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1 General introduction

1.1 Overview of rechargeable batteries

Since the Industrial Revolution, the energy consumed by mankind has been increasing, and now
reaches 138 billion tons/year in terms of oil.' With the economic development of developing
countries, the increase has accelerated, and energy consumption has doubled in the last 30 years.'
About 90% of primary energy relies on energy resources such as coal, oil, and natural gas, all of
which can be depleted in the next 50—100 years. Based on this situation, we must move away from
dependence on fossil fuels as soon as possible to achieve a sustainable society.

An essential part of building a sustainable society is the efficient use of renewable energy and
resources. However, renewable energy represented by sunlight and wind power has large output
fluctuations due to environmental and weather effects. Therefore, to efficiently use natural energy,
an energy storage system for leveling electric power is required. Secondary batteries such as lithium
ion batteries (LIBs) are expected to play this role. In 2019, the Nobel Prize for Chemistry was
awarded to John B. Goodenough, M. Stanley Whittingham, and Akira Yoshino for their contribution
to the development of LIBs. As the Nobel Foundation states, LIBs “can also store significant
amounts of energy from solar and wind power, making possible a fossil fuel-free society”. So, the
reasons for the award is that LIBs can be a solution to environmental problems.” However, since
the current LIBs have problems of cost and resource, various energy storage materials are being

studied intensively to solve these problems.*”

1.2 Anode materials for lithium ion batteries

The first commercial LIB was released by Sony in 1991. The anode material was a carbon material
called hard carbon and the cathode material was LiC00,.'"’ A schematic illustration of an LIB is

shown in Figure 1.1. Basically, the cathode material contains lithium in the initial state, and the



anode material is a substance that can store lithium. Lithium ions move from the cathode to the
anode through the electrolyte during charging and move in the opposite way during discharging.
During the first charge, solvents and salts of the electrolyte are reduced and decomposed to form a
film called solid electrolyte interphase (SEI) on the anode surface.''™"* By forming the SEI, further

decomposition of the electrolyte is suppressed, and stable charging/discharging becomes possible.
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Figure 1.1 Schematic illustration of an LIB.

Figure 1.2 shows a comparison of reversible capacity and operating voltage ranges of the
typical anode materials of LIBs. A material with a low redox potential and a large capacity can be
said to be a good anode material that can achieve a high energy density. Although Lithium metal
(shown in yellow) is considered to be an ideal material in terms of energy density, at present,
rechargeable batteries using Li metal are not commercially available for the following two reasons:
(1) Lithium metal grows in a needle shape (“dendrite”) when charging and discharging are repeated.
(i1) Coulombic efficiency and cycle performance are not good.

To perform stable charge and discharge, it is necessary to plate lithium metal uniformly on the



current collector surface. When deposition and dissolution occurs unevenly and the surface becomes
rough, Li dendrite grows and breaks through the separator and accidents such as explosions can
occur due to short circuit. It has been reported that the formation of SEI containing fluorine can

suppress dendrite growth'*'®, but this has not yet reached a practical level of safety.
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Figure 1.2 Average potential versus capacity for selected anode materials of LIBs.?

Sn and SnO (shown in gray) store Li by an alloying reaction. The electrochemical reaction can

be described as follows:
M +xLi" +xe” = LixM (M: metal)

These materials have a relatively large reversible capacity, but their volume changes greatly with
the insertion and removal of lithium, so that their capacity rapidly decreases due to a loss of
electrical contacts between particles.'”'® Researches have been conducted to suppress degradation
by making the active material nano-sized or coating it with a carbon material, but examples of
practical use are still limited.

Carbon materials represented by graphite'’?' have a relatively low reaction voltage and a
capacity over 300 mAh g™'. Since these are excellent in energy density and cycle stability, they are

currently most widely used as negative electrode materials for LIBs. Carbon materials are roughly



classified into graphite, soft carbon, and hard carbon, depending on the microstructure. The
classification and its Li storage mechanisms are described in section 1.3.

Li4TisO12 (LTO) is a typical negative electrode material that has been put to practical use (e.g.,

SiCB™, TOSHIBA). One of the causes of battery capacity fade is the change in volume of the

active material during charge/discharge, but LTO has negligible change in volume (0.2%)** and has

excellent cycle characteristics.***

1.3 Classification of carbon materials

Carbon materials have various structures such as amorphous carbon, graphite, diamond, vapor
grown carbon fiber (VGCF)®, carbon nanotubes (CNTs)***’, and graphene®®. As described in
section 1.2, graphite is used as the anode material for LIBs, but many other carbon materials can
store lithium. For example, VGCF is a material used in the prototype of an LIB created by Yoshino
et al.” In addition, a discharge capacity of 450-1000 mAh g ' and 490-577 mAh g ' has been
reported for single-walled carbon nanotubes (SWNTs)* and multi-walled carbon nanotubes
(MWNTs) *!** respectively. However, since nanocarbon has a high surface area and many reaction
sites, it is difficult to avoid high reactivity with the electrolyte (basically the initial Coulomb
efficiency is less than 50%). For practical application, it is necessary to reduce surface defects and
devise surface modification. The following describes the hard carbon that is the subject material of

this thesis and two similar carbon materials (graphite and soft carbon).

1.3.1 Graphite

Graphite is a layered material with graphene sheets stacked by van der Waals force as shown in

Figure 1.3 (space group: P63/mmc). As can be seen from Figure 1.3b and 1.3c, the graphene sheets

are stacked and shifted from layer to layer, and the interlayer distance is 3.35 A . Each layer is shifted



so that the atoms in layer A are above or below the center of the hexagon in layer B. If the stack is
relatively complete, it is called graphite, otherwise it is called soft carbon or hard carbon depending
on the degree of alignment.

Since lithium and potassium ions are inserted between the layers electrochemically, graphite
can be used as an anode material for LIBs and potassium ion batteries (KIBs). On the other hand,
it has been reported that sodium ion is hardly inserted between graphite layers (< 35 mAh g')***,
although it is an alkali metal. When lithium and potassium are maximally inserted into the graphite,
they have the composition of LiCs and KCs, respectively. Therefore, the theoretical capacity is 372
mAh g ! for LIBs and 279 mAh g ' for KIBs. Experimentally, a reversible capacity almost equal to

the theoretical capacity has been confirmed in LIBs*®, and a reversible capacity of 87.5% of the

theoretical capacity has been reported in KIBs.*’

Figure 1.3 The structure of graphite. (b) and (c) are views seen from the a-axis and c-axis directions,

respectively.

1.3.2 Soft carbon

The local structure of both soft carbon and hard carbon is the same as that of graphite. Although
there is no specific definition that distinguishes the two, they are classified according to the degree

of the turbostratic disorder as shown in Figure 1.4.
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Figure 1.4 Schematic image of (a) soft carbon and (b) hard carbon.*®

When graphite-like layers are lined up relatively in the same direction, it is called “soft carbon”.
When soft carbon is heat-treated at a high temperature, graphitization proceeds and it becomes
graphite because it is possible to form a continuous layer with slight atomic movement.*® Soft
carbon can occlude lithium, sodium, and potassium ions. In the case of LIBs, the capacity is 150—

1000 mAh g™' but the irreversible capacity is large.**™*!

1.3.3 Hard carbon

In hard carbon, graphite-like layers are randomly arranged and there are many defects and
nanopores (Figure 1.4b). Generally, even when heat treatment is performed at high temperature
(around 3000 °C), graphitization hardly proceeds and the amorphous structure is maintained.*® The
atomic structure of hard carbon is poorly characterized, but attempts have been made to elucidate it
with pair distribution function (PDF) analysis** and combined calculation of density functional
theory (DFT) and machine learning.*> As shown in Figure 1.5, the graphene sheet includes a 5-

membered ring and a 7-membered ring, and seems to be undulating.



Figure 1.5 Atomic structures of hard carbon obtained by DFT calculation. (a) Layered structure and

(b) nanopore structure.*>*

44,45

As the raw material, thermosetting resins such as phenol resin™" and furan resin, saccharides

46-48 49-51 39,52 53,54

such as sucrose and glucose™ ', and plant-derived substances such as cotton™~ and pollen
are used. Since hard carbon has good input/output characteristics and can easily monitor the

remaining capacity from the voltage, it is partly used in current commercial LIBs.

1.4 Li storage mechanism in carbon materials

14.1 Graphite

Figure 1.6(a) shows the charge-discharge graph of the first cycle of graphite. The reaction proceeds
at 0.05-0.2 V (vs. Li/Li"). SEI is formed during the first charge, and this is observed as irreversible

capacity Qi As can be seen from Figure 1.6(b), three plateaus are observed near 0 V.
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Figure 1.6 Typical charge-discharge profile of graphite|Li half-cell. (b) is an enlarged view around

ov.

Lithium is intercalated between the graphene layers and Li-graphite has four types of stage
structures depending on the amount of lithium inserted (Figure 1.7(a)). When the number of
adjacent graphene layers is #, it is expressed as stage-n. Dahn et al. investigated the relationship
between the intercalated amount of lithium and the stage structure (Figure 1.7(b)).”>” The stage-1’
appears when the lithium insertion amount x is small. Stage-1’is a state in which lithium is randomly
inserted into each layer, and since there is no adjacent graphene layer, it corresponds to stage-1 in
terms of classification. In the stage 2L, the layer in which lithium is inserted is the same as in stage-
2, but the arrangement of lithium atoms in the plane is not ordered. Except for stage 1’ and stage
2L, the lithium ions are arranged in order in the plane. At room temperature, the structure changes
in stages from stage 4 to stage 1 except when the lithium insertion amount x is small. Since the two-
phase reaction proceeds except for at the boundary of each stage, the charge-discharge curve has

three plateaus.
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Figure 1.7 (a) Stage structure of Li-graphite and (b) the phase diagram of LixCs in the range 0 °C
< T <70 °C. Reproduced with permission.”> Copyright 1991, American Physical Society.

Lithium is intercalated up to 1 atom per 6 carbon atoms and takes a superlattice structure called
V3 x /3 structure in the plane (Figure 1.8). At this time, the structure of the carbon skeleton
changes from AB stacking to AA stacking. Lithium is stored at the center of the hexagonal column
composed of the six-membered rings of the upper and lower graphene layers, and is not inserted
into the adjacent hexagonal column. When lithium is inserted between layers, the distance between

layers increases, which can be confirmed from the X-ray diffraction (XRD) pattern.>

Figure 1.8 Crystal structure of LiCs. Li atoms and C atoms are shown in green and brown,

respectively.



1.4.2 Soft carbon and hard carbon

It has been reported by Dahn et al. that the characteristics of soft carbon and hard carbon change
drastically depending on the annealing temperature.” Figure 1.9 shows the relationship between

the heat treatment temperature and reversible capacity of various carbon samples.
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Figure 1.9 Plot of reversible capacity versus heat treatment temperature for various carbon samples.

Reproduced with permission.®® Copyright 1995, The American Association for the Advancement of

Science.

In hard carbon, the reversible capacity decreases monotonically with increasing heat treatment
temperature. On the other hand, with soft carbon, the capacity decreases monotonously up to
1500 °C, shows a minimum value near 1500-1700 °C, and then increases with heat treatment above
2000 °C. The reason is considered to be as follows. Soft carbon has graphitized sites, a turbulent
structure sites, and unorganized sites, and the ratio between them changes depending on the heat
treatment temperature. The turbulent layer structure is originally stacked in the order ABAB, and it
is necessary to change to AAAA upon lithiation. However, stacking changes do not easily occur
due to structural distortion, so the amount of lithium inserted in the turbulent structure is about 30%

of that of the graphite part. Since unorganized carbon has multiple sites where lithium ions are

10



inserted, about 90% of lithium can be inserted compared with the graphite part. In addition, it is
considered that unorganized carbon changes to a turbulent structure when annealed up to 2000 °C,
and the turbulent structure shifts to a graphite structure when treated at 2000 °C or higher. Therefore,
the capacity decreases with increasing heat treatment temperature, and then the capacity increases
to near the theoretical capacity of graphite. It is not completely clear why carbon heat-treated below
1000 °C exhibits a very large reversible capacity. Various storage mechanisms (e.g., LiC, model®’,
cavity model*®) have been proposed, but the issue is still controversial.

Similar to graphite, when lithium is intercalated between graphene—graphene layers, a peak
corresponding to the interlayer distance shifts to a lower angle in XRD.**®! In addition, the insertion
of lithium into the nanopore can be confirmed by the decrease of scattering intensity from nanopore
by small angle X-ray scattering (SAXS) measurement.®"** Numerous studies have been conducted
on the chemical state of lithium atoms stored in nanopores using 'Li NMR, and it is concluded that
lithium atoms exist in a cluster state.®**® Since Knight shift is observed, it is considered that this
cluster has metallic properties.®"

The lithium insertion of the three carbon materials is explained in Figure 1.10. Lithium is

intercalated into the graphite interlayer until it reaches LiCs. The amount of lithium intercalated

between the layers decreases in the order of graphite > soft carbon > hard carbon.
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Figure 1.10 Schematic diagrams of the lithium storage mechanism in carbon materials. (a) Graphite,

(b) soft carbon and (c) hard carbon.



1.5 Sodium ion batteries

1.5.1 Na™ as a guest ion in battery system

With the increasing political and social demand for a sustainable society, there is a strong need to
transit from fossil fuels to renewable energy sources and from gasoline vehicles to electric vehicles
(EV). Since renewable energy sources (e.g., solar, wind) do not produce electricity consistently,
large-scale energy storage devices are required to store excess energy and stabilize power supply.
Currently, LIBs are mainly used as a power source for portable devices (e.g., mobile phones, laptop
computers), but it is strongly needed to expand to aforementioned large-scale applications in the
future.

The demand for LIBs is increasing year by year, and EV applications account for more than
half. And the market size of in-vehicle LIB is expected to grow 3 times in the next 10 years (Figure
1.11).”' As mentioned above, LIBs are produced using minor metals such as Li and Co. Due to the
rapid increase in demand, it is predicted that the supply of these elements will not keep up by 2030."
Against this background, there is a need to develop batteries that do not use minor metals to replace
LIBs. The sodium-ion battery (NIB), a classical analogue of LIBs, has attracted significant attention
over the past decade as an alternative to LIBs because sodium is the second lightest alkali metal and

its resources are widely available from the Earth's crust and the sea.®*"
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Figure 1.11 Forecast of market scale for automotive LIBs.”!

1.5.2 Anode materials for sodium ion batteries

Figure 1.12 shows the performance comparison chart of anode materials for sodium ion batteries.
Anode materials shown in blue are substances that charge and discharge by making an alloy with
sodium. Although the capacity is large, it suddenly decreases due to a large volume change with
alloying. As with Sn and Si in LIBs, a lot of attempts have been made to accommodate the large
volume change and retain the high capacity by creating nanostructures, but not yet reached a
practical level. Anode materials shown in green have low capacity and high reaction potential,
resulting in low battery energy density (<200 Wh kg'). Graphite (gray) generally does not store
much sodium, but in an electrolyte using an ether solvent, it exhibits a capacity over 100 mAh g™'
by the intercalation of solvated sodium ions (“co-intercalation”). "> Since intercalation and
deintercalation proceeds without desolvation, the battery exhibits a good high-rate capability, but
cannot achieve high energy density. Considering all the factors (e.g., capacity, reaction potential,

cycle performance, cost), hard carbon is the most promising material.

13
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Figure 1.12 Average potential versus capacity for selected anode materials of NIBs.’

1.6 Purpose of this study

For the practical application of NIBs, it is essential to improve the performance of hard carbon
anodes. However, the Na storage mechanism of hard carbon has not been fully elucidated due to its
disordered atomic structure, difficulty of measurement due to extremely high reactivity, and
diversity of raw materials. Therefore, at present, the structural optimization of hard carbon is carried
out by trial and error without any specific design guidelines. In this paper, the author aims to
improve the performance of hard carbon according to the procedure shown in Figure 1.13. First is
to synthesize hard carbon whose microstructure changes continuously. Second is to clarify the
correlation between the microstructure of the hard carbon and the electrode characteristics, and
propose an optimal hard carbon structure. Third is to design an electrolyte that raises the

performances of hard carbon to a practical level.

14
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Figure 1.13 Analysis and synthesis approach to realize high performance hard carbon electrode.
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2 Synthesis and nanostructure control of hard carbon

2.1 Introduction

Hard carbons are synthesized by carbonizing raw materials containing carbon. Table 2.1
summarizes the raw materials, synthesis methods and Na half-cell performance of hard carbons
reported in 2016 and 2017. As for the annealing temperature, the temperature at which the capacity

is the largest in the paper is described.

Table 2.1 Synthesis conditions and cell performance of various hard carbons.

Raw material T" 1C* 1D ICE? \%& 14
Alfalfa leaf' 700 1029 433 42.1%  0.01-2 100
Aniline? 700 653 336 51.5%  0.01-3 30
Apple-biowaste® 1100 400 245 61.3%  0.02-3 4
Argan shells* 1200 384 333 86.8% 0-2 25
Cellulose® 1300 509 323 63.5% - 20
Cellulose® 1600 373 310 83.0%  0.01-3 372
Corn cob’ 1300 347 298 86.0% 0-2 30
Corn stalks® 1200 612 322 526%  0.01-3 50
D-(+)-glucose’ 1100 525 273 52.0% 0.005-1.5 25
Dandelion' 1200 626 372 59.4%  0.001-3 50
Holly leaf'! 800 636 318 50.0%  0.01-3 20
Kelp' 1400 525 334 63.6%  0.01-2 20
Leonardite humic acid"? 1500 473 345 73.0% 0.001-2.5 25
Ligin'* 810 933 381 40.8%  0.01-3 50
Macadamia shell'® 1400 329 301 91.4% 0-2.5 -
Mangosteen shel'® 1500 398 330 83.0% 0-2 20
Orange peel'’ 800 500 210 42.0%  0.01-3 50
Peanut shell'® 1100 438 298 68.0% 0.02-200 20
Pinecone Biomass'’ 1400 429 366 854% 0.001-2 20
Pitch and phenolic resin® 1400 323 284 88.0%  -0.01-2 30
Polyacrylonitrile®! 1300 375 261 69.6% 0.01-2.7 20
Poly-Acrylonitrile* 2200 460 262 57.0%  0-2.25 50
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Poly-Acrylonitrile**vv
Polyaniline®*
Polyurethane®
Polyvinylpyrrolidone*®
Rape seed shuck®’

Sodium alginate®®
Starch powder from rice”
Sucrose™
Sucrose®!

Sucrose??

Sucrose and phenol formaldehyde resin®

Switchgrass®*
Thiourea, resorcinol®
Tire rubber*®

Wool*’

Zinc citrate’®

1100
1150
700
1000
700
800
1100
1600
700
1100
1400
2050
600
1600
1100
800

328
560
600
568
408
554
430
470
807
419
367
328
900
415
480
1490

241
280
230
271
245
217
275
301
355
315
319
210
250
274
303
439

73.5%
50.0%
38.3%
47.7%
60.0%
39.1%
64.0%
64.0%
44.0%
75.2%
87.0%
64.0%
27.8%
66.0%
63.1%
29.4%

0-3
0-2.5
0.01-3
0.01-2.5
0.01-3
0.01-3
0.02-1
0-2
0.01-3
0.01-1.5
0-2
0.01-2
0.01-3
0-3
0-2
0-3

50
25
20
30
100
100
18
25
50
28
30
50
100
20
10
30

a: Annealing temperature [°C]

b: Capacity of first charge [mAh g ']

c: Capacity of first discharge [mAh g ']

d: Initial Coulombic efficiency [%]

e: Voltage range of charge-discharge test [V]

f Current density of charge-discharge test [mA g ']

Various materials such as resins, sugars, and plants are used as raw materials. In many cases,

the reversible capacity is maximized when it is annealed at around 1200 °C. Since the mechanism

of sodium insertion into hard carbon is still controversial, the correlation between the microstructure

and battery characteristics is also unclear. Since there is no design guideline for the optimal hard

carbon structure, the materials and synthesis conditions are optimized based on the experience of

researchers and trial and error.

Because the measurement conditions (e.g., voltage range, current density, tap density of

electrode, electrolyte, measurement temperature) are different, it is not possible to make a general

comparison, but the cell performances listed in Table 2.1 are summarized in Figure 2.1. There are
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many reports that the capacity is around 300 mAh g' and the initial Coulomb efficiency (ICE) is
around 70%. There are hard carbons containing elements other than carbon (e.g., P, S, Zn), and it is
considered that some have a value larger than that of pure hard carbon. From the perspective of
practical application, battery performance is not satisfied only by having a large capacity, but by
achieving a high ICE. Therefore, in the present thesis, I aimed for a capacity of 300 mAh g’ or

more and ICE > 90% (the orange region in Figure 2.1).
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Figure 2.1 Performance comparison chart of various hard carbons and target area in this thesis.

2.2 Synthesis and characterization of hard carbons

In this chapter, high-performance hard carbon was synthesized for use in the analysis of the sodium
storage mechanism. From the viewpoint of reproducibility and yield, saccharides were used as raw
materials. As a synthesis method, a hydrothermal treatment was used because this method can

reduce the active surface area of hard carbon and achieve high ICE.

2.2.1 Material synthesis

Hard carbon was prepared by a hydrothermal method.” Saccharides (glucose, fructose, xylose,
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sucrose) were used as raw materials. Aqueous sugar solution was prepared by dissolving 0.05 mol
(0.025 mol in the case of sucrose) of saccharides in 10 mL of deionized water. For hydrothermal
reactions, solution was put into a polytetrafluoroethylene-lined stainless-steel autoclave. After 5 h
hydrothermal treatment at 200 °C, the obtained black carbon powder was further carbonized at

1000 °C for 5 h in an Ar atmosphere.

2.2.2 Electrochemical tests

For electrode preparation, hard carbon samples were mixed with CMC at a weight ratio of 9:1. The
electrochemical measurements were conducted by using 2032-type coin-cells. The electrolyte was
1 mol dm™ NaPFs in ethyl carbonate (EC)/diethyl carbonate (DEC) (1:1 by volume, Kishida
Chemical), the separator was glass filter (GC-50, Advantec), and the counter electrode was Na metal.
Galvanostatic cycling tests were carried out between 0.01 and 2.5 V at a current density of 20 mA

g ! using charge-discharge units (HJ1001SD8, Hokuto Denko Corporation).

2.3 Effect of raw materials on sodium storage behavior

Figure 2.2 shows galvanostatic charge-discharge curves of hard carbon electrodes with three kinds

of monosaccharide (glucose, fructose, xylose (Figure 2.3)).
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Figure 2.2 Galvanostatic charge/discharge curves of hard carbon electrodes.
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Figure 2.3 Structure of three monosaccharides

It can be confirmed that Na storage characteristics change depending on the raw materials. For
example, the hard carbon synthesized from glucose has a small flat part capacity and showed small
ICE. On the other hand, the capacity was maximized when the raw material was fructose, and ICE
was maximized when xylose was used. The difference in cell performance is considered to reflect
the microstructure of hard carbon samples. The synthesis route of hard carbon precursors by
hydrothermal treatment of saccharide is explained in Figure 2.4.% It is known that the conversion

rate, selectivity, and reaction temperature that change to furfurals vary greatly depending on the
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type of saccharide and pH of the solution.***' Figure 2.5 shows SEM images of synthesized hard
carbon samples. It is confirmed that the shape and size vary greatly depending on the type of
saccharide. Based on the mechanism shown in Figure 2.4, the same product should be synthesized
from glucose and fructose, but particle size and battery characteristics are different. This is because
the isomerization of glucose to fructose proceeds slowly, so that the concentration of HMF and pH
of the solution vary depending on whether the raw material is glucose or fructose. It can be seen

that slight differences have a significant effect on the product.
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Figure 2.4 Mechanism of formation and growth of hard carbon precursors.*’
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Figure 2.5 SEM images of synthesized hard carbon samples.

Figure 2.6 shows the X-ray measurement results of the hard carbon precursor (without
annealing) and the sample annealed at various temperatures under Ar atmosphere. In the precursor,

no peak derived from the in-plane graphene structure (around 44°) was observed in XRD, and no
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nanopore-derived peak was observed in SAXS. Even when heat treatment was performed at 300 °C,
the structure hardly changed and remained amorphous. It is confirmed that graphitization and
formation of nanopores occur above 600 °C. The precursor does not contain nanopores, but since
the degree of cross-linkage in the precursor has a great influence on the structure of the nanopores

4243

as reported previously, ™ it is assumed that the type of raw material changes how nanopores are

developed.
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Figure 2.6 (a) XRD pattern and (b) SAXS profiles of hard carbon samples heat treated at various

temperatures.

In order to further improve the battery characteristics of hard carbon, carbon samples were
synthesized by mixing two or three sugars in various ratios. The results of the charge-discharge test

are shown in Figure 2.7.
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Figure 2.7 (a) Reversible capacity and (b) initial coulomb efficiency of hard carbon samples

synthesized from two or three kinds of saccharide.

By mixing several kinds of sugars, the reversible capacity and ICE increased compared with
when synthesized from one kind of saccharide. Hard carbon synthesized from a mixed aqueous
solution of glucose:fructose = 1:1 in molar ratio showed the maximum reversible capacity (283
mAh g') and ICE (90.5%). Characterizations of the synthesized hard carbons are shown in Figure
2.8. XRD patterns and Raman spectra were slightly different depending on the raw material, but
there was no significant difference. On the other hand, in SAXS profiles, the scattering intensity
derived from nanopores increased drastically. Assuming that the nanopore is spherical, the

scattering intensity /(q) can be described as follows:

1(q) =N|4nAp fOTSir;(—fr)rz ar| 2.1)

where N is the number of nanopores, Ap is the difference of electron density between the nanopores
and the carbon matrix. From the position of the shoulder of the SAXS pattern, it is assumed that the
size of the nanopore is almost the same in all samples, so the value of the integral part is considered
to be almost equal. Form equation (2.1), when the proportion of material is glucose:fructose = 1:1,

it is suggested that N is large or Ap is large. Since there is no significant change in the XRD and

Raman results, it is considered that the electron density of the carbon matrix is almost the same.
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Therefore, it seems that the number of nanopores was greatly increased by using a mixed aqueous

solution of several saccharides as the raw material.
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Figure 2.8 Characterizations of the synthesized hard carbons. (a) XRD patterns and (b) Raman

spectra and (c) SAXS profiles.

2.4 Effect of annealing temperature on sodium storage behavior

A sucrose molecule is formed by an a-1,2-glycoside bond between one glucose molecule and one
fructose molecule. Since sucrose is separated into fructose:glucose = 1:1 by hydrolysis, almost the
same hard carbon can be synthesized even if sucrose is used as a raw material. Thereafter, hard
carbon samples were synthesized from sucrose.

It is known that microstructure and Na storage behavior of hard carbon change drastically
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depending on the heat treatment temperature. Hard carbon samples synthesized from sucrose were
annealed at temperatures (7) from 1000 to 2000 °C. The prepared products are denoted HC-T. In
the following, the description will focus on charge-discharge characteristics. The microstructure of
hard carbon will be discussed in Chapter 3.

Figure 2.9 shows the galvanostatic charge—discharge curves measured at 20 mA g '. The results
are summarized in Table 2.2. Among all the samples, HC-1400 showed the highest discharge

capacity (348 mAh g ') and the best Coulombic efficiency (95.2%) at the first cycle.

Table 2.2 Charge/discharge capacities at the first cycle of the galvanostatic measurements for the

hard carbon electrodes at a current density of 20 mA g'.

Sample First charge First discharge Coulombic efficiency for
Capacity / mAh g'! Capacity / mAh g! the Ist cycle / %
HC-1000 326 284 87.2
HC-1200 376 344 91.5
HC-1400 365 348 95.2
HC-1600 299 273 91.3
HC-1800 254 223 88.0
HC-1900 176 147 83.3
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Figure 2.9 Galvanostatic charge-discharge curves of the hard carbons with various carbonization

temperatures at a current density of 20 mA g,

2.5 Conclusion

By optimizing the raw material and synthesis conditions of hard carbon, high reversible capacity
(348 mAh g ') and extremely high initial Coulombic efficiency (95.2%) were achieved, as shown
in Figure 2.10. This is the first report that the performance of hard carbon can be improved by
mixing multiple types of sugars. Since there are many types of saccharides other than the three types
used in this chapter, the number of potential combinations is enormous. Therefore, it is desirable to

investigate raw material combinations that enable even higher performance.
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A high ICE makes it possible to observe only changes related to the storage of sodium, and a

large capacity indicates that the storage site is being used

efficiently. Using the hard carbon

synthesized in this chapter, the author investigated the sodium storage mechanism, and this is

presented in Chapter 3.
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Figure 2.10 Cell performance of hard carbons reported in the past and synthesized in this study.

32



References

1.

10.

11.

12.

13.

14.

15.

16.

Zhang, Y., Meng, Y., Chen, L., Guo, Y. & Xiao, D. High lithium and sodium anodic
performance of nitrogen-rich ordered mesoporous carbon derived from alfalfa leaves by a
ball-milling assisted template method. J. Mater. Chem. A 4, 17491-17502 (2016).

Liu, H. et al. Nitrogen-doped carbon/graphene hybrid anode material for sodium-ion
batteries with excellent rate capability. J. Power Sources 319, 195-201 (2016).

Wu, L., Buchholz, D., Vaalma, C., Giffin, G. A. & Passerini, S. Apple-Biowaste-Derived
Hard Carbon as a Powerful Anode Material for Na-Ion Batteries. ChemElectroChem 3,
292-298 (2016).

Dahbi, M. et al. Synthesis of hard carbon from argan shells for Na-ion batteries. J. Mater.
Chem. A’ S, 9917-9928 (2017).

Qiu, S. et al. Manipulating Adsorption-Insertion Mechanisms in Nanostructured Carbon
Materials for High-Efficiency Sodium lon Storage. Adv. Energy Mater. 7, 1700403 (2017).
Simone, V. et al. Hard carbon derived from cellulose as anode for sodium ion batteries:
Dependence of electrochemical properties on structure. J. Energy Chem. 25, 761-768
(2016).

Liu, P. et al. A waste biomass derived hard carbon as a high-performance anode material
for sodium-ion batteries. J. Mater. Chem. A 4, 13046—-13052 (2016).

Qin, D. et al. Analogous graphite carbon sheets derived from corn stalks as high
performance sodium-ion battery anodes. RSC Adv. 6, 106218—-106224 (2016).

Vili, R., Janes, A., Thomberg, T. & Lust, E. D-Glucose Derived Nanospheric Hard
Carbon Electrodes for Room-Temperature Sodium-lon Batteries. J. Electrochem. Soc. 163,
A1619-A1626 (2016).

Wang, C. et al. Controlling pseudographtic domain dimension of dandelion derived
biomass carbon for excellent sodium-ion storage. J. Power Sources 358, 85-92 (2017).
Zheng, P. et al. Enhanced Performance by Enlarged Nano-pores of Holly Leaf-derived
Lamellar Carbon for Sodium-ion Battery Anode. Sci. Rep. 6, 26246 (2016).

Wang, P. et al. Kelp-derived hard carbons as advanced anode materials for sodium-ion
batteries. J. Mater. Chem. A 5, 5761-5769 (2017).

Zhu, Y., Chen, M., Li, Q., Yuan, C. & Wang, C. High-yield humic acid-based hard
carbons as promising anode materials for sodium-ion batteries. Carbon N. Y. 123, 727-734
(2017).

Chen, Y. et al. Self-assembly of 3D neat porous carbon aerogels with NaCl as template
and flux for sodium-ion batteries. J. Power Sources 359, 529-538 (2017).

Zheng, Y., Wang, Y., Lu, Y., Hu, Y.-S. & Li, J. A high-performance sodium-ion battery
enhanced by macadamia shell derived hard carbon anode. Nano Energy 39, 489—498
(2017).

Wang, K. et al. Low-Cost and High-Performance Hard Carbon Anode Materials for

33



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Sodium-Ion Batteries. ACS Omega 2, 16871695 (2017).

Xiang, J., Lv, W., Mu, C., Zhao, J. & Wang, B. Activated hard carbon from orange peel
for lithium/sodium ion battery anode with long cycle life. J. Alloys Compd. 701, 870-874
(2017).

Dou, X. et al. Pectin, Hemicellulose, or Lignin? Impact of the Biowaste Source on the
Performance of Hard Carbons for Sodium-Ion Batteries. ChemSusChem 10, 2668-2676
(2017).

Zhang, T. et al. Pinecone biomass-derived hard carbon anodes for high-performance
sodium-ion batteries. RSC Adv. 7, 41504—41511 (2017).

Li, Y. et al. Pitch-derived amorphous carbon as high performance anode for sodium-ion
batteries. Energy Storage Mater. 2, 139-145 (2016).

Zhao, P.-Y. et al. High-Performance Anode of Sodium Ion Battery from
Polyacrylonitrile/Humic Acid Composite Electrospun Carbon Fibers. Electrochim. Acta
232, 348-356 (2017).

Zhang, B. et al. Laser Synthesis of Hard Carbon for Anodes in Na-lon Battery. Adv.
Mater. Technol. 2, 1600227 (2017).

Zhang, B., Ghimbeu, C. M., Laberty, C., Vix-Guterl, C. & Tarascon, J.-M. Correlation
Between Microstructure and Na Storage Behavior in Hard Carbon. Adv. Energy Mater. 6,
1501588 (2016).

Xiao, L. et al. Hard carbon nanoparticles as high-capacity, high-stability anodic materials
for Na-ion batteries. Nano Energy 19, 279-288 (2016).

Hu, M. et al. Enhanced sodium-ion storage of nitrogen-rich hard carbon by NaCl
intercalation. Carbon N. Y. 122, 680—686 (2017).

Bai, Y. et al. Mille-feuille shaped hard carbons derived from polyvinylpyrrolidone via
environmentally friendly electrostatic spinning for sodium ion battery anodes. RSC Adv. 7,
5519-5527 (2017).

Cao, L. et al. Rape seed shuck derived-lamellar hard carbon as anodes for sodium-ion
batteries. J. Alloys Compd. 695, 632—637 (2017).

Hu, H. et al. Carbon nanosheet frameworks derived from sodium alginate as anode
materials for sodium-ion batteries. Mater. Lett. 185, 530-533 (2016).

Keller, M., Vaalma, C., Buchholz, D. & Passerini, S. Development and Characterization of
High-Performance Sodium-Ilon Cells based on Layered Oxide and Hard Carbon.
ChemElectroChem 3, 1030 (2016).

Morita, R. et al. Combination of solid state NMR and DFT calculation to elucidate the
state of sodium in hard carbon electrodes. J. Mater. Chem. A 4, 13183-13193 (2016).
Yin, L. et al. Self-assembly of disordered hard carbon/graphene hybrid for sodium-ion
batteries. J. Power Sources 305, 156—160 (2016).

Jian, Z., Xing, Z., Bommier, C., Li, Z. & Ji, X. Hard Carbon Microspheres: Potassium-Ion

34



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Anode Versus Sodium-lon Anode. Adv. Energy Mater. 6, 1501874 (2016).

Zhang, H., Ming, H., Zhang, W., Cao, G. & Yang, Y. Coupled Carbonization Strategy
toward Advanced Hard Carbon for High-Energy Sodium-lon Battery. ACS Appl. Mater.
Interfaces 9, 2376623774 (2017).

Zhang, F. et al. High Temperature Carbonized Grass as a High Performance Sodium Ion
Battery Anode. ACS Appl. Mater. Interfaces 9, 391-397 (2017).

Ye, J., Zang, J., Tian, Z., Zheng, M. & Dong, Q. Sulfur and nitrogen co-doped hollow
carbon spheres for sodium-ion batteries with superior cyclic and rate performance. J.
Mater. Chem. A 4, 13223-13227 (2016).

Li, Y. et al. Tire-derived carbon composite anodes for sodium-ion batteries. J. Power
Sources 316, 232-238 (2016).

Zhu, X. et al. Hard Carbon Fibers Pyrolyzed from Wool as High-Performance Anode for
Sodium-Ion Batteries. JOM 68, 2579-2584 (2016).

Liu, H. et al. A floral variant of mesoporous carbon as an anode material for high
performance sodium and lithium ion batteries. RSC Adv. 6, 78235-78240 (2016).

Wang, Q., Li, H., Chen, L. & Huang, X. Monodispersed hard carbon spherules with
uniform nanopores. Carbon N. Y. 39,2211-2214 (2001).

Qi, Y., Zhang, M., Qi, L. & Qi, Y. Mechanism for the formation and growth of
carbonaceous spheres from sucrose by hydrothermal carbonization. RSC Adv. 6, 20814—
20823 (2016).

Zha, G. & Yu, L. Influence of sucrose solution’s pH on hydrothermally synthesized carbon
microspheres. Fullerenes, Nanotub. Carbon Nanostructures 24, 139—143 (2016).
Yamamoto, H. et al. Synthesizing higher-capacity hard-carbons from cellulose for Na- and
K-ion batteries. J. Mater. Chem. A 6, 16844—16848 (2018).

Tokumitsu, K. Structural characterization and electrochemical properties of non-

graphitizable carbons for a lithium ion battery. J. Power Sources 90, 206-213 (2000).

35



3 Mechanism of sodium storage in hard carbon

3.1 Introduction

Hard carbon is a disordered carbonaceous compound and a standard anode material for NIBs
because of its large reversible capacity at low operating voltages, as well as its good cycling
stability."”® Although many researchers have attempted to analyze the mechanism of sodium storage
in hard carbons, it remains a matter of controversy, primarily because of the diversity in the carbon
microstructure, absence of crystallinity, and extreme reactivity of the sodiated hard carbon.
Therefore, to obtain a comprehensive understanding of the sodiation process in hard carbons,
careful experimental approaches are necessary to clarify the local environment while avoiding side
reactions under atmospheric conditions.

A typical charge—discharge curve of hard carbon can be divided into a sloping region at high
potentials (ca. 0.1-2.5 V versus Na/Na") and a plateau at low potentials (ca. 0-0.1 V versus Na/Na").
Stevens and Dahn first assigned the high-potential region to the intercalation of sodium into the
graphene interlayers and the low-potential region to sodium insertion in the nanopores.® In addition,
previous computational studies have suggested that the edge and defect sites on the carbon surface
allow sodium to be adsorbed in the high-potential region.””!! The present generally accepted view
is that hard carbon involves three types of storage sites: 1) the defects and edges on the graphene,
2) graphene—graphene interlayers, and 3) nanopores. However, the assignment of the
aforementioned three storage mechanisms to the charge—discharge voltage profile is still
controversial. For example, Liu et al. and Cao et al. attributed the plateau region to sodium

1213 whereas Tarascon et al. observed a

intercalation into the graphene—graphene interlayers,
constant interlayer distance upon sodiation at the plateau, suggesting no intercalation in the
graphitic domains.'*!*> Concerning the analysis of sodium insertion into nanopores, most research

groups have tried to use the pore size distribution, as measured by gas absorption techniques, of the

pristine hard carbon. However, such gas sorption experiments cannot be applied to the sodium
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inserted electrodes, and the technique is not sensitive to the closed pores (the pores inaccessible to
any adsorbent including helium),'®!” which play a crucial role, as discussed by Kano et al. and
Zhang et al.. They reported that the capacity of the plateau region is correlated with the closed pore
volume rather than the open pore volume.'#2°

To gain an overall understanding that describes both interlayer and nanopore storage, I have
conducted a complementary ex situ small and wide-angle X-ray scattering (SAXS and WAXS,
respectively) study on carefully prepared (transferred under a strictly inert atmosphere) hard
carbons having various microstructures and various extent of sodium intercalations. In this chapter,
I demonstrate not only the rational relationship between the nanostructures and Na® insertion

voltage profile but also a new characteristic scattering peak in the WAXS profile that represent the

atomic correlation of Na in the nanopores.

3.2 Experimental and computational methods

3.2.1 Material synthesis

The whole process of the synthesis is shown in Figure 3.1. A hard carbon precursor was prepared
by the hydrothermal treatment of sucrose.?! Sucrose (Wako Chemical) was used without further
purification. Sucrose (42.8 g, 0.125 mol) was dissolved in deionized water (50 mL) and transferred
into a polytetrafluoroethylene-lined stainless-steel autoclave. The hydrothermal treatment was
carried out at 200 °C for 5 h. The resultant powder was washed several times with deionized water
and dried overnight in an oven at 60 °C. The dried powder was carbonized at 1000 °C for 5 h under
Ar flow. The heating rates were 1 °C min™' below 500 °C and 5 °C min™! above 500 °C. The
obtained hard carbon was pulverized by planetary ball-milling (Pulverisette 6, Fritsch) for 2 h at
200 rpm. The milled hard carbon was divided into seven portions, and they were treated at high
temperature (T = 1000, 1200, 1400, 1600, 1800, 1900, and 2000 °C) in a high-frequency induction

heating furnace (MU-alll, SK Medical Electronics Co., Ltd.) for 1 h under Ar flow.
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Figure 3.1 Process of the synthesis for hard carbon samples.

3.2.2 Electrochemical tests

A slurry was prepared by mixing the synthesized hard carbon samples and carboxymethyl cellulose
(CMC2200, Daicel) in a weight ratio of 9:1 in deionized water. The obtained slurry was coated on
Cu foil. The electrodes were punched into disks with a diameter of 12 mm. The loading mass of the
electrodes was approximately 1.5-1.7 mg cm 2. The electrochemical measurements were conducted
using 2032-type coin cells. The electrolyte was 1 mol dm > NaPFs in ethyl carbonate (EC)/diethyl
carbonate (DEC) (1:1 by volume, Kishida Chemical), the separator was a glass fiber filter (GB-50,
Advantec), and the counter electrode was Na metal. These cells were assembled inside an Ar-filled
glove box (Miwa Inc., Japan). Galvanostatic charge—discharge tests were carried out in the voltage
range of 0-2.5 V vs. Na/Na" at a current density of 20 mA g ! using charge-discharge units
(TOSCAT 3100, Toyo System Co.). For galvanostatic intermittent titration technique (GITT), the

cells were charged/discharged at 10 mA g!' of current pulses with 2 h intervals using charge-
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discharge units (HJ1001SD8, Hokuto Denko Corporation). GITT tests were performed after one
cycle of charging/discharging, and the pulse duration was 30, 30, and 24 minutes with HC-1000,
HC-1400, and HC-1900, respectively.  Electrochemical impedance spectroscopy (EIS)
measurements were performed in three-electrode cells with Na metal as counter/reference electrode.
The EIS tests were conducted using Solartron (1470E, Solartron Analytical) in the frequency range

of 1 MHz to 10 mHz with AC amplitude of 10 mV.

3.2.3  Ex situ analysis

The cells were charged to the desired voltage points at a current density of 10 mA g™ after 1 cycle.
The cells that had reached the desired cutoff voltage were disassembled in an Ar-filled glove box.
The electrodes were washed with dimethyl carbonate (DMC, Kishida) and samples were loaded
into borosilicate glass capillaries. DMC was used after removing moisture by molecular sieve 4 A
(Wako Chemical). The capillary was completely sealed with epoxy adhesive to avoid air exposure
of the sample during measurement. The SAXS profiles were recorded in the range of 0.0043 A™! <
g <0.57 A" using a SmartLab (Rigaku) with Cu Ka radiation. WAXS measurements were carried
out using Macro7HFM-AXISVII (Rigaku) and scattering data were collected with a two-
dimensional detector. For semi-quantitative analysis, the obtained WAXS patterns were fitted using
the pseudo-Voigt function. Details of the fitting procedures are provided in Appendix A.
Throughout these analyses, care was taken to prevent sample degradation. The borosilicate glass
capillaries sealed with epoxy glue worked well to maintain the sample in an inert environment in
most cases. However, when the sample atmosphere in the container was not strictly sealed,

decomposition products, mainly sodium carbonates, were detected in the WAXS patterns.

3.24 DFT calculations

DFT-MD calculations were performed with the Vienna ab initio simulation package (VASP, ver.
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5.4.1).22 The projector augmented wave (PAW) method as implemented in VASP was employed.***
The temperature was set at 300 K using the Nosé-Hoover thermostat.?>2° An energy cutoff of 300
eV was used for the plane-wave basis, and a 1 x 1 x 1 Monkhorst—Pack k-point mesh was applied.
A sufficient vacuum separation of 12 A was used for all calculations. For the initial structure, a
series of previously reported stable sodium cluster structures were used.?” The MD simulations were
performed for 5 ps using a time step of 1 fs after equilibration for 1.1 ps. The scattering intensity
profile was obtained by summing the time series of the scattering intensity calculated for the real-

space structures using the Debye scattering equation.?®?’

3.3 Structural characterization of synthesized hard carbons

In our systematic analysis of the Na storage mechanism, I prepared a series of hard carbon samples
via the hydrothermal treatment of sucrose and subsequent high-temperature carbonization at
temperatures (7) from 1000 to 2000 °C as described in Chapter 2.4. The prepared products are
denoted HC-T. To eliminate microstructural differences between batches and investigate only the
changes due to heat treatment, hydrothermally treated precursors of the same batch was divided and
carbonized at different temperatures. All the products have an identical spherical morphology
having diameters of 2—10 pm, as shown in the secondary electron micrographs in Figure 3.2. Thus,
the range of experimental results obtained can be attributed to the differences in the microstructures

and atomistic structures of the particles.
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Figure 3.2 Secondary electron micrographs of (a) HC-1000, (b) HC-1400, and (c) HC-1900

collected with a field-emission scanning electron microscope.

The WAXS profiles of the as-prepared hard carbons (Figure 3.3) show characteristic broad
peaks located around 26 = 23-25° and 43.3-43.7°. The structure of hard carbon is generally
described as an aggregate of disordered graphitic domains with many interconnections.*** Thus,
the former peak (23-25°) corresponds to the interlayer and the latter (43.3—43.7°) to the in-plane
atomic correlations of the graphene sheets in the graphitic domain. As the carbonization temperature
increased, the former peak (23-25°) shifted to higher angles and the peaks became sharper. The
latter peaks (43.3—43.7°) also sharpened but their positions shifted to lower angles. The graphene—
graphene interlayer distances (d) are summarized in Table 3.1 and Figure 3.4, where the higher-
temperature treatment causes a monotonic decrease of the interlayer distance. Although the
sharpening of the broad peaks indicates an increase in crystallinity, the samples remained

amorphous. Exceptionally, HC-2000 contains a crystallized graphite phase as a minor constituent,
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as shown by the sharp Bragg reflection at 26 ~ 25.9°. Overall, the progressive structural

transformations from an amorphous glass-like state to crystalline graphite is slow below 2000 °C.

HC-2000

HC-1600

Intensity / a.u.

HC-1400

HC-1200

HC-1000

10 20 30 40 50 60
20/ ° (CuKa)

Figure 3.3 WAXS patterns of synthesized hard carbons.
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Figure 3.4 Plots of derived interlayer distance and pore diameters versus the final thermal treatment

temperature.

Figure 3.5 shows the SAXS profiles of pristine hard carbons synthesized at various

temperatures. The horizontal axis is the scattering vector (¢), which is defined as

41 sin 0
g =500 3.

where 6 is half the scattering angle and A is the wavelength of the incident X-ray (Cu Ko, 2 =1.5418
A). All the SAXS profiles contained shoulder-shaped scattering peaks at ca. 0.1-0.3 A™! in addition
to the monotonic decay with increasing ¢. The peak around ¢ ~ 0.2 A™' corresponds to nanometer-
sized structures and can be attributed to the nanopores in the hard carbon matrix.>® The peaks at
low g values originate from larger-scale microstructures such as meso/macropores and particles.
With increasing heat treatment temperature, the nanopore scattering became more intense and the

reflections shifted to the low-¢ region.
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Figure 3.5 SAXS profiles of synthesized hard carbons.

On the basis of the Guinier plot and its analysis (Figure 3.6),°>>’ the average pore diameter

continuously increased as a function of the heat-treatment temperature (Figure 3.4), which is

consistent with the results of previous reports. !
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Figure 3.6 Guinier plots generated from SAXS profiles of hard carbons treated at various
temperatures. The contribution of larger-scale microstructures is subtracted as a background, and

linear regression analysis was applied in the range of ¢> = 0.021-0.041 A2,
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Raman spectra of synthesized hard carbons are shown in Figure 3.7. All the spectra have two
characteristic peaks around 1340 and 1590 ¢cm™, corresponding to D-band (disorder- and defect-
related mode) and G-band (the crystalline graphite mode), respectively.**** The D-band indicates
that defects and disordered structures are existing in all the hard carbons. As listed in Table 3.1, the
integrated intensity ratio of the D-band to the G-band (4p/Ag) decreases with the preparation
temperature, suggesting that the reduction of defect concentration with the progress of

graphitization as reported previously. 3414
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Figure 3.7 Raman spectra of synthesized hard carbons.

Brunauer-Emmett-Teller (BET) surface area were measured for three types of hard carbons
(HC-1000, HC-1400, and HC-1900) by N, adsorption-desorption measurements (Figure 3.8). X-
ray photoelectron spectroscopy (XPS) spectra were also measured for the same samples (Figure
3.9), and the results are summarized in Table 3.1. The decreasing BET surface area and increasing

carbon content with heating are also consistent with previous reports.®4143
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Figure 3.8 N, adsorption-desorption isothermal curves of hard carbons.

OKLL O1s C1s

HC-1900

M/L’_.ﬂ,\}  HC1400

HC-1000

| | | | |
1000 800 600 400 200 0
Binding energy / eV

Intensity / a.u.

Figure 3.9 Wide-scan XPS spectra of synthesized hard carbons.
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Table 3.1 Physical parameters of hard carbon samples.

Interlayer Surface atomic ratio
Pore diameter Surface area o
Sample distance AplAc /%
/A /m? g

dl/ A C 0]
HC-1000 3.88 16.3 4.55 297.7 95.2 4.8
HC-1200 3.86 17.7 - - - _
HC-1400 3.76 19.5 2.13 2.2 96.3 3.7
HC-1600 3.64 23.5 - - - _
HC-1800 3.57 27.1 - - - _
HC-1900 3.54 29.8 1.62 0.8 97.7 2.3
HC-2000 - 32.3 - - - _

3.4 Electrochemical properties of hard carbons

The electrochemical measurements were conducted using half-cells to evaluate the Na storage

properties. Figure 3.10(a) shows the galvanostatic charge—discharge curves measured at 20 mA g'!

and the corresponding differential capacity dQ/dV profiles versus the cell voltage, V. Here I divide
the storage capacity into a sloping region (> 0.1 V, QOsiope) and a plateau region (< 0.1 V, Oplatcau). AS

the carbonization temperature was increased, Osiope decreased and QOplaau became dominant (Figure

3.11). As mentioned in section 2.4, HC-1400 showed the highest discharge capacity (348 mAh g™!)

and the best Coulombic efficiency (95.2%) at the first cycle among all the samples. On the basis of
the peak separations of the dQ/dV profiles (Figure 3.10(b)), the cell polarizations were larger for
the higher preparation temperatures. The Nyquist plots of the alternative current (AC) impedance
for the hard carbon electrodes also showed higher resistance for the higher-7-treated electrodes

(Figure 3.10(c)). Based on these electrochemical properties, I selected three hard carbons, HC-1000,

HC-1400, and HC-1900, for analysis to understand the overall Na storage mechanism in detail.
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Figure 3.10 (a) Galvanostatic charge—discharge curves of the hard carbons with varied
carbonization temperatures at a current density of 20 mA g ! and (b) corresponding differential
galvanostatic profile dQ/dV. (c) Nyquist plots of the AC impedance for the hard carbon electrodes
at 0.01 V versus Na/Na". The small semicircles in the high frequency region can be assigned to the
SEI, and the other one represents the charge transfer resistance at the active material/electrolyte

interface.*%47
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plateau region (< 0.1 V). The ratio of plateau capacity was defined as Qplaweau / [OVerall capacity].

3.5 Ex situ analyses of Na-inserted samples

For structural analysis of the sodiated hard carbons, ex sifu SAXS and WAXS measurements were
conducted. To minimize the influence of resistance, charging and discharging was performed at a
small current density of 10 mA g~! when preparing samples for the analyses. Note that the electrodes
are “extremely” sensitive to moisture, CO, and O,, especially in the highly sodiated state. Such
atmospheric sensitivity might be a critical reason for the contradictory findings of previous works
on the hard carbon electrodes. Therefore, 1 prepared the sodiated electrodes for ex situ
SAXS/WAXS with great care to ensure no sample degradation.

The different degrees of sodiation chosen for analysis are shown in Figure 3.12, along with the
voltage profiles upon galvanostatic sodiation at 10 mA g!, and the results are listed in Table 3.2.
For the sake of comparison, I define the "Na insertion percentage" as fxa, where the starting point
of sodiation is 0% and the point where the cell voltage reached 0 V is 100%. To distinguish between
inserted and electrodeposited sodium, I collected data for a few additional points beyond 100%. As
hard carbon sodiated to below 0 V (vs. Na/Na®), it is known that the charge-discharge curve shows

a "V" shape corresponding to the nucleation of sodium metal.!>**4° The insets in Figure 3.12 shows
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the voltage profiles in the vicinity of the starting point of sodium electrodeposition.
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Figure 3.12 Charge curves at the 2nd cycle of the three hard carbon samples. The state of charge of
each sample used for ex situ measurement is plotted on the curve. The inset is an enlarged view

around O V.
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Table 3.2 The states of charge for ex-situ samples.

Voltage / V
SOC/ %
HC-1000 HC-1400 HC-1900

A 0 1.165 1.114 1.007
B 10 0.620 0.437 0.073
C 20 0.343 0.135 0.038
D 30 0.156 0.072 0.028
E 40 0.100 0.059 0.022
F 50 0.081 0.051 0.017
G 60 0.070 0.043 0.012
H 70 0.060 0.037 0.009
I 80 0.048 0.029 0.006
J 90 0.030 0.020 0.003
K 100 0 0 0

L 117 - - -0.005
X * -0.009 -0.005 -0.011
Y * -0.009 -0.005 -0.010

* Depends on the sample

Figure 3.13(a)—(c) show a series of ex situ WAXS patterns after sodiation. Here, I first focus on
the broad peak at ¢ ~ 1.6-1.8 A™!, which corresponds to the atomic correlation relating to the
graphene—graphene interlayer distance. In HC-1000, the broad peaks shifted toward lower g as the
sodiation proceeded and returned to their initial positions when the samples were desodiated.
Therefore, the shifts can be attributed to reversible sodium insertions to the interlayer space in the

graphitic domains.>>
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Figure 3.13 Ex situ WAXS patterns of hard carbon electrodes: (a) HC-1000, (b) HC-1400, and (¢)
HC-1900. (d) Average interlayer distance upon sodiation derived from deconvolution analyses of

the WAXS patterns. Numbers in parentheses mean sodium insertion percentage fa.

Notably, a new broad peak appeared at g ~ 2.0-2.1 A" in all the hard carbon samples when fxa

exceeded 50-60%, and this peak became more pronounced upon further sodiation. The appearance
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of the broad peak at g ~ 2.0-2.1 A™! is not specific to the hard carbons used in this study, but was
also observed in a commercial hard carbon (Figure 3.14(a)). Emphasis is also given to the fact that
the signal disappeared if the sodiated sample became damaged by exposure to trace amounts of
H-0, O, or CO; (Figure 3.14(b)). This has hindered observation and identification in previous work.

The origin of this new broad peak will be discussed later.
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Figure 3.14 (a) Ex situ WAXS patterns of electrodes prepared using a commercial hard carbon
(CarbotronP(J), Kureha Corporation). The data were obtained at the BL-8B beamline of Photon
Factory, High Energy Accelerator Research Organization (KEK), Tsukuba, Japan. Structural Broad
peak of scattering intensity at ¢ = 2.0 A~' was observed in the full-sodiated sample as discussed in
the main text. (b) Ex situ WAXS patterns of sodiated hard carbon electrode with/without exposure
to air (HC-1400, point I). The air exposure eliminated the broad signal at ¢ ~ 2.0 A~' and resulted

NaOH formation alternatively.

After sodium metal nucleation (points X and Y in Figure 3.12), a sharp Bragg reflection from
bulk sodium metal became detectable at ¢ = 2.07 A™', indicating that the deposition/dissolution
reactions of bulk sodium metal do not occur at voltages above 0 V. In the overcharged samples, the
deposition of sodium metal on the electrode surface was observed (Figure 3.15). In addition, it was
noticed that the electrodeposition of bulk sodium metal does not occur before metal nucleation even

48,49

below 0 V (Figure 3.12, point L), as reported previously.
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Na metal

Figure 3.15 Picture of overcharged electrode (HC-1900, point Y in Figure 3.12). Deposited sodium

metal was scattered on the electrode surface.

For a more quantitative analysis, we assumed three major components that constitute the whole
WAXS pattern: (1) the interlayer correlation, (2) the new broad peak, and (3) the bulk sodium metal,
as pseudo-Voigt functions. The peak areas and the widths were refined by a non-linear least-square
regression method as implemented in Imfit.>! Details of the fitting procedures are provided in
Appendix A. As shown in Figure 3.13(d), at the beginning of sodiation (fna < 10%), the interlayer
distance slightly decreased in all the samples. Although the mechanism of this phenomenon is not
well understood, sodium adsorption on the graphene defects and edges could occur, as claimed
previously.”!*3235 Adsorption of sodium on defects will be discussed in detail in sention 3.6.
Subsequently, upon further sodiation up to fxa = 50—80%, the interlayer continuously expanded, and
the expansion amplitude tends to be significantly smaller as the preparation temperature increases.
HC-1900 showed a small change in interlayer distance compared to the other two samples, implying
that the sodium atoms were not intercalated into most of the interlayers, and there might be a
threshold for the interlayer spacing (> 3.6 A) to allow the sodium intercalation. The existence of a
threshold interlayer distance around d = 3.6 A is consistent with the results of density functional
theory (DFT) calculations by Cao et al.,’® as well as with many experimental results indicating that

hard carbons with d < 3.6 A show no interlayer expansion even after full sodiation.'*"* However,

54



since the amount of expansion of the interlayer distance from the initial state (fxa = 0%) is the
smallest in HC-1400, I cannot deny the possibility that the amount of defects determines whether
or not sodium can intercalate into interlayer. It is necessary to investigate the reason why the
interlayer distance decreases by the sodium adsorption on the graphene defects/edges, or to clarify
the relationship between the amount of defects and the possibility of intercalation.

Figure 3.16(a) shows the ex situ SAXS patterns of electrochemically sodiated hard carbon
electrodes at various depths of charge. In all samples, the deeply sodiated electrodes yielded weaker
scattering intensities from the nanopores. However, the nanopore scattering signals recovered to
their initial intensities when the electrodes were desodiated, as shown in the insets of Figure 3.16(a).
This reversible change in the scattering intensity reflects the change in the contrast between the
electron density in the nanopores and the carbon matrix, demonstrating that the nanopores act as

reversible sodium storage sites.>®
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Figure 3.16 (a) Ex situ SAXS profiles of hard carbon electrodes at various stage of sodiation. In
the inset, the SAXS patterns of the fully sodiated and desodiated electrodes are extracted. The
arrows indicate the direction of sodiation. (b) Relative scattering intensity from the nanopores and
the normalized intensity of the new broad peak at ¢ =~ 2.0-2.1 A" observed in the WAXS pattern
as a function of sodium insertion percentage. The horizontal gray line shows the scattering intensity

assuming that bulk bce sodium was plated in the nanopores of each hard carbon sample.

The variations in the scattering intensity of the nanopores were quantitatively analyzed and are
summarized in Figure 3.16(b). The ratio of the scattering intensity from the nanopores of each ex
situ sample to that of the pristine state is denoted the “relative scattering intensity from the nanopore”
(Zpore)- Ipore 1s 1 when the nanopores are empty and decreases with increasing sodium insertion. In
HC-1000 and HC-1400, insertion into the nanopores (decrease in Iporc) progresses at fya > 40—50%,
whereas, in HC-1900, it progresses throughout the sodiation process. These observed behaviors
suggest that the filling of the nanopores with Na proceeds in the low-voltage region (V' < 0.06—

0.08 V) and acts as a major mechanism of charge storage, which is consistent with previous
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reports.”® I also confirmed that the nanopore filling proceeds even below 0 V (fxa > 100%) in all
samples, suggesting that the nanopores are still not fully utilized at 0 V.

The number density of sodium atoms confined in the nanopores was analyzed using the Guinier
approximation. The estimated number densities in the nanopores at =0V (point K in Figure 3.12)
are 20, 25, and 16 atoms nm™> for HC-1000, HC-1400, and HC-1900, respectively. The highest
value of 25 atoms nm™ for HC-1400 is comparable to that of bulk body-centered cubic (bcc) sodium
(26 atoms nm™), and this packing allowed the maximum utilization of the nanopores, which had a
suitable size and accessibility.

The nanopore filling process observed by SAXS (decrease in Ipore) is accompanied by a
simultaneous emergence of another signal in the WAXS profile, as discussed above. Figure 3.16(b)
shows the nanopore scattering intensities (/pore) in the SAXS pattern and the normalized intensity of
the new peak in the WAXS pattern (Iwaxs). Iwaxs is defined as the relative intensity with respect to
the peak intensity of the interlayer correlation from the graphitic domain of the carbon matrix (g =
1.6-1.8 A™"), and, therefore, can serve as the indicator of formation of a dense Na assembly as
described below. From the simultaneous changes in these two parameters (decrease in Ipore and
increase in Iwaxs) at different observation scales obtained from SAXS and WAXS measurements, I
postulated that the origin of the new signal in the WAXS profile is the atomic correlation of sodium
in the nanopores. To validate this postulation, I performed WAXS simulations utilizing hypothetical
atomic structures derived by DFT-based molecular dynamics (DFT-MD) simulations for various

sizes of the Na assembly (Figure 3.17).
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Figure 3.17 Ex situ WAXS pattern of hard carbon electrodes sodiated just before the bulk Na
deposition (upper) and scattering patterns of sodium cluster obtained from DFT-MD

simulation.(lower)

Regardless of the diversity of sizes and structures, the scattering patterns have a characteristic
broad peak at ¢ ~ 2.1 A™!, which is assigned to the nearest neighbor Na—Na correlation (ca. 3.7 A,
Figure 3.18). Therefore, the new broad peak in the experimental WAXS profile at ¢ ~ 2.0-2.1 A™!
can be attributed to the dense Na assemblies in the nanopores. Such a short Na—Na distance is not
possible in the ionic state because of the electrostatic repulsion; however, for a pseudo-metallic case,
the Na—Na separation can be shorter. The existence of such pseudo-metallic sodium in the
nanopores is supported by operando **Na nuclear magnetic resonance (NMR) spectroscopy, X-ray
total scattering, and DFT calculations.®'-%* In addition, the pseudo-metallic state is maintained even

in an overcharged state. This is presumed from the fact that the broad peak due to Na clusters
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continue to exist even after metal deposition (points X and Y in Figure 3.12).
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Figure 3.18 Radial distribution function (RDF) (R(r)) of sodium clusters at 7'= 300 K obtained from
DFT-MD calculations. RDFs are calculated from Najo to Naso and the calculation results are arranged

in ascending order of cluster from the bottom to the top. The RDF is defined as

RGY =D > 8(Ir =y
J

i

,where r;; is distance between atom i and /, and the §(|r —7;;]) =1 when |r - rij| < 0.05.

Furthermore, galvanostatic intermittent titration technique (GITT) was carried out to investigate
the sodium storage mechanism through the evaluation of kinetic properties (Figure 3.19). The
diffusion coefficient variation is similar during sodiation and desodiation, suggesting the process of
chare and discharge almost reversible.®>” In all the samples, the diffusivity is higher at the initial
stage of the sodiation (¥ > 0.2 V) than those of the subsequent regions. High diffusivity suggests
that sodium ion adsorbs to hard carbon surface (in particular, graphene defects and edges) in this
region. #5567 After these adsorption sites are occupied, it is assumed that intercalation between the
graphene—graphene interlayer proceeds. It can be explained that the diffusion coefficient decreases
in the subsequent region because sodium ions need to overcome an energy barrier form graphite

sheets to diffuse between the layers.!'*%>%7 Subsequent changes in the diffusion coefficient can be
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described as follows. As the diffusion distance to the storage site continues lengthening, the
diffusion coefficient gradually decreases, but the diffusion coefficient is recovered by expanding
the interlayer space with sodium intercalaion.'*®>6” Thus, GITT results are in good agreement with

the reaction mechanism obtained from SAXS and WAXS.
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Figure 3.19 Change in relative diffusion coefficient of all hard carbon electrodes evaluated by GITT
(a) as function of sodium insertion percentage, (b) as function of voltage. The diffusion coefficients

were estimated by using the equation based on simplified Fick’s second law:®

4 (meM)Z (AES)Z
T mt MpgS AE,

where D is the diffusion coefficient of sodium ions, 7 is the pulse duration, m;, and Mg are mass and
molar mass of sample, Vv is molar volume of sample, and S is the active surface area of the
electrodes. AEs and AE: the potential difference and potential change obtained from the GITT
curves. Since I do not have density values (Mg/Vum [g cm™]) for each hard carbon, absolute values
of diffusion coefficients cannot be determined and comparison between samples cannot be done.

However, it is worth to conducting GITT measurements because the changes in diffusion coefficient
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within each sample can be examined. For each hard carbon, the relative diffusion coefficient at

various states of charge was calculated, where the value at the time of the highest diffusivity was

setto 1.

3.6 Sodium adsorption on graphene defects

Referring to the calculation model of Tsai ef al.,” the potential at which sodium adsorption reaction

occurs was calculated using VASP. As a simplified model of hard carbon, three types of defect

(mono-vacancy (MV), di-vacancy (DV), and Stone—Wales (SW)) were introduced into graphene

sheet. The main differences between this calculation and a previous calculation are as follows:

Previous (Tsai et al.)’
» Adsorption potential was calculated only

for some adsorption sites

» The structure was optimized by changing
only the distance between sodium and
graphene sheet (the coordinates of carbon

atoms in graphene were fixed)

»  Flat-type SW graphene was used

This work
Adsorption potential was calculated for all

adsorption sites

The structure was optimized by changing
the coordinates of all carbon and sodium

atoms (closer to the real system)

Sine-like SW graphene (the most stable

structure,®"° Figure 3.20) was used

Considering the symmetry of each graphene, adsorption sites Oi with different distances from

the introduced defects were defined as shown in Figure 3.21. The sites shown in blue are the sites

that have already been calculated by Tsai et al., and the sites shown in red are the newly calculated

sites.
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Figure 3.21 Inequivalent hollow sites O; in MV, DV and SW.

The adsorption potential of sodium at each site was calculated based on formula (3.2).

V= _(ESOdium—surf — Esurt — ESodium) (3.2)

Here, Esodium-surt 1S the total energy when sodium is adsorbed on defective graphene, Esur is the
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total energy of defective graphene, and Esodium 1S the total energy of sodium. The adsorption
potentials of sodium on defect-free graphene were calculated to be —0.25 V (vs. Na/Na"). Therefore,
the metal plating reaction of sodium occurs before the adsorption reaction.

Figure 3.22 shows the calculation result of adsorption potential. Overall, higher potential results
were obtained than in previous studies by Tsai ef al. In MV and DV graphene, it was confirmed that
adsorption reaction occurred above 0 V at all sites. O; and O, show a high potential over 0.5 V. In
MYV graphene, the adsorption potential at O;, O, and Os sites are the same. This is because the
sodium atoms arranged on O, and O3 move to O; during the process of structural relaxation. In SW
graphene, there are some sites where adsorption reaction occurs above 0 V. However, the adsorption

potential is generally lower than that of MV and DV graphene.
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Figure 3.22 The adsorption potential of (a) MV, (b) DV, and (c) SW graphene.
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It was found that defect adsorption at a high potential is most likely to occur in MV graphene
and can also occur in SW graphene by a modified calculation that is more realistic than in the

previous report.

3.7 Sample-dependent sodium storage mechanism into hard carbon

By combining the results of the analyses reported above, I reconsidered a sample-dependent sodium
storage mechanism into hard carbon, which is summarized in Figure 3.23. I believe that the overall
explanation is possible by assuming three sodium storage sites: 1) the graphene defects and edges,
2) graphene—graphene interlayers, and 3) the nanopores. To maximize the sodium storage capacity,
contributions from three mechanisms should be controlled and optimized by changing the

precursors or the heat treatment conditions.
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Figure 3.23 Schematic diagrams of the sodium storage mechanism in hard carbon. Gray areas

indicate unused capacity because of slow kinetics.

On the basis of the effect of the heat treatment temperature observed in this study, a larger
number of defects tend to remain in the graphene prepared at lower preparation temperatures,
resulting in a larger capacity with a sloping profile (Qsiope), Which is ascribed to Na adsorption at
defects (mechanism 1). The sodium intercalation capacity in the graphitic domain (mechanism 2)

is also larger at lower preparation temperatures because of the larger graphene—graphene interlayer
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distance than the threshold separation (3.6 A) or smaller number of defects for sodium intercalation.
However, sample preparation at lower temperatures increased the surface area and, thus, the number
of functional groups and defects that can cause an irreversible reaction upon the initial sodiation.
The capacity ascribed to Na filling into the nanopores (mechanism 3) does not show monotonic
variation with the heat treatment temperature but has a maximum around 7' = 1400 °C. Although
the nanopore-derived capacity may be increased by the higher temperature treatment, the practical
capacity is limited by the slow kinetics that induce polarization and limit the accessible capacity in
the low voltage region (Figure 3.24). A possible reason for the slow kinetics might be the lack of
low sodium acceptability in the carbon matrix as shown by the poor sodium intercalation ability of
the graphitic domain. Therefore, excessive graphitization should be avoided to utilize the closed

nanopores fully.
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Figure 3.24 Comparison of charge-discharge curves at a current density of 10 and 20 mA g'. The

solid line indicates the first cycle and the dotted line indicates the second cycle.
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3.8 Conclusion

I have thoroughly investigated the correlation between micro-/atomic structures and the sodium
storage properties of hard carbons prepared by various heat-treatment temperatures. The combined
ex situ SAXS/WAXS experiments have unveiled the reversible formation of pseudo-metallic
sodium in the nanopores of the hard carbon and show the dominant contribution to the large
reversible capacity of the hard carbon electrode. A characteristic scattering peak in the WAXS
pattern identified in this study can be utilized for the identification of the densely confined sodium
in nanospaces not only in hard carbon samples but also in other nanoporous materials. The author
believes the newly developed measurement method can be applied to other easily damaged

materials.
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4 Reversible and high-rate hard carbon negative electrodes in a
fluorine-free sodium-salt electrolyte

4.1 Introduction

With growing concern about the supply risk of lithium resources, sodium-ion batteries (NIBs) using
abundant and low-cost sodium resources have been actively researched for large-scale energy
storage.'™ Hard carbon is a promising anode material for practical NIBs owing to its large capacity
(>250 mAh g ') and low reaction potential (~0.1 V versus Na/Na*).*? The potential profile of hard
carbon upon sodiation is composed of a sloping region (0.1-2.5 V) and a plateau region (0-0.1 V),
and the latter constitutes more than half of the overall capacity. The large capacity of hard carbon
in the plateau region can be regarded as both advantages and disadvantages. In order to increase the
energy density of the battery, it is desirable to react at a low potential. Whereas, since the cut-off
potential is very close to the reaction potential, it is easily affected by polarization, which results in
poor rate performances. The main reason for the polarization of hard carbon is thought to be the
resistance at electrode/electrolyte interface, and the disadvantage may be solved by forming a low-
resistance SEI.

Because of the low reaction potential of hard carbon, at which most organic compounds are
reduced, selecting appropriate electrolyte components (i.e., salts, solvents, and additives) or

functional binders is essential to achieve the reversible cycling of hard carbon electrodes.>!*!*

),1316 which is formed on a negative

Regarding electrolyte design, a solid electrolyte interphase (SEI
electrode by sacrificial reductive decomposition of electrolyte components, dominates the
reversibility and kinetics of sodium insertion into hard carbon electrodes. Recent studies showed
that a stable SEI could be formed by using fluorinated electrolytes containing, for example, sodium
hexafluorophosphate ~ (NaPFy),'"'”  sodium  bis(fluorosulfonyl)amide ~(NaFSA),'*2° and
fluoroethylene carbonate (FEC).?!"> These fluorinated compounds are decomposed on the electrode

surface to produce NaF, which has low solubility in an aprotic solvent, thus being considered to

function as an essential component of the SEI to effectively suppress electrolyte decompositions.
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However, from the viewpoint of green chemistry, the use of these fluorinated compounds is
unfavorable due to their high toxicity and high environmental load. Because of this, fluorine-free
electrolytes are being studied extensively.***

From the viewpoint of cycle characteristics toward practical application, it is necessary to
develop a new electrolyte. Currently, 1 M NaPF«/EC:DEC is widely used as a standard electrolyte.
However, hard carbon electrodes exhibit a low initial coulombic efficiency in the standard
electrolyte, which results in lower capacity and energy density in full cells. Moreover, to maintain
50% capacity after 1000 cycles, degradation per cycle must be suppressed to 0.07% or less
(0.999319%0 = (0 496), but commercial electrolytes have not achieved this.

Recently, our group reported a fluorine-free electrolyte composed of sodium tetraphenylborate
(NaBPhs, Figure 4.1) and 1,2-dimethoxyethane (DME) that enables highly reversible
plating/stripping of sodium metal negative electrodes.? This electrolyte does not contain fluorine,
phosphorus, or sulfur elements, thus, there is no risk of generating a toxic gas (e.g., hydrogen
fluoride (HF), phosphoryl fluoride (POF3), phosphorus pentafluoride (PFs), or sulfur dioxide
(SO»)).?"° More importantly, this work suggests that fluorine is not indispensable in stabilizing

such low-potential negative electrodes, although the detailed mechanism of the interface

stabilization is still unclear.

e’ ©B©

Figure 4.1 Chemical structure of NaBPha.
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In this chapter, I aim to maximize the performance of hard carbon through electrode/electrolyte
interface analysis and promote the practical application of NIBs. I studied the electrochemical
reaction of hard carbon negative electrodes in a fluorine-free NaBPhs/DME electrolyte because this
system is fluorine-free and can be expected to have high efficiency and high rate performances. To
understand the mechanism of stabilizing the interface, we scrutinized the effects of both counter
anions and solvents using various salt/solvent combinations. I found highly reversible and high-rate
cycling of hard carbon negative electrodes in NaBPh4/DME electrolyte, suggesting that fluorine
species are not indispensable in stabilizing the hard carbon/electrolyte interface. The mechanism of
stabilizing the interface in this electrolyte was discussed based on the analysis of the hard carbon

electrode surface.

4.2 Experimental methods

4.2.1 Preparation of electrolytes

NaBPhs (99.5%) was purchased from Wako Pure Chemical Industries. Sodium
bis(trifluoromethanesulfonyl)amide (NaN(SO.CF3),, NaTFSA), NaPFes, ethylene carbonate
(EC):diethyl carbonate (DEC) (1:1 by volume), sulfolane (SL), DME, dimethyl carbonate (DMC),
and a conventional electrolyte of 1 mol dm ™ (M) NaPFs in EC:DEC (1:1 by volume) were provided
by Kishida Chemical and were of battery grade. High-purity NaFSA was supplied by Nippon
Shokubai. NaBPhs was dried under vacuum at 120 °C for 12 h and the other battery-grade materials
were used without any pretreatment. To prepare electrolyte solutions, Na salts were dissolved in

solvents under Ar atmosphere in a glove box (Miwa Inc., Japan).

4.2.2 Electrochemical measurements

Hard carbon (Carbotron P(J)) provided by Kureha was used as a negative electrode without any
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further purification. The hard carbon was mixed with carboxymethyl cellulose (CMC2200, Daicel)
as a binder at a weight ratio of 9:1 in deionized water. The slurry was pasted onto copper current
collector (thickness: 10 um, Fuchikawa Material) with a doctor blade and then dried at 60 °C.
Na,V307 was choosed as a positive electrode material considering the potential window of the
electrolyte and the reaction potential of the material. Na,V30O; was synthesized as reported in
previous works.?!*2 The Na, V305 electrode sheet was prepared by pasting a slurry made of Na, V30
(80 wt%) mixed with Ketjen black (10 wt%, KB, Lion Corp.) and polyvinylidene fluoride (10 wt%,
PVdF, Kureha) in N-methylpyrrolidone (NMP, Wako) onto Al foil using a 100 um doctor blade and
then dried at 60 °C. The dried electrode sheets were punched into 12 mm diameter pieces and further
dried overnight at 150 °C (for hard carbon) or 120 °C (for Na,V30y) in a vacuum. The mass loading
of the negative electrode was ca. 1.6 mg cm™2.

For battery tests, coin cells (2032-type) were assembled under Ar atmosphere in a glovebox. A
Na metal (Wako) counter electrode and glass fiber separator (GB-50, Advantec) were used. The
assembled hard carbon|Na metal and Na,V3;0;Na metal coin cells weresubjected to charge-
discharge tests at 25 °C with HJ1001SD8 (Hokuto Denko) at a current density of 20-6000 mA g,
Cutoff voltage was set at 0-2.5 V.

Linear sweep voltammetry (LSV) and cyclic voltammetry (CV) were performed by VMP-3
(BioLogic) using three-electrode cells. The working electrode was Pt or Cu, and the counter and
reference electrodes were Na metal.

The ionic conductivity was evaluated with a two-electrode glass cell employing Pt electrodes
via AC impedance spectroscopy (Solartron 147055BEC). The cell constant was evaluated in
advance with a standard 1.0 M KCI aqueous solution.

The interfacial resistance of hard carbon electrodes was studied by AC impedance spectroscopy
(Solartron 147055BEC) on a hard carbon|hard carbon symmetric cell with various electrolytes. The

hard carbon electrodes were charged in advance to 0.01 V after one cycle in half cells, then
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recovered under Ar atmosphere, and reused to assemble the symmetric cell with the same
electrolytes. AC impedance spectroscopy was performed at the open circuit voltage over a

frequency range of 1 MHz—10 mHz with an applied AC voltage of 10 mV.

4.2.3 Characterization of electrolytes and SEI

The X-ray photoelectron spectroscopy (XPS) was applied to analyze the surface of hard carbon
electrodes. A PHI 5000 VersaProbe II spectrometer (ULVAC-PHI, Inc.) with Al Ka radiation was
used. Before the XPS measurement, the hard half cells were subjected to three-cycles charge-
discharge measurement at 20 mA g~ !. Then, the hard carbon electrodes were recovered from

the cells under Ar atmosphere, washed with DMC, and dried in a vacuum. A transfer vessel was

used to transfer the electrodes into the XPS chamber without any contamination from air

4.3 Physicochemical properties

Figure 4.2 shows the ionic conductivities of NaBPhs/DME and NaPF¢«/DME. At a low
concentration of <0.4 M, the ionic conductivity of NaBPhs/DME was higher than that of
NaPF«/DME, suggesting the inherent high degree of dissociation for NaBPhy salt. With increasing
concentration to above 0.4 M, the ionic conductivity of NaBPhs/DME became lower than that of
NaPF¢/DME because of the bulky BPhs™ anion that leads to a short cation-anion mean distance,
promoting ionic association.’® The NaBPhs/DME exhibited a maximum ionic conductivity of 6.3
mS cm! at 0.5 M, which is comparable to those of 0.5 M NaPF¢/DME (8.1 mS cm™!) and 1 M
NaPF¢/EC:DEC (9.0 mS c¢cm™'). On this basis, we chose the concentration of 0.5 M for

NaBPh4/DME in the following experiments.

77



T T 1 ]
510 - .
0 T ]
E o ]
~ 5_ .
>
£ o NaBPh,/DME .
° I 7
=}

2 7 .

o]

(&)

(&)

€ 1 / NaPF/DME B

S F ]
< U N R N BRU B
00 02 04 06 08 10

Concentration / mol dm®

Figure 4.2 Concentration dependence of the ionic conductivities for NaBPhs/DME and

NaPF¢/DME at 25 °C.

4.4 Electrochemical stability

To study the cathodic and anodic stability of 0.5 M NaBPhs/DME, CV and LSV tests were
conducted on Cu and Pt electrodes, respectively (Figure 4.3). For the cathodic side, this electrolyte
enabled reversible plating/stripping of sodium metal. The seemingly low reversibility as compared
with a previous report?® was caused by the separator-less three-electrode cell configuration, in which
the plated sodium metal is not subjected to external pressure. Small reduction current was observed
below 0.8 V (vs. Na/Na") only in the first cycle, which might have resulted from the formation of
SEI or the decomposition of contaminants in the electrolyte or on the electrode. On the other hand,
the anodic limit of 0.5 M NaBPhs/DME was ca. 3.4 V (vs. Na/Na*). Although this anodic limit is
not high compared with conventional electrolytes (~ 4 V), the electrolyte also enabled the highly
reversible charge-discharge reaction of a positive electrode (Na,V307) with higher rate capability

than 1 M NaPF¢EC:DEC (1:1 by volume) (Figure 4.4).
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Figure 4.3 Electrochemical stability of 0.5 M NaBPhs/DME as evaluated by LSV (red, scan rate:

0.1 mV s ") and CV (blue, scan rate: 0.1 mV s ') using Pt and Cu electrodes, respectively.
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Figure 4.4 Charge—discharge profiles of Na,V30; electrodes at current densities of 202000 mA
g~ with (a) 0.5 M NaBPhs/DME and (b) 1 M NaPF¢/EC:DEC electrolytes. The theoretical capacity
of NayV307 is ~173 mAh g™! assuming two-electron transfers, but the practical capacity of the

electrode is about 90 mAh g ! in the voltage range of 1.5-3.5 V (vs. Na/Na").

4.5 Effect of Na salt on the cycling stability of hard carbon

First, I studied the charge-discharge cycling performance of hard carbon half cells using various Na
salts in combination with a reduction-tolerant DME solvent (Figure 4.6). The results are
summarized in Table 4.1. Notably, the 0.5 M NaBPhs/DME e¢lectrolyte exhibited the highest initial
Coulombic efficiency of 95.0% with high capacity retention of 95.6% over 100 cycles, suggesting

the minimized reductive decomposition of the electrolyte components for forming a stable SEI.
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Besides, the capacity of the plateau region close to 0 V was even larger than with 1 M
NaPF¢/EC:DEC owing to the decreased polarization, hence, the formed interface has lower
resistance. As for other salts, 0.5 M NaPF¢/DME exhibited high capacity retention of 95.7% during
100 cycles, but the average Coulombic efficiency during cycles was low (ca. 98.5%, Figure 4.6(c)),
indicating that the SEI is less stable than that with NaBPhys/DME. When 0.5 M NaFSA/DME and
0.5 M NaTFSA/DME were used, the charge-discharge reactions were unstable and less reversible,
suggesting that these electrolytes could not form a stable interface. In NaFSA/DME, reversible
sodiation/desodiation basically proceeded, but sometimes its voltage abruptly dropped during
desodiation and did not reach the upper cut-off; this behavior is characteristic of some shuttling
reactions between the electrodes arising from the unstable interfaces (Figure 4.5). In
NaTFSA/DME, the reversible capacity was rapidly decreased during initial several cycles. In the
cycled cell, the color of the Na metal and the separator was changed to yellow, suggesting extensive
electrolyte decompositions at the Na metal as well as the hard carbon. On this basis, the counter
anions of sodium salts dominate the interfacial stability of low-potential electrodes; importantly,

the presence of fluorine species is not a sufficient condition for stabilizing the interface.
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Figure 4.6 (a) Charge-discharge voltage profiles of hard carbon|Na metal half cells with various
0.5 M Na salt/DME electrolytes compared with a standard 1 M NaPF«/EC:DEC (1:1 by volume) at
a current density of 20 mA g~'. (b) Capacity retention and (d) Coulombic efficiency of the half cells

over 100 cycles.

Table 4.1 Electrochemical performance of the hard carbon electrodes with various electrolytes at a

current density of 20 mA g™

1st discharge Initial Average Coulombic Capacity
Electrolyte capacity Coulombic efficiency retention
/mAh g  efficiency / % (100 cycles) / % (100 cycles) / %
0.5 M NaBPhs/DME 260.8 95.0 99.5 95.6
0.5 M NaPF¢/DME 261.0 94.5 98.5 95.7
0.5 M NaFSA/DME 244.1 90.4 - -

0.5 M NaTFSA/DME 206.6 88.3 - 0.2
1 M NaPF¢EC:DEC 250.5 92.5 99.6 92.5
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Figure 4.7 (a) Charge-discharge profiles and (b) capacity retention of a hard carbon|Na metal half
cell with 0.5 M NaFSA/DME electrolyte over 40 cycles.

4.6 Effect of solvent on the reaction kinetics of hard carbon

Having found the high stability of NaBPhy salt, I next tested hard half cells using various electrolyte
solvents with a focus on the reaction kinetics (Figure 4.8). Notably, 0.5 M NaBPhs/DME could
retain a high reversible capacity of over 200 mAh g™' even at 6000 mA g~! owing to low polarization
(Figure 4.8(a)(b)), which is distinct from the almost zero capacity in conventional 1 M
NaPF«EC:DEC. Besides, high capacity retention of over 82 % was observed after 1500 cycles at a
current density of 1000 mA g! (Figure 4.8(c)). As for other solvents, a similar high-rate character
was also observed in 0.5 M NaBPh4/THF, whereas much poorer kinetics were observed for 0.5 M
NaBPh4s/EC:DEC and SL, suggesting that the selection of ether solvents is effective for achieving

high-rate performance.
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Figure 4.8 (a) Charge-discharge voltage profiles of hard carbon|/Na metal half cells with various
0.5 M NaBPh; electrolytes as compared with a standard 1 M NaPF«/EC:DEC (1:1 by volume) at
increasing current densities from 20 mA g! to 6000 mA g'. (b) Reversible capacities of the half
cells at various current densities. (¢) Cycling performances of the half cells at a current density of

1000 mA g .

To confirm that the high rate performance resulted from the hard carbon electrodes, we
conducted an AC impedance measurement for hard carbonlhard carbon symmetric cells with
various electrolytes. The hard carbon electrodes were charged in advance to 0.01 V in a half cell.
As shown in Figure 4.9, the symmetric cells exhibit a small Z’ intercept and two semicircles at high
and middle-to-low frequency regions. An equivalent circuit corresponding to this system is shown
in the inset. The Z’ intercept is ascribed to the sum of the solution resistance of the electrolyte (Rso1)
and the electronic resistance of the electrodes (R.). The semicircles at high and middle-to-low
frequency regions correspond to the resistance in SEI (Rser) and the charge-transfer resistance (R.:),
respectively. Notably, 0.5 M NaBPhs/DME electrolyte resulted in smaller Ry than 0.5 M

NaBPh+/EC:DEC. Hence, the observed high rate performance of the hard carbon half cell with 0.5
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M NaBPh4/DME did arise from low R, at the hard carbon/electrolyte interface. Based on the result,
the combination of NaBPhy with ether solvents such as DME is essential for forming a stable and

low-resistance interface.
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Figure 4.9 Nyquist plots of hard carbon|hard carbon symmetric cells with 0.5 M NaBPhs/DME and
0.5 M NaBPh4+/EC:DEC (1:1 by volume). The hard carbon electrodes were in the charged state at
0.01 V. The inset shows an equivalent circuit for this system. The symbols Csgr and Ca denote

capacitive elements in the SEI and the electric double layer, respectively.

4.7 Interphasial chemistry

For further insights into the stable and low-resistance interface, the interphasial chemistry on the
cycled hard carbon was investigated via XPS (Figure 4.10). On the hard carbon cycled in 1 M
NaPF«EC:DEC or 0.5 M NaTFSA/DME celectrolytes, NaF was detected as an SEI component.
Moreover, sulfides were formed as an SEI component in 0.5 M NaTFSA/DME. These results
suggest that NaPFs and NaTFSA are decomposed during the cycle to provide some SEI components.
However, considering the poor cycling performance in NaTFSA/DME electrolyte, the presence of
NaF or sulfides is not a sufficient condition for stabilizing the interface, unless they are formed

densely, for example, using concentrated electrolytes.?®** On the other hand, in NaBPhs/DME
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electrolyte, only negligible amounts of B compound, as well as F and S compounds, were detected
as SEI components. Hence, NaBPhy is not decomposed on hard carbon negative electrodes during
cycling. Instead, the Cls spectrum changed significantly compared with other electrolytes,
suggesting the contribution of DME solvent to forming the SEI, although its detailed composition
is not clear at present. This DME-derived SEI, though containing negligible amounts of F

component, can stabilize the interface in NaBPhs/DME electrolyte, thus leading to the stable cycling

of hard carbon electrodes.
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Figure 4.10 (a) Wide-scan and (b) Cls, F1s, S2p, and B1s XPS spectra of the hard carbon electrodes
after three cycles at a current density of 20 mA g ! in 1 M NaPF¢/EC:DEC, 0.5 M NaBPhs/DME,
and 0.5 M NaTFSA/DME electrolytes. The XPS spectra of hard carbon electrode without charge—

discharge cycles (“pristine”) are also shown as a reference. A small amount of fluorine-derived peak

85



may be detected in the F1s spectrum of 0.5 M NaBPhs/DME. We could not rule out the possibility

of fluorine contamination from sodium metal (purity 98%) at the counter electrode.

To obtain further knowledge about SEI, cycled electrodes were investigated via infrared
spectroscopy (IR). The results were shown in Figure 4.11. C-H stretching mode and C=0 stretching
mode were observed, indicating that SEI contains organic components. Further, it can be seen that

the composition differs depending on the electrolyte.
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Figure 4.11 IR spectra of the hard carbon electrodes after 115 cycles.

Figure 4.12 shows the XPS depth profiles of the cycled hard carbon electrodes in 1 M
NaPF«EC:DEC, 0.5 M NaBPhs/DME. In both electrolytes, the intensity of C=0 peak on the Cls
spectra and that of Nals peak increased with the etching time. In 1 M NaPF¢/EC:DEC, the peak of
F-C bond on the F1s spectra disappeared by etching, but F-Na peak was maintained at the longer
etching time. Since the pristine hard carbon electrode does not contain F (Figure 4.8(b)), it is
considered that the SEI formed in 1 M NaPF+/EC:DEC was not completely removed by etching for
90 minutes. In 0.5 M NaBPhs/DME, no Bls peak was detected even if the analysis proceeded in

the depth direction, and it was reconfirmed that NaBPhs was not decomposed during cycling. In
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Figure 4.12(b), the XPS spectrum shape changed for the first several tens of minutes, but the shape
hardly changed after that. Although the composition is thought to be constant after a certain depth,
it was different from that of pristine even after 90 minutes of etching. The composition at the deep
position had a particularly high Na content compared to pristine. There are two possibilities: (i) 90
minutes of etching is not enough to reach the surface of the hard carbon electrode, or (ii) there are
sodium atoms left in the hard carbon even after discharge (desodiated state), or (iii) SEI on the side

surface continues to be detected even after sputtering because hard carbon is spherical.
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Figure 4.12 XPS spectra of the hard carbon electrodes after three cycles at a current density of 20
mA g ! in (a) 1 M NaPF¢/EC:DEC, (b) 0.5 M NaBPhs/DME. The depth profiles were obtained via
Ar* sputtering at 1 kV for 10—90 min.

In order to analyze only SEI, the copper foil was swept for 5 cycles in the range of 0.01 to 2.5
V in two kinds of electrolytes to form SEI on the copper foil. Figure 4.13 shows the XPS depth

profiles of polarized Cu foils in 1 M NaPF¢/EC:DEC, 0.5 M NaBPhs/DME. In NaPF«/EC:DEC, O
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and Na components still remained after 6 minutes of sputtering, but almost no SEI component was
detected in NaBPhs/DME. It is suggested that the SEI formed in NaBPhs/DME is thinner or softer.
For a more detailed analysis, another analytical method such as transmission electron microscope

(TEM) observation should be employed.
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Figure 4.13 XPS spectra of reductively polarized Cu foils in (a) 1 M NaPF6/EC:DEC, (b) 0.5 M
NaBPh4/DME. The depth profiles were obtained via Ar" sputtering at 1 kV for 1—6 min.

Figure 4.14 shows the SEM images of the pristine and cycled hard carbon electrodes. Only hard
carbon particles were observed on the pristine electrode, but deposits other than hard carbon were
observed on the electrode surface 1 M NaPF¢/EC:DEC (Figure 4.14(d), (e)). The deposit is

presumed to be a decomposition product of the electrolyte. On the other hand, no such deposit was
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not observed on the electrode surface cycled in 0.5 M NaBPhs/DME. It is suggested that SEI is

uniformly formed on the hard carbon surface in NaBPhs/DME electrolyte.

Pristine electrode
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Figure 4.14 SEM images of the hard carbon electrodes. (a), (b) Pristine electrode, (c)—(e) the
electrode charge and discharged in 1 M NaPF¢EC:DEC for three cycle, and (f), (g) the electrode
cycled in 0.5 M NaBPhs/DME. The red circle mark the decomposed products of electrolyte on the

electrode surface.

Figure 4.15 shows SEM images of the hard carbon electrodes after 115 cycles. For the electrode
cycled in 1 M NaPF¢EC:DEC, almost all of the electrode surface is covered with decomposed
products. On the other hand, for the electrode cycled in 0.5 M NaBPh4+/DME, hard carbon particles
can be seen. It is suggested that excessive decomposition is suppressed by the decomposition

product being uniformly deposited on the electrode surface.
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The electrode cycled in 1 M NaPF¢/EC:DEC (after 115 cycles)
A O L Y. BD)

Figure 4.15 Surface morphology of hard carbon electrodes after 115 cycles at a current density of

20 mA g 'in (a), (b) 1 M NaPF¢/EC:DEC and (c), (d) 0.5 M NaBPhs/DME.

As shown previously,”® the DME-derived SEI, composed of carbon, oxygen, and sodium
elements, is stable and highly Na-conductive. Hence, it does not need any other component from
counter anions for stabilizing the interface. More preferably, the counter anions should be highly
tolerant of reductive decomposition possibly even at the low reaction potential (~0 V vs. Na/Na")
of hard carbon electrodes to minimize the loss of Coulombic efficiency. From this perspective,
BPhs anion has a remarkably lower electron affinity than other anions,? and is thus more tolerant
to reduction. Hence, among the several sodium salts studied, NaBPhy is the most favorable for use
in combination with DME that enables the highly stable and high-rate cycling of such low-potential

negative electrodes.

4.8 Conclusion

The highly reversible and high-rate charge-discharge cycling of hard carbon negative electrodes
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was demonstrated in a fluorine-free electrolyte of 0.5 M NaBPhs/DME electrolyte. Based on the
comparative study of various salts in DME, the NaBPhs electrolyte can stabilize the hard
carbon/electrolyte interface better than other fluorinated salts, such as NaPFs, NaFSA, and NaTFSA,
suggesting that fluorine components are not indispensable in SEI to stabilize the interface. On the
other hand, the selection of solvent is important to fully exert the potential of NaBPhy. Ether solvents
(i.e., DME and THF) enable remarkably better reaction kinetics than carbonate or sulfone,
suggesting low interfacial resistance in NaBPhs/ether electrolytes. The surface analysis of the
cycled hard carbon electrodes shows that NaBPhs is not subjected to reductive decomposition
during cycling and that the SEI is derived from ether solvent. With all things considered, the ether-
derived SEI, though containing no fluorine component, is inherently stable and has low resistivity,
thus, the combination of ether solvent with reduction-tolerant NaBPhy salt is the most effective one
to achieve highly reversible and high-rate cycling of hard carbon negative electrodes. This work
elucidated the role of salt and solvent in forming a stable SEI on hard carbon, providing a guideline

for designing an electrolyte for sodium-ion batteries.
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5 General conclusion and future perspectives

5.1 Conclusions of this thesis

This thesis focuses on hard carbon as anode material for sodium-ion batteries (NIBs) because hard
carbon is regarded as one of the most promising sodium-ion host due to its large capacity, relatively
low redox potential and good cycling stability. Looking at the practical application of NIBs, it is
essential to analyze the sodium storage mechanism of hard carbon and improve the performance as
an anode material (e.g., high capacity, high rate capability, high safety, low redox potential, high
initial coulombic efficiency).

In Chapter 2, hard carbon suitable for reaction mechanism analysis was synthesized. There were
three requirements for the hard carbon: high initial coulomb efficiency (ICE, > 90%), large capacity
(> 300 mAh g "), and large-scale synthesis. Since a relatively small surface area and a high yield
can be expected, saccharides were used as raw materials, and hydrothermal treatment followed by
carbonization treatment at a high temperature was used as a synthesis method. The author
discovered that the number of nanopores in hard carbon can be dramatically increased by
synthesizing from a mixture of two types of monosaccharides at an appropriate ratio. By optimizing
the raw material and synthesis conditions, high ICE (95.2%) and large reversible capacity (348 mAh
g ") were achieved.

Subsequently, to investigate the correlation between microstructures and the sodium storage
properties of hard carbon, a series of nanostructured hard carbon samples were synthesized using
the method presented in Chapter 2 and were analyzed by combined ex situ SAXS/WAXS
experiments. An ex sifu analytical method that maintains a highly inert atmosphere during
measurement was developed and applied. As a result, the author revealed the following three things:
the threshold distance between layers allowing sodium insertion (3.6 A), the high density of sodium
atoms stored in the nanopores (comparable to bce sodium metal), and a reason for reducing the

plateau capacity by heat treatment at too high temperature. Importantly, for the first time, I have
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succeeded in detecting a broad peak in the WAXS pattern as a signature of sodium insertion into
the nanopores, and its origin was analyzed to be the atomic correlation of sodium in the nanopores
using DFT-MD simulations.

To improve a poor rate performance of hard carbon, an electrolyte that elicits the performance
of hard carbon was investigated in Chapter 4. The authors discovered that 0.5 M NaBPhs/DME
electrolyte enables high initial coulombic efficiency, highly stable charging and discharging, and
outstanding rate capability of hard carbon electrodes without any special additives or binders. As a
result of analyzing the electrode surface after cycling, it was found that NaBPhs was not
decomposed during the cycling, and that solid electrolyte interphase was composed only of
components derived from DME. It is considered that the reduction stability of salt and solvent is

the key to the stable operation of anode materials.

5.2 Future directions

In the present thesis, the authors developed an ex situ analysis method that enabled detailed analysis
of highly reactive materials, and applied it to hard carbon with various structures. As a result, the
correlation between microstructures and the sodium storage properties is comprehensively
understood. In addition, it was demonstrated that hard carbon can be operated stably even with a
fluorine-free electrolyte, and a new design guideline for the electrolyte was obtained. Therefore, the

author will describe future research directions in the following sections.

5.2.1 Application of the developed analytical method to other materials

The author believes this method can be applied to other easily damaged materials. In fact, this
method has already been applied to reaction mechanism analysis of a material called MXene
(Nb,CTy, Ty is the functional termination group) in our laboratory. In ex situ measurement of

sodiated MXene, which is easily damaged by moisture in air, high-quality data with good S/N ratio
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without damage was obtained. Furthermore, the characteristic scattering peak in the WAXS pattern
identified in this study can be utilized for the identification of the densely confined sodium in

nanospaces, not only in hard carbon samples but also in other nanoporous materials.

5.2.2 Optimal structure of hard carbon and its synthesis method

The optimal structure of hard carbon should have the following:
(i) Many defects
(ii) Many nanopores with a diameter of about 20 A (large porosity)
(iii) An average interlayer distance larger than 3.6 A
(iv) A small active surface (where electrolyte can contact or penetrate and SEI can be formed) area
and few functional groups on surface

Defects, interlayer distance, nanopore size, surface area, and functional groups can all be
changed by heat treatment, so it is difficult to obtain an optimal structure only by heat treatment.
Furthermore, (i) and (iii) are related to each other, and it is considered that a wide interlayer is
formed due to the presence of a defect. Therefore, it is not easy to form an ideal microstructure.
One solution is carbonizing plants to use their original microstructure. When waste (e.g., banana
peels, rice husks, nut shells) is used as raw materials, it would also solve environmental problems.
However, as Edison tried 1200 kinds of bamboo as the bulb filament and found that the best one
was Japanese bamboo, this strategy is powerful but has the drawbacks of requiring a huge number
of trials and poor reproducibility. Another solution is to chemically create the microstructure. For
example, it has been reported that (i) can be realized by chemical oxidation and subsequent chemical
reduction, and (iv) can be realized by performing reduction treatment with hydrogen. (ii) can be
accomplished by making nanopores using metal nanoparticles as a template, or by using mixed
sugar as a raw material as in this thesis. In a normal electrode material, the void does not contribute

to the capacity, so that a large porosity causes a reduction in the capacity per volume. However, in
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the case of hard carbon, sodium can be stored in the nanopore at almost the same density as metallic
sodium, so that even if the porosity is large, the energy density does not decrease. Combining these
methods to create an optimal structure followed by tuning by heat treatment is considered the best
synthesis method.

This is the first report that the performance of hard carbon can be improved by mixing multiple
types of sugars. Since there are many types of saccharide other than the three types used in this
thesis, the number of potentials is enormous, and there is a possibility that higher-performance hard

carbon can be synthesized.

5.2.3 New electrolyte design

Evidence that a hard carbon can be stably operated even with a fluorine-free electrolyte by
appropriately combining a salt and solvent having a high reduction stability was obtained. Moreover,
ether solvents are known to have high reduction tolerance and to form thin and stable SEI on the
negative electrode surface. Therefore, a new functional fluorine-free electrolyte can be developed
by combining a salt such as sodium tetrafluoroborate (NaBF4), which is expected to have high
reduction stability, with an ether solvent such as DME, diglyme, triglyme or THF. These super-
concentrated electrolytes and systems obtained by diluting them with another solvent are also

targets for research.
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Appendix A: The procedure of deconvolution analyses and background
subtraction

Figures Ala—c show the raw data of Figures 3.13a—c that backgrounds are not subtracted. Since the

peak intensity of hard carbon is weak, the raw data contains a lot of scattering derived from capillary

(Figure Ald). Detail procedures of background subtraction and deconvolution analyses are

described below.

1. The WAXS pattern of an empty capillary was measured as a background (Figure A1d).

2. The sample filling rate was calculated from the X-ray transmittance of the capillary of each
sample.

3. Based on the filling rate, a coefficient k£ (0 < k < 1) to be multiplied with the background data
was calculated.

4. As can be seen from Figure Ala—d, the broad peak of the capillary overlaps with the peak of
the interlayer correlation of hard carbon. Since the degree of subtracting the background greatly
affects the shape and position of the peak, three levels of background subtraction were
performed using coefficients (k — 0.03, k, k£ + 0.03). The main cause of error bars in Figures.
3.13d and 3.16b was that fitting was performed using three background levels.

5. The background subtracted data was normalized based on the intensity of the (100) and (101)
diffraction peaks.

6. Fitting was performed on the normalized data using 1-3 pseudo-Voigt functions and 1 linear
model by Imfit. The examples of fitting results are shown in the Figures Alef.

7. Based on the fitting result, the integrated intensity of each peak was computed to calculate

Iwaxs. The interlayer distance was also calculated based on the fitting result.
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Figure Al (a)—(c) Raw WAXS patterns of HC-1000, HC-1400 and HC-1900. (b) WAXS pattern of
borosilicate glass capillary (background). (b)(c) The fitting results of HC-1400 electrodes (point

K&N).
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Appendix B: Li adsorption potential on graphene defects
Similar to section 3.6, the adsorption potential on the graphene defects was calculated for Li.
The adsorption potential of lithium at each site was calculated based on following formula:
V = —(ELithium-surf — Esurf = ELithium)

Here, Etimium-surt 1S the total energy when lithium is adsorbed on defective graphene, Esyr is the total
energy of defective graphene, and Evimium 1S the total energy of lithium. As is the case with sodium,
the adsorption potentials of lithium on defect-free graphene were calculated to be —0.25 V (vs.
Li/Li").

Figure B1 shows the calculation result of adsorption potential. Lithium showed almost the same
result as sodium. In MV graphene the adsorption potential at O; and O, are the same because the
lithium atom arranged on O, move to O; during structural relaxation. The results indicates that

defects in graphene cause adsorption reactions to high potentials in LIBs.
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Figure B1 The adsorption potential of (a), (d) MV, (b), (e) DV, (c), (f) SW graphene. (a)—(c) and

(d)—(f) are the results of Na adsorption and Li adsorption, respectively. (a)—(c) reprints Figure

3.22(a)—(c).
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