat, Gamry Interface 1010 (USA). The Swagelok-type cells are assembled in an
argon-filled glovebox (MBRAUN, Germany) with an H,O and O, content of less than 0.1
ppm. The electrolyte used is IM NaPFg in ethylene carbonate (EC)/ethyl methyl carbonate
(EMC) (3:7 in vol., E-Lyte GmbH, 200 uL), with glass fibers (Whatman GF/C) serving
as separators and a thin piece of sodium metal (99.5%, Sigma-Aldrich) as both counter
and reference electrode. For the reproducibility of the data, at least four Swagelok-type
cells are prepared for each sample. The commercial plant-based HC (Kuraray, Japan) is
also used as a reference anode material for supportive measurements. The galvanostatic
charge-discharge curves of the half-cells are collected in the potential range of 0.005-2.5
V (vs. Na"/Na), with half-cells resting for six hours before the measurements. The
theoretical capacity of the electrodes is 300 mAh g, which facilitates current densities in
the form of C-rates. The rate performance of the electrodes is measured at 0.1C (30 mA
g"), 0.2C (60 mA g'), 0.5C (150 mA g'), 1C (300 mA g'), and 2C (600 mA g'). Cyclic
voltammetry (CV) measurements are carried out at scan rates of 0.5, 1.0, 2.0, and 5.0 mV
s' in the potential range of 0.01-2.0 V (vs. Na‘/Na). Electrochemical impedance
spectroscopy (EIS) is performed with an AC perturbation of 10 mV in the frequency range
of 0.1 Hz to 20 kHz. The galvanostatic intermittent titration technique (GITT) is used to
calculate the sodium-ion diffusion coefficients, where current pulses (30 mA g') are
applied for 1200 s, and relaxation potentials are measured for 3600 s. The full-cell
demonstration is conducted with carbon-coated Nas;V,(PO4); (NVP/C) cathode material
(acquired from the Dalian Institute of Chemical Physics, Chinese Academy of Sciences).
All electrochemical measurements are conducted at room temperature.
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A3.2. Physico-chemical characterizations

X-ray photoelectron spectroscopy (XPS) is conducted using CISSY equipment
(Helmholtz-Zentrum Berlin, Germany) featuring a SPECS XR 50 Mg Ka gun and
combined lens analyzer module (CLAM). Indium foil (99.99%, Sigma-Aldrich) is used as
a substrate, and the Shirley-type background and Lorentzian-Gaussian (mixed) models
are employed for the fittings. The crystallinity of the samples is determined by X-ray
diffraction (XRD) using the Rigaku SmartLab (Japan, Cu Ka, 0.154 nm). Small-angle X-
ray scattering (SAXS) measurements of carbon powders are performed using the Bruker
Nanostar II (USA, Cu Ka, 0.154 nm), with a sample-detector distance of 283 mm, and
calibrated with silver behenate. Raman spectroscopy is obtained using the WITec Alpha
300 (Germany) confocal Raman microscope with an excitation wavelength of 532 nm.
Fourier-transform infrared (FTIR) spectrometry is conducted using the Thermo Scientific
Nicolet iD7 (USA) spectrometer. Thermogravimetric analysis-mass spectroscopy (TGA-
MS) is performed using NETZSCH TG-209 Libra (Germany) under a helium atmosphere
with a heating rate of 10 K min'. Physisorption measurements are carried out on a
Quantachrome Quadrasorb SI (Austria) at 77 K for N, and 273 K for CO,, with samples
degassed overnight before measurement. The density functional theory (DFT) method is
employed to evaluate the pore size distribution (PSD) in the disordered carbons. Elemental
analysis is conducted using the Elementar Vario EL III (Germany) with two different
modes (combustive for carbon, hydrogen, nitrogen, and sulfur; non-combustive for
oxygen). Scanning Electron Microscopy (SEM) imaging is performed using the Zeiss
LEO 1550-Gemini (Germany) system with acceleration voltages of 3, 5, and 10 kV, and
the energy-dispersive X-ray (EDX) data are collected using an Oxford Instruments X-
MAX (UK) 80 mm? detector. High-resolution transmission electron microscopy
(HRTEM) imaging and electron energy loss spectroscopy (EELS) are conducted using
the double aberration-corrected Jeol JEM ARM200F (Japan) microscope, equipped with
a cold field emission gun and a GIF Quantum from Gatan (USA). The acceleration voltage
is set to 80 kV, and HRTEM images are acquired on a Oneview (4k x 4k), while EEL
spectra are collected on a US1000 (2k x 2k) camera, both from Gatan. Data analysis is
carried out using Gatan’s microscopy suite (GMS) version 3.4.

In-operando SAXS measurements — [n-operando SAXS measurements of the half-cells
are conducted under synchrotron light at BESSY II (Helmholtz-Zentrum Berlin,
Germany). Experiments are performed using a monochromatic X-ray beam at 18.0 keV,
and scattered intensities are collected with a Dectris Eiger 9M detector. Transmission
through the sample is calculated from an X-ray fluorescence signal collected from a lead
beam stop using a RAYSPEC Sirius SD-E65133-BE-INC detector equipped with an 8um
beryllium window. The sodiation and desodiation processes are carried out at a current
density of 30 mA g'. In order to address the inhomogeneity issues resulting from the
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amorphous nature of carbon, the sample electrode is mapped at 16 distinct points to
monitor consistency in the structural changes. Throughout the sodiation and desodiation
processes, scattering data is collected at a time resolution of 2 minutes.
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Figure A3.1. TGA-MS profile of oligo-EDOT. (Copyright (2024) Wiley)
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Figure A3.2. Elemental mappings of (a) SC-800 and (b) SC-900 from EDX spectroscopy.
(Copyright (2024) Wiley)
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Figure A3.3. HRTEM images of (a) SC-800, (b) SC-900, and (c) SC-1000 from two different
locations. (Copyright (2024) Wiley)
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Figure A3.4. (a) HRTEM image of the SC-800; (b) image intensity periodicity; (¢) FFT pattern.
(Copyright (2024) Wiley)
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Figure A3.5. (a) HRTEM image of the SC-900; (b) image intensity periodicity; (¢) FFT pattern.
(Copyright (2024) Wiley)
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Figure A3.6. PSD from N, sorption measurements. (Copyright (2024) Wiley)
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Figure A3.7. XPS spectra of materials display a pair of robust peaks in the Ols core level.
(Copyright (2024) Wiley)
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Figure A3.8. Low-loss EELS exhibit plasmon peaks, and the signals are normalized and vertically
shifted to emphasize the differences between the materials being analyzed. (Copyright (2024)

Wiley)
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Figure A3.9. CV curves of (a) SC-800, (b) SC-900, and (c) SC-1000 at different scan rates.

(Copyright (2024) Wiley)
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Figure A3.10. (a) GITT curves of the materials. (b) Linear relationships between V vs. s** from
single step GITT curve. (Copyright (2024) Wiley)
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Figure A3.11. Nyquist plots and relative Randles circuit models of SC-800, SC-900, and SC-
1000. Panel (a) and (b) represent the Nyquist plots before and after cycling (60 cycles),
respectively. Panel (c) exhibits the Randles circuit model for precycling, where R, denotes the
resistance associated with the electrolyte and electrode, whereas R; is linked to the charge transfer
of the electrode. Panel (d) shows the Randles circuit model for after-cycling, revealing a second
semi-circle that is associated with the growth of the passivation layer, represented by Rz
(Copyright (2024) Wiley)

Table A3.1. The internal, charge transfer, and SEI-related resistivity of the materials in Ohm cm®
% can be calculated from the Randles circuit model (electrode area, 1.13 cm?).

Before cycling (Ohm cm?) After cycling (Ohm cm?)
Sample R: R, R; R, Rs
SC-800 2.0 354.8 4.8 14.9 4.2
SC-900 6.0 176.1 6.5 33.5 7.3
SC-1000 0.8 273.9 5.0 56.6 7.4
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Figure A3.12. This figure illustrates the reproducibility of scattering profiles with respect to the
parameters AN and (Ro). Three random points, A, B, and C, are chosen from a set of 16 points for
analysis. (Copyright (2024) Wiley)
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A4. Supplementary information for Chapter 4
A4.1. Preparation of hard carbon from HMF

2 gr. of 5-(Hydroxymethyl)furfural (HMF, Sigma-Aldrich, >99%) is introduced into an
alumina crucible. Subsequently, the crucible is placed within a tube furnace. The
temperature of the furnace is gradually increased at a rate of 10°C per minute until it
reaches 1100°C. The furnace is maintained at this temperature for about four hours while
a nitrogen atmosphere is maintained. The resulting carbon material, denoted as HMF-
1100, demonstrates a measured yield of approximately 30%. In order to establish a
comparative analysis, hard carbons derived from D-(+)-Glucose (Sigma-Aldrich, >99%)
and D-(-)-Fructose (Sigma-Aldrich, >99%) are also synthesized utilizing the same
recipe.

A4.2. Electrode preparation and electrochemical characterizations

The electrodes are produced through a process that involves blending HMF-1100 with
conductive carbon black (Super-P, Alfa Aesar) and polyvinylidene difluoride (PVDF,
Kynar HSV-900) as the binding agent in a weight ratio of 80:15:5. The PVDF is dissolved
in N-Methylpyrrolidone (NMP, Sigma-Aldrich). The mixture is applied onto an aluminum
foil (30 um) using an automatic doctor blade film applicator (mtv messtechnik, Germany)
and dried under vacuum at 100°C overnight. The electrodes’ final active material mass is
approximately 1.2 mg cm? for all samples. Electrochemical measurements are conducted
with three-electrode Swagelok-type cells on a Biologic MPG-2 instrument (France). The
Swagelok-type cells are assembled in an argon-filled glovebox (MBRAUN, Germany)
with an H>O and O, content of less than 0.1 ppm. The electrolytes used are 1M NaPF; in
ethylene carbonate (EC)/ethyl methyl carbonate (EMC) (3:7 in vol.) and 1M NaPFs in
Diglyme (E-Lyte GmbH, 200 pL), with glass fibers (Whatman GF/C) serving as
separators and a thin piece of sodium metal (99.5%, Sigma-Aldrich) as both counter and
reference electrode. The commercial plant-based HC (Kuraray, Japan) is also used as a
reference anode material for supportive measurements. The galvanostatic charge-
discharge curves of the half-cells are collected in the potential range of 0-3.0 V (vs.
Na*/Na), with half-cells resting for six hours before the measurements. Cyclic
voltammetry (CV) measurements are carried out at scan rates of 0.2, 0.5, 1.0, and 2.0 mV
s! in the potential range of 0.01-2.5 V (vs. Na/Na). Electrochemical impedance
spectroscopy (EIS) is performed with an AC perturbation of 10 mV in the frequency range
of 0.1 Hz to 20 kHz. The galvanostatic intermittent titration technique (GITT) is used to
calculate the sodium-ion diffusion coefficients, where current pulses (30 mA g') are
applied for 1200 s, and relaxation potentials are measured for 3600 s.
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A4.3. Physico-chemical characterizations

The crystallinity of the samples is determined by X-ray diffraction (XRD) using the
Rigaku SmartLab (Japan, Cu Ka, 0.154 nm). Small-angle X-ray scattering (SAXS)
measurements of carbon powders are performed using the Bruker Nanostar II (USA, Cu
Ka, 0.154 nm), with a sample-detector distance of 283 mm, and calibrated with silver
behenate. Raman spectroscopy is obtained using the WITec Alpha 300 (Germany)
confocal Raman microscope with an excitation wavelength of 532 nm. Physisorption
measurements are performed on a Quantachrome Quadrasorb SI (Austria) at 273 K for
CO,, with samples degassed overnight before measurement. The density functional theory
(DFT) method is employed to evaluate the pore size distribution (PSD) in the disordered
carbons. Elemental analysis is conducted using the Elementar Vario EL III (Germany).
Scanning Electron Microscopy (SEM) imaging is performed using the Zeiss LEO 1550-
Gemini (Germany) system with acceleration voltages of 3, 5, and 10 kV, and the energy-
dispersive X-ray (EDX) data are collected using an Oxford Instruments X-MAX (UK) 80
mm? detector. High-resolution transmission electron microscopy (HRTEM) is conducted
using the double aberration-corrected Jeol JEM F200 (Japan) microscope.
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Figure A4.1. SAXS profiles of the HMF-1100 and SC-1000.
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Figure A4.2. EIS measurements of the HMF-100 in different electrolytes. And associated
Randle’s circuit model for electrode resistance (R;) and charge transfer resistance (R:).
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