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Abstract
Effects of the Space Characteristics of the Anode
Materials on the High Performance of Lithium Ion

Batteries under Fast Charging Conditions

Hang In Cho
Department of Materials Science and Engineering
The Graduate School

Seoul National University

Developing high-performance energy-storage systems has been considered key to efficiently
store and manage energy to replace fossil fuels due to severe global environmental issues,
such as air pollution, climate change and resource depletion. Among the various energy
storage systems, an electrochemical energy storage represented by a lithium ion secondary
battery is the most widely researched field due to its diverse applications. However, at the
crossroads from small electronic devices such as smartphones to enormous electric-storage
stations and electrical vehicles, fast charging, which supplies a higher capacity in a shorter
time, is one of the most significant issues to solve. Especially in fast charging conditions, the

electrochemical performance degrades more at the anode due to the various kinetic limits of



electrochemical species in the active material. Graphite, which has been widely used as anode
material so far, has the disadvantages of a poor rate capability and cycle stability under fast
charging conditions due to a slow solid-state diffusion, high tortuosity, and various side
effects by a low redox potential. Therefore, there have been numerous efforts to develop an
anode material for maintaining high electrochemical performance under fast charging

conditions.

Part I provides a general review of energy storage materials and previous strategies on
achieving high electrochemical performance under fast charging conditions. Current issues
to solve were derived from state-of-the-art works and re-interpreted in terms of the
electrochemical reaction between the electrochemical species and the anode material under
fast charging conditions. Carbon nanofibers (CNFs) were introduced as an efficient 1D
anode material to resolve the kinetic limits, and the ideal morphology of the CNFs to
enhance the transport characteristics of the electrochemical species was proposed from the
viewpoint of introducing various “spaces” within the anode material. By revisiting the

fundamentals and necessities, the aim and scope of this study were derived.

Part II presents theoretical developments to rationally design fast-electrochemical species
transportable CNFs. The dynamic size of the electrochemical species, especially solvated
Li-ions under the fast charging condition, was calculated. Furthermore, the size and
accessibility of the space where solvated Li-ions transport through are discussed in an effort
to enhance the transport characteristics, finding the correlation between the state of the
electrochemical species under fast charging conditions and the space characteristics of the

active material.

Part I1I focuses on the rational design and synthesis of CNFs according to the theories presented



in Part II and verifies the theory by deriving the correlation between the space characteristics,
the transport characteristics, and the electrochemical performance. Chapter 3 introduces
immiscible polymer blend electrospinning to develop a fast electrochemical species
transportable space such as ion channels and pores within CNFs. Phase separation behaviors
are predicted with the ternary phase diagram based on the Flory-Huggins interaction parameter,
and the space characteristics for fast solvated Li-ion transport is designed by interpreting the
corresponding phase morphologies. A facile phase separation method to make solvated Li-ion
transport channels with an immiscible polymer blend electrospinning system was investigated,
and furthermore, the correlation between the space characteristics and the solvated Li-ion
transport characteristics was derived to provide guidelines for designing anode materials
suitable for fast charging.

In Chapter 4, N-doped hierarchical porous carbon with uniaxially packed carbon nanotubes
(CNTs) was prepared, expanding the effect of the space characteristics from fast solvated Li-
ion transport to rapid electron transport and subsequent maximized electrochemical reaction.
The space characteristics of the anode material is hierarchically modified from developing a
core-shell transport channel to a KOH activated lithiophilic surface finding the correlations
with the electrochemical performance under fast charging condition. In addition, the effect of
the CNTs was investigated from a new perspective on modifying the space characteristics of
the anode materials and improving electrical conductivity.

Part IV suggests perspectives on fast charging anode materials and future energy storage
devices as concluding remarks.

In summary, this study presented anode material design guidelines for the fast charging
condition through theoretical studies and correlations between variables related to the

electrochemical performance. CNFs, which guarantee fast ion and electron transport, were



successfully prepared, and the correlation between the actual space characteristics and the
transport characteristics, and the effect on electrochemical performance were verified. The
material design guidelines presented in this study have great academic and practical
significance in researching next-generation energy storage materials that can overcome the gap
between theoretical and practical energy storage performance under fast charging conditions

and improve electrochemical performance.

Keywords: Energy storage materials, Electrochemistry, Batteries, Electrospinning,

Phase separation, Carbon nanofiber

Student Number: 2015-20864
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Part I. General Introduction



Chapter 1. Introduction

1.1 General introduction to electrochemical energy storage

1.1.1 Overview of electrochemical energy storage

Developing high-performance energy-storage systems has been considered as an important
issue to efficiently store and manage energy to replace fossil fuels due to severe global
environment issues, such as air pollution, climate change and resource depletion (Fig. 1.1).
Among various energy storage systems, an electrochemical energy storage represented by
lithium ion secondary battery is most widely researched field due to its diverse application.
Electrochemical energy storage is an efficient method to store electrical energy by converting
it into a chemical form, since both electrical and chemical energy utilize the electron as the
same carrier. Therefore, research into the electrochemical energy storage has dramatically

expanded during the past decades.



Figure 1.1 Global issues including global warming, air pollution and environmental pollution

]
- B



1.1.2 Demand of fast charging anode materials for next-generation batteries
Rechargeable batteries have been widely used in mobile devices and changed the technology
landscape. At the crossroads from small electronic devices such as smartphones to enormous
electric-storage stations and electrical vehicles (Fig. 2.2), the next-generation battery materials
require both high energy density and power density. Therefore, it is urgently needed to develop
high performance energy storage material which satisfy the requirement of next targeted
applications such as grid energy storage and electrical transportation fields (EV, HEV).
Furthermore, considering the energy density of next-generation batteries, fast charging, which
supplies a higher capacity in a shorter time, is one of the most significant issues to replace the

existing energy storage systems efficiently.
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Figure 1.2 Next target of electrochemical energy storage systems and applications [1]



1.2 Performance parameters in electrochemical energy storage
1.2.1 Capacity
The capacity (Q) is total charge stored in an active material, which can be calculated by the

total amount of charge per unit mass of the electrode material theoretically.

Q= [mAhg']

3.6M

(n is the number of charges, F is the Faraday constant)

1.2.2 Energy density

The energy density (ED) is the amount of energy stored in an active material per unit volume
or mass. The energy stored in an electrochemical system can be calculated by the product of
capacity and voltage. Since the voltage (V) is changed by the degree of charge/discharge state,

the energy density is determined by the area of voltage profile according to capacity.

For volumetric energy density (Wh L)

JVdq
ED =
Vol
For gravimetric energy density (Wh kg™)
vd
pp = 1V
M



1.2.3 Power density
The power density of electrochemical energy storage system refers to “how fast energy can
be stored per unit time”. The power density (PD) is a product of operating current and voltage

divided by volume or mass.

For volumetric power density (W L)

D = Vi
~ Vol.
For gravimetric power density (W kg™!)
PD = VI
M

Power density is closely related to the kinetics of the electrochemical energy storage since it is
the energy transfer rate. Therefore, it is crucial to design the active materials to maintain high
energy density at high operating currents, under the fundamental understanding of the fast

charging/discharging conditions.



1.3 Rational design of anode active material for fast charging conditions

Because there are increasing demands for high-power driven applications such as electrical
vehicles (EVs) and energy storage systems, there have been tremendous efforts to achieve an
efficient energy storage ability with both a high specific capacity and rate capability in lithium-
ion battery materials (Fig. 1.3) [2-5]. Among the various requirements for next-generation
batteries, fast-charging without capacity decay and stable cycle stability are two of the most
important issues to solve [6]. The U.S Department of Energy (DOE) requires a fast charging
condition, providing a 10~15 minute (4~6 C) charging time with 180 Wh kg™ for achieving a
full charge state and 80% cycle stability at 500 cycles in EVs [6-8]. Under the fast charging
condition with a high current density, anode areal capacity decay is much higher than that of
the cathode due to various kinetic issues (Fig. 1.4) [9]; therefore, it is more important to

overcome the electrochemical performance degradation of the anode material.



Electrical Vehicle (EV)

Energy, Power cost ($/kWh)

+ $100/kWh ($80/kWh, ultimately)
Range of EV (km)

* 480 km (300 miles)

Charge rate (fully charged)
* 80%, 15 min or less (3C)

Next Generation Battery

The U.S. Department of Energy goal

» > 180 Wh/kg specific energy
* 10-min charge time

» < 20% capacity fade over 500 cycles

Figure 1.3 DOE target of next generation batteries
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However, graphite, which has been dominantly used as an anode material, shows a poor rate
capability and cycle stability under fast charging conditions due to its slow solid-state diffusion,
high tortuosity, and various side effects by its low redox potential [11]. Therefore, there have
been numerous efforts to develop anode material for maintaining high electrochemical
performance under the fast charging conditions. For example, other carbonaceous materials
such as graphene composite materials, carbon nanotubes (CNTs) composite, carbon nanofiber
(CNF) were anticipated to replace graphite for a fast charging anode material. Among various
carbonaceous anode material, 1-dimensional (1D) carbonaceous material has both fast ion
(referred as diffusion coefficient) and electron (referred as charge transfer resistance) transport
due to its dimensional advantages such as high aspect ratio, high surface area, open structure
for fast electron transport, shortened ion transport pathway (State-of-the-art is summarized in

Fig. 1.5).

11
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1.3.1 State-of-the-art of porous carbon nanofibers based anode materials for
electrochemical energy storage

Among I-dimensional (1D) carbonaceous materials, porous carbon nanofibers (PCNFs),
which have been modified with various types of spaces (pores, channels, and voids) on CNFs,
have many advantages such as a fast electron conductive 3D network, fast Li* ion-transport
channel [12, 13], high surface area of space with facile electrolyte penetration and low
tortuosity [14, 15] making it a good candidate for a fast charging anode material (Fig. 1.6).

These 1D PNCF can be prepared by a variety of methods with various morphology and space

types.
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Figure 1.6 Comparison between non-porous CNF and porous CNF
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1.3.1.1 Microporous carbon nanofibers

One of the most common methods to prepare porous carbon nanofibers is the activation
method, which involves either a physical or chemical activation method. After activation, the
nanofibers have abundant micropores and a large surface area, which is favorable for Li-ion
storage (Fig. 1.7). The physical activation method generally uses oxidizing gases such as CO>
and air to react with carbon, compared with chemicals such as Zncl, and KOH for the chemical
activation method. The as-obtained activated porous carbon nanofibers are stimulated to have
surface oxygen functional groups and a high specific surface area up to 1~2000 m?g’
depending on the activation method and temperature [16-18]. This is apparently helpful for
maximizing the capacitive storage behavior due to the enlarged number of redox sites at the
normal charging condition. However, pores derived from the activation process are mainly
confined to micro-size ones, which are too small for fast electrolyte penetration. Furthermore,
those micropores are located mainly on the surface of nanofibers; subsequently, it is hard to
utilize the inner part of the CNFs. The lack of various sizes of pores could lead to a severe
degradation in electrochemical performance under the fast charging condition, which requires

fast electrolyte penetration and rapid utilization of the whole part of the active material [19].
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1.3.1.2 Mesoporous carbon nanofibers

The requirements of a fast electrolyte penetration space, ion transport channel, and additional
space to embody other nanomaterials for enhancing the electrochemical performance have
brought about the necessity to adopt a larger size of pore (Fig. 1.8) [20, 21]. Especially,
relatively large mesopores on CNFs are anticipated to have both the advantages of a fast 1D
electron transport path and a short Li-ion transport path due to the adoption of an electrolyte
containing porous space. Various morphologies exist such as mesoporous hollow carbon
nanofibers [22] (Fig. 1.9) and template-based mesoporous carbon nanofibers [23, 24]. As the
size of the pore (space) present in the carbon nanofibers increases, the space can infiltrate more
electrolyte into the inner part of the active material, enhancing the interfacial area between the
electrolyte and the active material. Subsequently, Li-ion transport can become low-tortuous

and be shortened, which is beneficial for an effective ion conduction and redox reaction.
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To examine the size effect of the pore on the electrochemical performance, I derived the
parameter ‘critical pore diameter;’ it is the specific pore diameter of a sample with the highest
rate capability and ‘current density,” which is the current density before the rate capability
decreases below 40% from previous PCNF based researches (Fig. 1.10). In the normal charging
condition under approximately 1000 mA/g, small micropores could act as critical pores to
enhance the performance. However, under the fast charging condition, studies that have showed
superior rate capabilities suggested that pores whose sizes were larger than 10 nm are the
critical pore, which is larger than the existing standard for the mesopore size. Furthermore, not
only the size of the pore, but also other morphological characteristics of the pore, which will
be introduced as the space characteristics in this study, also affect the electrochemical

performance of the PCNFs.
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1.3.2 Performance gap between normal and fast charging conditions

However, despite the high performance in normal charging conditions, these materials still
did not maintain a high performance even under a fast charging condition. In fast charging
conditions, morphological characteristics such as various spaces adopted to modify the CNFs
cannot act as the intended role as in normal conditions [25]. This difference in the charging
rate should be considered because electrochemical species can transport differently in the space
of the PCNFs according to the charging conditions. Therefore, the rational design of a fast-
charging PCNF anode material requires a fundamental comprehension of the effect of the space
characteristics on the transport characteristics of electrochemical species (ion, electron) and

electrochemical performance.
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1.4 Aim and scope of this research

In this study, I revisited the fundamentals of the transport characteristics of electrochemical
species under fast charging conditions in terms of the correlation with the space characteristics
of anode materials. Part II presents the kinetic limits that occur by the transport of
electrochemical species under fast charging conditions as the overpotential in a battery system.
Fundamental studies devised a method to improve the transport characteristics of the
electrochemical species by modifying the space characteristics, and ultimately lowering the
overpotential of the system to maintain a superior electrochemical performance even under fast
charging conditions. The ideal morphology for a fast charging anode material was suggested
to be 1D carbon nanofibers, and a subsequent electrospinning method to design CNFs with an
ion-transportable space was investigated with interpretation of the phase separation behavior.
As a result, a guideline was derived for a fast electrochemical species transportable anode
material for various electrochemical energy storage devices. Part III focuses on the rational
design and synthesis of CNF based anode materials according to the guidelines presented in
Part II. The importance of controlling solvated Li-ion transport in the space within the CNFs
was presented to reduce the overpotential during the fast charging, and a facile phase separation
method to form fast ion transport channels with an immiscible polymer blend electrospinning
system was investigated through the interpretation of the ternary phase diagram. Furthermore,
N-doped hierarchical porous carbon with uniaxially packed carbon nanotubes (CNTs) was
prepared. Core-shell structure and aligned CNTs enabled the ideal morphology of the CNT-
CNF composite anode material, which provided not only a fast electrochemical species
transportable space but also enhanced the Li-ion storage behavior on the lithiophilic surface.
Effects of the hierarchical space characteristics of the CNFs on both the transport

characteristics of the electrochemical species and the subsequent electrochemical performance
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were investigated. Finally, Part IV provides perspectives on fast charging anode materials and

future energy storage devices as concluding remarks
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Part II. Theoretical Study:
Electrochemical Species Transport in Active

Material under Fast Charging Condition
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Chapter 2 Correlation between Electrochemical

Species and Space Characteristics of Anode Material

2.0 Major symbols

fs_ : Cathode potential

fS_ : Anode potential

F : Faraday constant

V : Voltage of battery cell

Voc : open circuit potential

Ap° : Cathode overpotential
Ap?® : Anode overpotential
A4y : Solid-state overpotential
Apg; : Charge transfer overpotential
Az, : Electrolyte overpotential
ui+ - Half-cell potential

u2i+ : Standard half-cell potential

R : Gas constant
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T : Absolute temperature

Jappiiea : Applied current density
Juim : Limit current density

A : Specific surface area

ELEiﬁ: Diffusion coefficient

EL
CLito

: Li" concentration

t,;+ : Li' transference number

Lg; : Electrode thickness

I : interfacial current density

Jo :exchange current density

E, :activation energy

a : charge-transfer coefficient

pp+(x = L) : Overpotential at surface
p.+(x = 0) : Overpotential at center of active material
a,;+ : Li" activity

c,i+ : Total Li" concentration

Acpj+ = cpr(x=L)— ¢c;+(x=0)

c.i+(x = L) :Li" Concentration at surface
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c.i+(x = 0) : Li" Concentration center of active material

_ Odln(a;;+)
0 In(cp;+)
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2.1 Fundamental study of electrochemical kinetic limits under fast charging conditions

Fast-charging in a Li-ion battery system means more charge per time; accordingly, higher
ionic and electronic transports are both required to make a fast redox reaction [1]. Because
carbonaceous materials have an intrinsic high electrical conductivity, enhancing ion-transport
has been considered as the main issue for a high rate performance [2-4]. In a normal charging
process, Li" is extracted from the cathode and migrates to the anode solvated with the
electrolyte and then approaches the active material and meets electrons for a redox reaction [5].
However, in a fast charging condition, if Li-ions cannot be transported to the active material
fast enough to meet the fast-supplied electrons, the Li" concentration on the active
material/electrolyte interface decreases approximately to zero [6, 7]. This phenomenon causes
a concentration gradient along the active material (Fig. 2.1) and results in low utilization of the
active material, low capacity retention, and subsequently a need for more voltage to obtain the
theoretical capacity, which occurs as an overpotential in a fast-charging battery system (Fig.

2.2).
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Figure 2.1 Design of the porous structure in the active material for ultrahigh performance. a)
Illustration of the active material in a Li-ion battery consisting of a microsphere structure, Li-
ion, and an electrolyte. Scale bar: 500 nm. b) Li-ion concentration and the ¢ phase fraction of
a simple spherical structure and a porous structure in the active material. c) design of a

porous active material with respect to porosity and the distribution of pores [8].
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f i, electrolyte cathode

Figure 2.2 Schematic representation of the electrochemical potential profiles

during charging (solid lines) and in equilibrium (dashed lines) [9].
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Considering the difference between normal charge and fast charge conditions, kinetic models
show the overpotential is affected mainly by the transport characteristics of the electrochemical
species [10]. Especially, Li" ion transport mainly determines the overpotential since electrons

are relatively faster and readily available.

1, ~
V=g (B — L) = Voc + 49 + 49 (2.1)

0% = Apgy +A@er + Mg, (2.2)

The entire Li-ion transport mechanism within the anode material occurs in the following order:
1) solvated Li-ion transport to the active material/electrolyte interface, 2) solvated Li-ion
desolvated at the interface with the charge transfer reaction and 3) diffusion through the solid-
state in the active material [11, 12]. The concentration gradient caused by each step’s transport
limits in anode and subsequent overpotential is expressed in equation (2.2) and divided into
transport steps as (2) overpotential needed to drive solvated Li-ion transport in an electrolyte-
containing active material space (A@g,), (3) overpotential to drive charge transfer between
electrolyte/electrode (Ag@gr) and (4) the overpotential to drive the solid-state diffusion in

active material (A@y,,) by Weiss et al. [10].
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0 RT 0 (1 1 T FD[jvcpiv o
Ag ——u-+—u-+———n( — - )~ —Lie LiT0
EL Li Li F J1imAg
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JumAp UM T AT i p (2.3)

1 . F (1-a)F . ./ Eq
Aper ~I— , I=joAlexp (=-A@cr) — exp (———A@cr)] » jo =joexp(—=2) (2.4)
4jo RT RT RT

1 RT (0In(a;; RT Acy;
Apgy = =7l (x = L) —p+(x = 0)] = ( ( L+))A1n(Cu+) =—W— (2.5)

~ F \9In(c+) CLi+

Considering eq. 2.5, overpotential in active material is proportional to the concentration
gradient along the length of material (L). Therefore, in many previous battery studies, nano-
sizing of active materials to shorten the diffusion length, overcoming sluggish solid-state
diffusion and fully utilize the active material (eq.2.7, [13]) was a common approach to achieve

a high specific capacity under fast charging conditions [14, 15].

Agl . = 1[ =1L = 0] _ RT (d1In(a;;+) Aln( )_RTWAcLi+
Pam = 7 it x=1L)—p,+(x= = F \aIn(c,) nicp+) = F Lot
Acpi+ = Cpi*(x=1) ~ CLi*(x=0) (2.6)
Condition to fully utilize active material: L < \/tcnargeDLi (2.7)

However, in the case of the anode material, nano-sizing is also accompanied by a large specific
surface area (SSA) which leads to severe side reactions such as a large amount of SEI layer
formation (Fig. 2.3) [16-18]. The SEI layer is an electrochemically inactive component
(decrease A in eq. 2.8 and 2.9), which has a low electrical conductivity, and induces an

additional overpotential due to a deteriorated charge transfer reaction [19].

38



_RT
- ZFAjO

Rer (2.8)

1
Apcr ~ IA_jo (2.9)

For these reasons, simple nano-sizing has drawbacks to increase the overpotential in the other

term, especially in an anode system under fast charging conditions.
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Figure 2.3 Nano-sizing of active material to fully utilize and subsequent side effects [18, 20]
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Therefore, controlling transport characteristics of solvated Li-ion, rather than slow solid state
diffusion, could be a good strategy to reduce the overpotential, especially for an anode material
under fast charging conditions (eq. 2.3). At the surface of the active material or in electrolyte-
containing space such as pore, solvated Li-ions in the electrolyte approach, and ions
continuously react with the supplied electrons and consumed by the active materials. As
mentioned above, the Li-ion concentration might decrease if solvated Li-ions are not
transported and replenished from the bulk electrolyte to the surface as fast as the electrons that
are provided under the fast charging condition [10]. This kinetic unbalance between the redox
reaction rate and transport of solvated Li-ions to the active material causes a concentration
polarization and subsequent overpotential [7, 11]. When this concentration polarization occurs
on the active material/electrolyte interface where electrons and ions meet [21], the current
density is unevenly distributed [6, 22, 23] and affects to interfacial current (/) which

subsequently affect to exchange current density (jp) [10, 11].
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1= joA [exp (5 Ager) — exp (-5 Aper )| (210)

jo =jg exp (—2) @.11)

Here, j; is a prefactor that is dependent on the concentrations of Li ions, vacancies, and
electrons in the active material and the electrolyte. Consequently, slow transport of solvated
Li-ion could induce concentration polarization and subsequent overpotential, which has a
significant impact on the anode system under fast charging conditions, so the factors that affect
the transport of Li-ion with electrolyte should be more clarified. In Fick’s law with

modification by a term that accounts for the consumption of Li-ion flux is as follows.

_ NEL Oh I
At = pEL Sy (] gy0) 2.13)

When concentration of fully depleted due to slow transport of solvated Li-ion, limiting current

(jiim) 1s occurred (eq. 2.14).

EL EL
FDpi+Cit o

(A=t ;+)LELB

(2.14)

Jiim =
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As seen in eq. 2.15, the limiting current (jim) and diffusion-limited current density (DLC) are
the current and current density at which an overpotential begins to occur and this diffusion-
limited current density should be high for reducing overpotential and maintaining

electrochemical performance under fast charging condition [7] (Fig. 2.4).

FEEL CEL

Diffusion-limited Current density (DLC) = -2im_ = L Lito (2.15)
Qareal (1_tLi+)LELﬁQareal
»EL _EL
FD}vcit o

RT I T , ,
AQg, = Py — P+ = —In (1 - ) ~1 s Japplied < Jiim =

JumAg JimAg -t ;+)LgLB
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Limiting current (jiim) is expressed as a diffusion coefficient in the electrolyte phase and f value.
In the case of active material which have some space large enough to contain electrolyte and
solvated Li-ion inside, a diffusion coefficient in electrolyte should be modified to an effective
diffusion coefficient of solvated Li-ion and it is related to the morphological characteristics of

electrolyte containing space, considering the bruggman equation.

&D

T = g~brugyg (2.17)

Consequently, it indicates that overpotential occurred by concentration polarization of solvated
Li-ion at electrolyte contacting interface can be controlled by the morphological characteristics
of the space in active material which the solvated Li-ion transport through [14, 15]. In the case
of PCNFs, this is closely related to both the morphology of the CNFs and various types of ion-
transportable spaces in the CNFs such as pores, voids, and ion channels (Fig. 2.5). Therefore,
modifying suitable space characteristics that consider the dynamic size of the ions, the
morphology, and the solvated-ion path is the key to improving solvated Li-ion transport and
reducing the overpotential by mitigating the concentration gradient in fast charging conditions

[24, 25].
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Figure 2.5 In the case of PCNFs, Li-ion transport is closely related to both the morphology

of the CNFs and various types of ion-transportable spaces in the CNFs such as pores, voids,

and ion channels
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2.2 Interaction between electrochemical species and space characteristics of anode

material

In terms of Li-ions, the entire process of lithium storage in an active material can be largely
divided into mass transfer and charge transfer, in which solvated Li-ions move toward the
active material and are reduced to Li after desolvation through the solid electrolyte interphase
(SEI) layer. Notably, in the case of carbon nanofibers (CNFs), due to the intrinsic high electrical
conductivity, it is reasonable to assume that the charge transfer variable is relatively minor.
Accordingly, the mass transfer, in which lithium ions transport to the redox sites through
various ‘spaces’ in the active material, is a more important issue for a fast (dis)charging rate.
In fast charging conditions, there is a concentration polarization when solvated Li-ions are not
transported fast enough because they are continuously consumed by the active materials. The
Li-ion concentration near the surface decreases because Li-ions are mostly at the cathode part
whereas only electrons are waiting for the Li-ions to come to the anode part [26]. Particularly,
when these polarized circumstances are not flat but consist of a space surrounded by a surface
of active material such as pores or voids, it is plausible to say that the solvated Li-ions move to
the surface of the porous active material slowly as the space becomes smaller by the Bosanquet
equation [26, 27]. Therefore, ion transport through a space within an active material is crucial
considering side reactions such as Li metal plating and capacity decay which are mainly caused
by slowly moving Li-ions accumulating on the surface of the active material [28, 29]. There
are various sorts of ‘space’ that Li ions could move through in the anode material from micro-

pores whose sizes are about 1~2 nm to voids whose sizes are up to a micrometer. (Fig. 2.6).
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Figure 2.6 Various sorts of ‘space’ that Li ions could move through in the anode material from

micro-pores whose sizes are about 1~2 nm to voids whose sizes are up to a micrometer
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Chmiola et al. reported that when the space size is larger than the solvated ions, the ion transfer
is faster, and if the size of the space is not larger than twice the size of the solvated ions, they
prefer to be adsorbed rather than passing through the pores. (Fig. 2.7). When the size of the
space is large enough to accommodate a few ions with their solvation shells across the space,
the transport is mainly governed by the space size and tortuosity regardless of the charge of the
transporting species [30-32]. This phenomenon implies that the solvated Li-ion transportable
space could be sorted according to its size. In this study, a space that could act as a pathway
where solvated Li-ions move through CNFs is named as ‘channels.” Channels imply a space in
the CNFs where a couple of solvated Li-ions move with the electrolyte before meeting

electrons, whose size is too large for the solvated Li-ions to adsorb.
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For the sake of enhancing the accessibility in each space, perceiving the characteristics of both
the solvated Li-ions and space and the interactions between them are essential. In terms of static
solvated Li-ions, there are 1% and 2™ solvation shell around Li* ion. Generally, there are three
candidates to solvate Li" ion, which are 1) cyclic carbonate such as ethylene carbonate (EC),
2) linear carbonate such as diethyl carbonate (DEC) or dimethyl carbonate (DMC), and 3) anion
such as PF6". 1% solvation shell participates in solvating a Li" ion and contributes to form
lithium-solvents complexes and 2" solvation shell serves as media for Li* ion-solvents

complexes to transport in the electrolyte (Fig. 2.8)
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Figure 2.8 A schematic image of solvated Li-ion
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Depending on which of the three candidates constitutes the solvation shell, the size of the
solvated Li-ion is determined. Especially in fast charging condition, there is a change in solvent
ion concentration due to transport of solvated Li-ion, enhancing viscosity of electrolyte (Fig.
2.9 a) and subsequently increasing dynamic size of solvated Li-ion according to stokes radius
equation (Fig. 2.9 b). Furthermore, relatively larger electrolyte such as dimethyl carbonate
(DMC: 8.7 A) is preferably located at the first solvation shell position to a greater degree
compared to the anion (PF¢: 5.8 A) making the dynamic size of the solvated Li-ions even larger
(Fig. 2.9 ¢ d) [33-37]. Because surface adsorption is likely to happen when the space is not
large enough to transfer with a bunch of electrolyte and Li-ions, it is plausible to assume the
criterion for the channel could be several or up to tens of nanometers, unlike the previously

used IUPAC classification.
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Furthermore, it should be assumed that not all channels are ‘accessible’ to let solvated Li-ions
move through them. When there are various spaces in active material with different transport
characteristics, it is expected that the more the active material has a fast ion transportable space,
the faster the overall transport characteristics of the electrochemical species in the battery

system.

Dexpected = pslostlow + pfasthast (2-18)
Vx
(,Dx N Vrotal

However, this assumption is valid only as fast molecular exchange is guaranteed between slow
and fast ion transportable space [32]. When there is another kinetic limits from slower-ion
transportable space to faster one, ions can’t transport as expected. To ensure actual fast ion
transport in the appropriate space, how easy it is to access the space is important, which is
conceptualized as the “accessibility” of space. The difference between ‘accessible’ space and
‘inaccessible’ space is whether the space is open or closed for an electrolyte to penetrate into,

or the size of the space is large enough for solvated Li-ions to be in.

)\2

Diffusion time : td = (2.19)
Desr
Dess = Do X f (2.20)
RionAké'
T= —T (221)
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Regarding to equations above, good accessibility, which can be represented as the parameter
tortuosity (T) quantitatively, affects actual transport behavior (D, s )of electrochemical species
in the space. Collectively, the more directly ion can transport (low-tortuous), the lower solvated
ion get resist in electrolyte-containing space (lower Rion value) and subsequently diffusion time
goes shorter. Therefore, the ion-transportable space should guarantee 1) fast electrolyte
penetration, 2) low-tortuous pathways for solvated Li" ion, 3) high ionic diffusivity for high

accessibility (Fig. 2.10).
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The accessibility of the space affects the utilization of the space and, in the case of an anode
system, the subsequent charge transfer reaction too. When the space is not accessible and
solvated Li-ions cannot be transported to the redox sites quickly, a concentration gradient
occurs on the active material/electrolyte interface where electrons and ions meet. The
concentration gradient induces an inhomogeneous consumption of Li-ions [21], and
subsequently, the current density is unevenly distributed [6, 22, 23] and eventually affects the
interfacial current [10, 11]. Furthermore, the unevenly distributed surface charge on the active
material affects the formation of the SEI layer and results in an irregular, continuous SEI layer
[23, 39] (Fig. 2.11). This thick SEI layer causes clogging of the electrolyte-contacting space

and limits the further transport of lithium ions.
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The importance of channel accessibility in CNFs was suggested in my previous study using
a basic graphite material [40]. To determine whether the created space is accessible, cross-
analysis of BET with SAXS was conducted, in which gas-adsorption based BET analysis could
present information on where N> gas molecules could access pores, while small-angle X-ray
scattering (SAXS) analysis is sensitive to both accessible and inaccessible (closed) pores.
Considering all samples in this study were made from the same material and the only difference
in the SSA came from the same modifying process (as graphite powder made into a slurry with
various nano-sized additives, a space was newly generated, and this space was identified to be
the solvated Li-ion pathway), it was the creation of the space within the active material that
caused the increase in the SSA. This phenomenon arises because some pores in the active
material have an opening smaller than N> molecules preventing access (sealed) or even have
no opening (closed), which are inaccessible. Therefore, the difference in tendency of the SSA
between the two methods could be a result of the existence of inaccessible pores which are
detectable only through the two phase model in SAXS. To find the correlation between the
accessibility of pores and the solvated Li-ion transport, we approximated the expected degree
of inaccessible pore (space not acting as an ion channel) generation, making the ‘inaccessible

pore increase’ parameter described by the following equation.
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Inaccessible pore increase (%)

__(SAXS SSA of Sample — SAXS SSA of G powder)*100 (BET SSA of Sample — BET SSA of G powder)*100
SAXS SSA of G powder BET SSA of G powder

The difference between the degrees of SSA increase from the powder to electrode state for both
analysis methods could suggest the creation of inaccessible pores. Consequently, it linearly
matched with both the tortuosity and coulombic efficiency (%), indicating that inaccessible
pores, which are hardly accessible to solvated Li-ions, reduced the efficiency level of the active

material (Fig. 2.12).
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Regarding these results and the fundamental studies above, a rational design of a fast-charging
CNF anode material should guarantee an accessible space where solvated Li-ions move as a
channel, considering both the dynamic size of the solvated Li-ions and the accessibility of the
space to enhance both transport of electrochemical species and subsequent charge transfer and

Li-ion storage behavior (Fig. 2.13).
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2.3 Summary

Fast-charging in a Li-ion battery system means more charge per time. In an anode system,
enhancing the transport of Li-ions is considered the main issue to solve because a slow ion
transport induces a concentration polarization and subsequent overpotential. Considering
kinetic models, enhancing the transport characteristics of solvated Li-ions could efficiently
solve kinetic limits under fast charging conditions. The transport characteristics of solvated Li-
ions can be controlled by morphological characteristics such as the ‘space’ in the active material
which the solvated Li-ions transport through. Therefore, a proper ‘space’ should be adopted in
the active material in terms of enhancing the Li-ion accessibility and even the Li-ion
concentration, considering the kinetic size of the solvated Li-ions and the accessibility of the
space. The kinetic size of the solvated Li-ions varies dependent on the fast charging condition,
which requires a new classification of space size rather than the previous IUPAC one.
Furthermore, the morphological characteristics of the space, including the tortuosity, dimension
and accessibility, affect the transport characteristics of the electrochemical species.
Consequently, the rational design of the fast-charging anode material should guarantee 1) fast
electrolyte penetration, 2) low-tortuous pathways for solvated Li* ions, and 3) high ionic
diffusivity for high accessibility to reduce the overpotential by mitigating the concentration

polarization in fast charging conditions

* Part of result and discussion of Chapter 2 was published in

Carbon 203 (2023) 152-160
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Chapter 3. Correlation between the Space

Characteristics of CNF and Li" ion Transport

3.1 Phase separation derived electrospinning for building fast electrochemical species

transportable space in carbon nanofiber

3.1.1 General introduction of electrospinning

Electrospinning has been studied as the most effective and simplest technique to fabricate
continuous nanofiber due to its capability and feasibility to generate nanofibers with well-
defines topologies at low cost [1-3]. Fig. 3.1 shows a schematic image of the setup for
electrospinning. Various type of space has been adopted on the nanofiber to modify
performance of the nanofiber such as porous [4], hollow [5], core-shell [6] from diverse
methods. Among such methods, polymer blend electrospinning has an advantage of capability
to control the morphology of space. As one polymer is removed by post-fabrication after
electrospinning and subsequently making corresponding empty space at the place where the
polymer was, the characteristics of the space in nanofiber can be designed and controlled by

phase separation behavior of the two immiscible polymers in the nanofiber [7-9]. (Fig. 3.2).
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Figure 3.12 Schematic of an electrospinning setup. The electrically-charged jet undergoes an
elongation and-whipping process, which is accompanied by the rapid evaporation of the

solvent to reduce the jet diameter [10]
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Figure 3.13 Various methods to fabricate porous carbon nanofiber

75

A& 8w



3.1.2 Phase separation behavior in immiscible polymer blend

electrospinning

In order to control and design phase-separated electrospun nanofibers, understanding the
phase separation process that arises from the electrospinning process is crucial. Phase
separation of the immiscible polymers is a complicated phenomenon which depends on
thermodynamic parameters (temperature and pressure), molecular parameters (miscibility of
two polymers, solvent and concentration) and processing parameters (electrospinning setup
parameters such as flow rate and collector distance) [11]. From a thermodynamic view, phase
separation depends on the Gibbs free energy, and the thermodynamic phase diagram provides
a useful guide for predicting the behavior of the immiscible polymer blend during

electrospinning.

AG,, = AH,, — TAS,,

_RT|palng,  @plnep
V| T T
" /Vr /Vr

AGy, + XapPaPr

(Here, V4 and Vg are the molar volume and ¢, and ¢p are the molar fractions of

A and B, respectively. V}. is the molar volume of the unit cell or the repetitive unit of the

polymer, commonly referred as the reference volume)

Fig. 3.3 is a schematic image of the phase separation behavior of a binary polymer blend system
when it is electrospun at a given temperature. Commonly, the ternary phase diagram of an

immiscible polymer blend system is divided by a binodal line into one- and two-phase regions
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[12]. Ideally, the phase diagram could be expected to be further divided by a spinodal curve
into a metastable region and an unstable phase-separated region. It is crucial to predict the
phase morphology of the blend depending on the location of the blend composition, whether it
is in the stable phase region or unstable phase region, because the morphology of nanofibers is
derived from the elongation of the corresponding phase morphology. During the
electrospinning process, solvent is rapidly evaporated, and the state of the polymer blend is
changed from a homogeneous one-phased system to two separated phases. Phase separation
occurs immediately on entering the “metastable” region bound by binodal and spinodal curves
and separates into two phases: one phase containing more of polymer 1 (defined as the Polymer

1-rich phase) and the other more of polymer 2 (defined as the Polymer 2-rich phase).
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Figure 3.14 A schematic image of the phase separation behavior of a binary polymer blend

system when it is electrospun at a given temperature
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The phase separation behavior is divided into two major categories: (1) the co-continuous
phases that are interpenetrated with each of the other phases when the system enters the
unstable phase-separated region bound by the spinodal curve and spinodal decomposition
occurs (region 2 in Fig. 3.3) and (2) nucleation & growth in which one polymer forms a
continuous phase (sea structure) and the other polymer forms a concentrated dispersed phase
(island structure), typically a “sea-island”” morphology (region 1,3 in Fig. 3.3) [13]. Among the
diverse variables that affect the phase diagram of a blend system, solubility or miscibility,
which are determined by Flory-Huggins interaction parameter (), is one of the most important
properties that enable us to interpret and predict the phase separation behavior and the

morphology of nanofibers which are elongated from the separated phase [11].
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A high y value means a strong driving force for phase separation due to a low miscibility. For
example, in the case of region 1 in Fig. 3.3, nucleation of polymer 2 takes place in the polymer
2 -rich phase with the further separation of the blend system because the solvent favors moving
to the more familiar polymer 1, forming a “sea,” and the other, polymer 2, is densified to
become the nuclei, the so-called “island” structure, decreasing the surface tension and
interfacial area with a less familiar solvent. Once the nuclei are formed, the system decomposes

with a decrease in the free energy, and the nuclei start to grow.
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The aim of this study was adopting a space that can contain the electrolyte and solvated Li-
ions and modifying that space into a fast ion-transportable channel. The space is created from
eliminating the sacrificial polymer component by the post treatment. Therefore, due to
difficulties in maintaining a stable 1D fiber structure in a co-continuous phase morphology
after eliminating one polymer, the sea-island phase morphology is more suitable for building
nanofibers for a fast-charging anode material. Therefore, predicting the phase separation
behavior by a ternary phase diagram is crucial for designing fast-ion transportable nanofibers.
In general, solvent-evaporation derived phase separation is depicted on a ternary phase
diagram as a simple vertical moving of the system composition. However, in the
electrospinning system, the actual mechanism that the polymer blend system goes through is
more complicated as follows. As the voltage supply to the electrospinning solution increases
and surpasses the critical voltage (Vc¢), the repulsion within the charged polymer overcomes
its surface tension; charged jets are ejected from the Taylor cone, and polymer solution is

elongated into nanofibers as the solvent is evaporated (Fig. 3.4).
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In the phase separation process, the Taylor cone is divided into two parts. At the surface of
the Taylor cone, the solvent is rapidly evaporated, and the actual polymer blend is phase-
separated according to the tie line. However, in the inner part of the Taylor cone, solvent
evaporation is not fast enough to separate the phase, and the inner bulk solution replenishes
the solvent to the surface of the Taylor cone. As depicted in the ternary phase diagram (Fig.
3.5), the inner bulk solution system is vertically moving downward as the solvent is
decreased to replenish the surface, and the phase on the surface is separated. Therefore, when
the phase separation occurs as a sea-island structure as we anticipate, the states of each

separated sea and island phase are predictable.
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For example, when the difference of the Flory-Huggins-interaction parameter of two
polymers and the same solvent is large between polymer 1 and polymer 2 (when solvent is a
better solvent for polymer 1 than for polymer 2), the phase diagram would be asymmetric,
highly skewed (Fig. 3.6 b) [14] and expected to have a wide metastable region near the
polymer 2 region. In this case, when the polymer 2-rich phase is separated from the polymer
blend, it might be in a metastable region unlike polymer 1 which will be in a relatively stable
one phase region. This separated metastable phase consist of primarily polymer 2 and also the
sub-inclusions of “guest” polymer 1 because the phase is actually not pure with a sole
polymer component. This appearance of a guest polymer has an additionally role in the
design of carbon nanofibers, such as smaller redox sites or extra ion channels in the
nanofibers. Therefore, interpreting the phase separation behavior especially in electrospinning
step and considering an additional secondary-micro phase separation enable designing

nanofibers with a more complicated morphology.
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Consequently, predicting the phase morphology of an immiscible polymer blend with the
Flory-Huggins parameter could be a useful method to design eletrospun nanofibers suitable
for fast-charging anode materials. It helps to determine how a polymer blend should be phase
separated for electrospinning fast ion transportable CNFs and what kind of polymer and

solvent should be used to obtain the ideal phase morphology (Fig. 3.7).
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3.2 Preparation and characterization of fast solvated Li* ion transportable space in CNF

3.2.1 Introduction

Herein, we prepared three types of CNFs with different morphologies, non-porous CNFs,
hollow-ion channel CNFs, and CNFs with multi-ion channels, to investigate the effects of the
space characteristics of the CNFs on the transport characteristics of the electrochemical species.
The CNFs made by single-nozzle electrospinning and a facile method to control the
morphology of the CNFs and to make an ion transport channel with an immiscible polymer
blend system were investigated through the interpretation of a ternary phase diagram. Through
cross-analysis of Brunauer—-Emmett—Teller (BET) and the tortuosity value calculation by
symmetric cell, the correlation between ion channels made by different phase separation
morphologies and the accessibility of each channel was verified. Consequently, the effects of
the space characteristics of each of the CNF types on the electrochemical performance such as
the rate capability and cycle stability under fast charging conditions are discussed in terms of

the transport characteristics of the electrochemical species.
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3.2.2 Results and discussion

To investigate the effects of the morphology and space characteristics of the CNFs on the
transport characteristics of solvated Li-ions and the subsequent electrochemical performance,
CNFs with different morphologies were prepared with the electrospinning method.
Additionally, a facile immiscible polymer blend electrospinning method to control the
morphology of the CNFs and make solvated Li-ion transport channels in the CNFs was studied.
In this study, the main purpose of designing the nanofibers was achieving both fast-ion
transport channels and an electron transfer path within porous carbon nanofibers after
eliminating one polymer by heat treatment. Polyacrylonitrile (PAN) and poly(methyl
methacrylate) (PMMA) were dissolved in N,N'-dimethylformamide (DMF) for an immiscible
binary-polymer blend solution. The Flory-Huggins-interaction parameter between PAN and
DMF was calculated to be 0.662 and PMMA-DMF 0.229. This value predicts that DMF will
be a better solvent for PMMA than for PAN. Because of this large difference in the Flory-
Huggins interaction parameter, the phase diagram would be highly skewed [14] and expected

to have a wide metastable region near the PAN region (corresponding to polymer 2 in Fig. 3.9).
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As the solvent is rapidly evaporated and the composition changed, the polymer solution will
cross the metastable region and separate into 2 phases, each of which constitutes the DMF and
PAN or PMMA. To compare with opposite phase morphology, Dimethyl sulfoxide (DMSO)
was also selected as a solvent whose Flory-Huggins interaction parameter with PAN is 0.365
and PMMA 0.301 which has a similar y value. Between two distinguishable kinds of phase
morphology (sea-island and co-continuous), there is a problem in that the co-continuous phase
has difficulty maintaining the continuous 1D-nanofiber structure after removing the PMMA
because it is hard to precisely locate the position of the PMMA in the nanofibers. If PMMA is
located too concentrically at a certain point of the nanofiber, its continuous 1D structure would

be disconnected after the heat-treatment (Fig. 3.10).
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Figure 3.10 Disconnected nanofiber derived from co-continuous phase morphology
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Therefore, it is more reasonable to drive the phase separation behavior to be a sea-island
structure, as both two expected nanofiber structures in Fig. 3.8a are suitable for a fast-ion and
electron transferable structure. When PMMA is the island structure and PAN the sea structure,
the obtained nanofibers after heat-treatment are expected to be hollow carbon nanofibers (HC
CNF, upper image in Fig. 3.8 a). In contrast, in the case of the PAN-island and PMMA-sea
structure, the PMMA can act as a template shell to fabricate elongated PAN islands to become
core-located nanofibers. After heat-treatment, the PMMA shell is removed, and elongated thin
PAN islands inside the PMMA shell are anticipated to be a bundle of thin carbon nanofibers
which could act as redox sites for Li* ion storage with much ion-transferable space made by
the PMMA (MC CNF, below image in Fig. 3.8 a). To elucidate the role of the ion transferable
channels in the nanofibers, non-porous CNFs (CNFs) made with only PAN and DMF solution

were also prepared.
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The development of the phase separation morphology with solvent evaporation of the
PAN/PMMA blend solution was captured using an optical microscope (OM) by spin-coating,
whose solvent evaporation process is similar with electrospinning (Fig. 3.11 a-c). The
concentration of the PAN/PMMA were 10wt% of PAN and 10wt% of PMMA in both the DMF
and DMSO solvent which has an appropriate viscosity for electrospinning. Additionally, the
concentration and ratio for both blends were set to be the same to control the amount of each
polymer forming nanofibers similarly and to see the effect of the different phase morphologies
only. Pure PAN/DMF solution showed a homogeneous 1 phase (Fig. 3.11 a) and the DMSO
polymer blend showed the sea (PAN)/ island (PMMA) phase which will be discussed with the

corresponding SEM image (Fig. 3.14 b) a little later.
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Figure 3.11 Optical micrographs of the phase’s morphology of the (a) CNF (PAN 10wt%), (b)
HC CNF (PAN 10wt%/PMMA 10wt% in DMSO) (c) MC CNF (PAN 10wt%/PMMA 10wt%
in DMF). DMF sample was taken from the opaque (metastable) part at the middle of the

solution in a vial after 15 hours when the solution was phase separated.
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Noteworthy, in the case of the DMF polymer blend (Fig. 3.11 ¢), the solution was electrospun
not right after stirring but after some time had passed for macro phase separation. Before
discussing the phase morphology shown in Fig. 3.11 c, the normal DMF polymer blend should
be discussed first. As seen in Fig. 3.12, some of the PAN island have other small phase islands
which are secondarily-separated from the PAN islands. This phenomenon is the so called
‘phase-in-phase’ separation as a result of a viscoelastic micro phase separation process due to
strong dynamic asymmetry arising from the glass transition temperature (T;) and molecular
weight differences between the component polymers [14, 15]. This phenomenon is derived
from the fact that each separated polymer phase is not “pure” one-phase, which has only one
polymer component, but has both primary polymer and sub-inclusions of the other “guest”

polymer [14].
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Figure 3.12 Optical micrographs of the phase’s morphology of PAN/PMMA/DMEF right after

stirring
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When the solvent is evaporated and the system reaches the metastable region, the phase-
separated primary polymer phase continues to expel the guest polymer. In the case of a system
whose sea structure consists of a PMMA-rich phase that is more familiar with the solvent and
island structure is composed of a PAN-rich phase that is less familiar with the solvent, there is
a small amount of guest PMMA in the PAN island. PAN solidifies earlier than PMMA
according to their solubility between DMF [16] and starts to freeze as the system reaches the
Te. In this situation, the solvent tends to move from solidifying PAN to PMMA, expelling the
guest PMMA from the PAN island, and PMMA is trapped as a small island in the frozen PAN
island. This phenomenon is expected to occur in the PAN-island and PMMA-sea case more
easily because in the opposite phase, the PMMA island would have a purer phase with less
amount of guest PAN inclusions than its counterpart when considering the solubility parameter
and phase diagram with the DMF solvent. This phase-in-phase separation of PMMA is
anticipated to form additional ion transport channels inside the carbon nanofibers after
electrospinning and heat treatment. To maximize this phenomenon which separated the PAN
island and included more guest PMMA inside, we simply modified the state of the
PAN/PMMA/DMF solution by letting it spontaneously macro phase separate according to time.
Before it is completely separated with the pure PAN and PMMA phase, three layers were
temporarily separated from the solution (Fig. 3.13). (Because a metastable and unstable
solution is thermodynamically unstable, it is spontaneously phase separated over time being
stopped to be mixed and then left still.). Interestingly, between the separated PAN and PMMA
phases, the intermediate layer of the solution is opalescent in contrast with the transparent PAN

and PMMA phase in the upper and bottom layer of the solution, respectively.
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Figure 3.13 Intermediate layer appearance in PAN/PMMA/DMF sample
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According to previous turbidity point-based phase diagram research, as incompatibility and
instability of the solution arises, the NTU value that quantitatively shows the cloudiness
increases, and the solution looks opalescent [17-19]. This phenomenon occurs only when the
Flory-Huggins interaction parameter difference between the two polymers and solvent is large
as in the case of DMF in this study. Considering 1) the opalescent color of a solution is known
for the metastable state in a binary polymer blend (Fig. 3.14) [20] and 2) the intermediate layer
is located between the upper PAN phase (low-density) and bottom PMMA (high-density) due
to its medium density, it is reasonable to say that the intermediate layer is in the metastable
region which has PAN, PMMA and DMF. Furthermore, the PMMA phase was separated early,
and there was little change in the height of the bottom layer, but the pure PAN layer was
separated upward from the intermediate layer gradually. Negi et al. reported this similar
phenomenon that among two immiscible polymers, the more compatible polymer with the
solvent is separated first, and the other one is gradually separated to one-phase, crossing the

metastable region on the ternary phase diagram as the solvent evaporates [21].

102



DMF
100 A 0 ° One-phase
AYps= 0.433 (Transparent, NTU ~10)
Asymmetric " Metastable

{Cloud, NTU ~100)

Two-phase
(NTU > 200)

Non-spinnable

\\\\\\\\\\\\\\\\\

Ay ps=0.064 o0
Symmetric

Figure 3.14 NTU-based ternary phase diagram of (a) DMF/PAN/PMMA and (b)

DMSO/PAN/PMMA

103

4 A& st



Therefore, we assumed that this intermediate level in solution might be the concentrated
metastable state whose PAN-rich phase still has PMMA inside. As we hypothesized, Fig. 3.11
c shows that the phase in the phase separation of PMMA has increased when the solution is
acquired from the intermediate layer, and this result is consistent with the TGA analysis (Fig.
3.15), in that a relative amount of PMMA slightly increased in the MC CNF sample considering
that PMMA is decomposed at 3-400 °C. In Fig. 3.16 a-b, when the island phase is frozen as the
solvent is evaporated, there is a coffee ring effect for which the height is high on both sides.
However, the phase-in-phase, which is inside of the island phase, does not show the coffee ring
effect (Fig. 3.16 c-d). Because this phenomenon is caused by the relocation of the solvent when
the primary polymer is frozen as the solvent is evaporated, the coffee ring effect is not visible

due to the remaining solvent.
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MC CNF. Each sample was prepared by spin coating with a similar solvent evaporation
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Consequently, three nanofibers were prepared with distinctly different morphologies (Fig.
3.17), corresponding with each phase morphology. The MC CNFs are a bundle of thin
nanofibers containing an empty space between each nanofiber. The HC CNFs have a hollow
space confined in the nanofibers. CNFs were electrospun with PAN only which have no ion
channels inside for comparison. Both sets of empty space in the MC CNFs and HC CNFs are
expected to act as transport channels for solvated Li-ions. However, even if both nanofibers
have empty space in each of them, the accessibility to the ion channels is expected to be
different. As seen in Fig. 3.17 d, the MC CNFs have extra space between the individual
nanofibers which is anticipated to connect the bulk electrolyte with the ion channels inside the
nanofibers. However, even though the HC CNFs have empty space inside the nanofibers, if the
nanofibers are not cut accidently, solvated-Li ions cannot easily access the inside of the
nanofibers because the HC CNFs have no additional pores to connect the ion channels with the
bulk electrolyte. This space characteristics of the HC CNFs could make the solvated Li-ions
path more tortuous, subsequently needing more time to make redox reactions or even worse,

the space might not be utilized in fast-charging conditions.
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Figure 3.17 FE SEM images of (a, d) MC CNF, (b, ¢) HC CNF and (c, f) CNF in

(a, b, ¢) high resolution and (d, e, f) low resolution, respectively
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To measure the space characteristics of each nanofiber sample, BET analysis was conducted.
It could provide hints on ion accessibility because whether gas molecules could access the
absorbent would be applied to the case of solvated Li* ions. Subsequently, pores originating
from various spaces in the nanofibers were confirmed by the pore size distribution based on
the Original Density Functional Theory (Fig 3.18), N2 adsorption/desorption isotherm
characterization (Fig. 3.19 a-c). An analysis of the BET SSA and pore volume data (Fig. 3.18
and Table 1) revealed that the elongated PMMA phase in the electrospun nanofibers
successfully decomposed into empty space in the nanofibers, considering that pore size
distribution is distinguishable based on the criteria of 10 nm depending on the presence of

PMMA in the polymer blend.
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Table 3.2 Specific Surface Area and Pore Volume of each sample

Specific surface area (m” g'!)

Pore volume (cm? g)

CNF 10.16 0.02
HC CNF 23.151 0.15
MC CNF 47.47 0.21
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These newly generated space should be interpreted as a Li-ion transportable channel when
considering the size of solvated Li" ions [22]. Furthermore, the MC CNFs have a larger surface
area and pore volume compared to the HC CNFs (Table 1), especially pores whose sizes are
above approximately 50 nm (Fig. 3.18). Considering the MC CNFs and HC CNFs are collected
from the same amount of polymer and the empty space in the nanofibers is a result of the
decomposition of the phase separated PMMA, this morphological difference is caused by the
phase morphology. This structural difference was consistent with the SEM images in Fig. 3.17
a-f in which the MC CNFs have many ‘exposed’ spaces that gas molecules can access more
directly, and the HC CNFs have channels inside the CNFs, but molecules might have

difficulties accessing them to get inside the nanofibers
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To identify the geometrical characteristics of each nanofiber, the adsorption/desorption
isotherm was collected (Fig. 3.19 a-c). Except for the CNF sample which has little pores inside,
both the MC CNFs/HC CNFs show common characteristics of H1 type hysteresis for which
the adsorption/desorption curve increases rapidly and synchronously at a P/Pp = 0.8
approaching to 1.0 [23]. This type suggests that the reduced distribution of the pore diameter,
corresponding to cylindrical pores with a pore size distributed in the 50-200 nm range [24, 25],
is a reasonable result because the elongated PMMA phase in the nanofibers would be converted

to a cylindrical space in the CNFs after the heat treatment.

Interestingly, there is difference in the closure of the hysteresis loop below P/Po=0.8. The
adsorption curve and desorption curve meeting as pore filling is done at P/Po=1, and the
mechanism of desorption moves from meniscus development to recovery of multilayer
adsorption [26]. Therefore, where the loop closes indicates the presence of additional pores
which have a corresponding size and shape in the material [27, 28]. In Fig. 5 c-d, the adsorption
curve and desorption curve of the HC CNFs meets at approximately P/Po=0.8. However, the
MC CNFs still have an unclosed hysteresis loop below P/P¢=0.8. In this range of relative
pressure, the shape of the pore is known for a parallel or tapered plate and slit-shape [29, 30],
whose size is smaller than a cylindrical pore considering that pore filling occurs on a continuum.
These pores are assumed to be made by the phase-in-phase separated PMMA because it only
appears in the MC CNFs even though the HC CNFs have the same amount and ratio of

PAN/PMMA.
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To elucidate whether the presence and accessibility of the ion channel actually affects the
transport of the solvated Li-ions under the fast-charging condition, Fig 3.20 presents data we
prepared showing the transport characteristics of each sample. Electrochemical impedance
spectroscopy (EIS) was conducted for two types of cells; symmetric cell (CF electrode||CF
electrode) and half cell (Li||CF electrode). Symmetric cell EIS was measured for calculating
the tortuosity (7), and half-cell was measured for calculating the impedance and Li-ion diffusion
coefficient [22]. The difference between the tortuosity and diffusion coefficient is that the
tortuosity describes the behavior of solvated Li-ions in the electrolyte phase, and the diffusion
coefficient (D1;) describes the behavior of both desolvated and solvated Li-ions [31]. Fig. 3.20
a shows a Nyquist plot for a symmetric cell, and Rion/3, which describes the ionic resistance in
an electrolyte containing space, was derived to be 2.82, 3.90 and 3.49 Q for the MC CNFs, HC
CNFs and CNFs, respectively. The tortuosity value was calculated by Equation 5 and shown in
Fig. 3.20 d. Tortuosity is the ratio between the thickness of the electrode and the length of the
pore path. In this study, the electrode thickness was set to be same, and this dimensionless
parameter indicates how the solvated Li-ions are transport through the space in an active

material more directly.
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The tortuosity of each sample is 9.36 for the CNFs, 6.16 for the HC CNFs and 3.90 for the MC
CNFs, indicating the MC CNFs have the shortest and direct solvated Li-ion transport path.
Considering the SEM images (Fig. 3.17) and BET data (Fig. 3.18-12), multi exposed ion
channels in the MC CNFs helped to transport quickly the successfully solvated Li-ions. In the
case of the HC CNFs whose ion channels are confined in the CNFs, the solvated Li-ions had
to take a detour to access the active sites because there is no other space to connect the bulk
electrolyte and hollow inner space. Additionally, considering the diffusion coefficient is
expressed with the tortuosity (1> = D/D., where 1 is tortuosity; D is the diffusion coefficient in
the electrode species in the electrolyte, and D. is the effective diffusion coefficient [32]) and
the diffusion coefficient value (Fig. 3.13 e-h) with the corresponding Nyquist plot through the
half cell (Fig. 3.13 b-c), it is reasonable to say that fast-transport of solvated Li-ions to the

interface affects the transport behavior after the desolvation process too.
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Figure 3.20 (a) Electrochemical impedance spectroscopy (EIS) of symmetric cells of each
sample for Rion and (d) subsequent tortuosity calculation; EIS analysis of each sample for Li

ion diffusion coefficient calculation of (b, ) before cycling, and (c, f) after cycling
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Cyclic voltammetry of each sample at SmV s™! (Fig. 3.21 a), and corresponding tafel plot (Fig.
3.21 b) show that the exchange current density (jo) of the MC CNFs (0.681 mA cm™) is higher
than those of the others (0.123 mA cm™ for the CNFs and 0.136 mA cm™ for the HC CNFs).
This is consistent with the fact that the transport of solvated Li-ions to the surface of an active
material affects the uniformity of the surface charge distribution. Accordingly, the MC CNFs,
which are anticipated to have the most even concentration gradient and current distribution,
had an enhanced charge transfer reaction and subsequently a stable SEI layer formation (Table
2 and Fig. 3.22 a-c). These results are meaningful in that the charge transfer and SEI layer
formation are enhanced by the Li ion transport not the electrical conductivity as previously
known. As shown in Fig. 3.22 a-c, the electrodes after 500 cycles under the fast charging
condition (1000 mA g!) show that the MC CNFs have the most stable and thin SEI layer with
no channel clogging compared to that of the CNFs and HC CNFs whose SEI layers seemed

thick and irregular, clogging the existing channels and pores.
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Table 3.2 Charge transfer resistance (Rct) and SEI resistance (Rsgr) before and after cycling

Rer Rer
RsEr
(before cycling) (After cycling)
CNF 257.60 132.99 47.76
HC CNF 168.13 53.20 23.79
MC CNF 149.58 35.85 16.88
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Figure 3.21 (a) Cyclic voltammograms (CVs) of each sample at SmV s!; (b) Tafel plot of each

sample plot (jo stands for exchange current density)
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Figure 3.22 FE-SEM images of electrodes after 500 cycles under fast charging conditions

(1000mA g!) for (a) CNF, (b) HC CNF, and (c) MC CNF
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The rate performance from 0.1 to 2 A g'' and coulombic efficiency of the half-cell are shown
in Fig. 3.23. At 100 mA g'!, the storage capacity increased, respectively, by 62 % and 24 % for
the MC CNFs and HC CNFs compared to the non-porous CNFs. Interestingly, at a higher
current density (2000 mA g'!), the capacity increase was higher (277 % and 167 %, respectively)

which implies the importance of a fast ion transport under the fast charging condition.
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Furthermore, with a normalized capacity per surface area, the CNF sample represents severe
capacity degradation even at a low current density, and the MC CNFs and HC CNFs show a
better rate performance (Fig. 3.24 a). Even though both the MC CNFs and HC CNFs have ion
channels, the MC CNFs delivering capacities of 607.2, 495, 413.1, 350.3 and 299.7 mAh g ! at
0.1,0.2,0.5, 1 and 2 A g"! are superior to the HC CNFs for both capacity and rate capability on
a high current density. Furthermore, the ‘R-ratio,” which is derived to verify the effect of the
ion channels compared to the non-porous CNFs, indicates that the effect of the ion channels on
the rate capability is clear, and the gap between the MC CNFs and HC CNFs is increasing as
the current density goes higher (Fig. 3.24 b). This result is consequently explained by the
overpotential value with each current density calculated from the dQ/dV data (Fig. 3.25). In
Fig. 3.24 c, the overpotential value increases with a higher current density, and the amount of
increased overpotential is large in ascending order of the CNFs, HC CNFs and MC CNFs.
Comparing that the CNFs have a high overpotential even at a low current density, the
overpotential of the HC CNFs started to increase at a relatively higher current density (about 1

Amg?).
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This result proves that not just the presence but also the accessibility of the ion channels acts
to reduce the overpotential of the active material and subsequently improves the
electrochemical performance in the fast charging condition. The effect of ion-transport on the
long term cycle stability was also measured (Fig. 3.26). The MC CNFs has the best cycle
stability maintaining 91% of the capacity after 500 cycles compared to 48% and 61%
maintained by the HC CNFs and CNFs. It is interesting that the HC CNFs have the worst
structural stability during the repeated charging/discharging process showing that capacity
degradation starts early at around 200 cycles. This result indicates that in contrast to the CNFs
which have a low initial Li-ion storage, the HC CNFs have more capacity reduction due to the
continuous pore clogging caused by the irregular formations of the SEI layer. Therefore, the
redox sites of the HC CNFs are continuously clogged, and the capacity of the HC CNFs

eventually becomes similar to that of the CNFs after 500 cycles.
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3.3 Conclusion

Phase separation behavior in polymer blend electrospinning could make fast electrochemical
species transportable morphology of carbon nanofiber, which is a good candidate for fast
charging anode materials. In order to control and design phase-separated electrospun
nanofibers, ternary phase diagram and subsequent phase morphology were predicted based on
the Flory-Huggins interaction parameter. Between co-continuous phase and sea-island phase,
sea-island phase separation morphology is anticipated to make fast ion transportable “channel”
in CNF. Phase separation behavior of immiscible polymer blend system by solvent evaporation
and subsequent composition change in ternary phase diagram were predicted according to the
state of Taylor cone and corresponding solvent movement. Considering phase transition to the
metastable region in asymmetric phase diagram, the method for secondary-micro phase
separation by expelling guest polymer is investigated to build additional ion transport channel
in CNF. Consequently, predicting the phase morphology of an immiscible polymer blend with
the Flory-Huggins parameter could be a useful method to design eletrospun nanofibers suitable
for fast-charging anode materials. It helps to determine how a polymer blend should be phase
separated for electrospinning fast ion transportable CNFs and what kind of polymer and solvent

should be used to obtain the ideal phase morphology.

In this study, we interpreted the difference in the electrochemical environment between normal
and fast charging conditions in terms of the overpotential by the transport limit of Li-ions. A
rational way to design fast-charging anode materials that have multi-ion channels for solvated
Li-ion transport was suggested. A facile method to control the morphology of CNFs with an

immiscible polymer blend electrospinning system was investigated through the interpretation
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of the ternary phase diagram. Effects of the morphology and space characteristics of each CNF
sample on the electrochemical performance including the rate capability and cycle stability
under fast charging conditions are discussed in terms of the transport characteristics of the
electrochemical species in different types of ion channels. As a result, MC CNFs, which have
exposed ion transport channels within the thin nanofibers, had a high rate capability whose
reversible capacity is 607.2 at 0.1 A g’ and 299.7 mAh g'! at a high current density of 2 A g,
showing the lowest overpotential resistance than the same material with a different CNF
morphology and space characteristics. Moreover, the charge transfer and SEI layer formation
are both enhanced by an even surface charge distribution from the enhanced solvated Li-ion
transport subsequently leading to a stable cycle stability, which decreased only 9% after 500
cycles. These improvements are due to the presence of the ion transport channels in the CNFs
and the high accessibility of the exposed multi-channel structure. This study not only suggests
a simple phase separation derived from the electrospinning method but also confirms the effects
of the morphology of the CNFs on the transport characteristics of Li-ions under fast charging

conditions.
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3.4 Experimental section

3.4.1 Materials and Electrodes Characterization

Chemicals and Materials. Polyacrylonitrile [PAN; molecular weight (Mw) of 150,000; Aldrich],
poly(methyl methacrylate) (PMMA; Mw 120,000; Aldrich, N,N'-dimethylformamide (DMF;
Daejung, Korea). The sample name is denoted as follows. To prepare the electrospinning dope
solution, specified amounts of PAN, the orientation controlling polymer, were dissolved in 10
mL of DMF with stirring at 90 °C for 4 h. After the PAN was fully dissolved into the solution
by tip-sonication for 1 h and ultra centrifuged at 5000 rpm for 40 min. Finally, specific amounts
of PMMA, which make 20 wt % of the total polymer concentration with PAN, were dissolved
overnight into the solution. The electrospinning dope solution was loaded into a syringe
connected to a metal needle (gauge no. 28, inner diameter of 0.18 mm) nozzle and electrospun
at a rate of 1.0 mL h—1 in air at a voltage of 19.5 kV The distance from the nozzle to the
grounded collector was approximately 18 cm, and the temperature was approximately

22-25 °C with 18—20% relative humidity.

After the electrospinning step, electrospun fiber was heated to 750 °C in a nitrogen atmosphere
at a heating rate of 5 °C/min and maintained at that temperature for 4 h to fully decompose
PMMA with PAN. Finally, activated partially PCNFs was obtained after drying at 80 °C

overnight.

3.4.2 Characterization

Volumetric nitrogen adsorption isotherms (at 77 K) up to 1 bar were measured using a
Micromeritics ASAP 2020 static volumetric gas adsorption instrument, preliminarily outgassed
for 10 h at 150 °C. The specific surface areas and pore volume distributions were examined

based on the BET equation [16] using a Micromeritics ASAP 2020 static volumetric gas
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adsorption instrument. The morphologies of the bare material and synthesized materials were

analyzed by field-emission scanning electron microscopy (FE-SEM, SIGMA: Carl Zeiss,).

An optical microscope (Olympus, BX-51) with polarizers was used to observe the polymer
phase separation. FESEM (MERLIN Compact) were conducted to verify the 1D morphologies
of the samples. In addition, to determine how much the electrical conductivity can be enhanced
by incorporating CNFs uniaxially, the samples were pelletized and measured using a M4P-205
4-point probe station (MSTECH). The specific surface areas and pore volume distributions
were examined based on the BET equation82 using a Micromeritics ASAP 2020 static

volumetric gas adsorption instrument.
3.4.3 Electrochemical Measurements

Analyzing the electrochemical performance of the prepared samples, the electrodes were all
prepared using the doctor blade method with 1~1.5mg ¢cm™ loading mass, polyvinylidene
fluoride (15 wt %), carbon black (15 wt %), and active material (70 wt %). Coating the prepared
slurry onto a copper current collector and vacuum drying it for 12 h at 80 °C. The electrolyte
was 1 M LiFP¢ in EC/DEC (1:1 volume ratio). The electrochemical test was performed using
a battery cycler (WBCS3000, WonATech) and a potentiostat (ZIVE SP2, WonATech) with
assembled 2032 coin-type half-cells. The electrochemical performance tested over a voltage
range between 0.02—2.0 V against Li/Li" and cyclic voltammetry were measured at a scanning
rate of 5 mV s~! between 0.02 and 2 V versus Li/Li+. Electrochemical impedance spectra were
obtained at the open circuit voltage over the frequency range of 10 mHz to 10 kHz with an AC

amplitude of 5 mV.

132



3.5 References

[1] J.T. McCann, D. Li, Y. Xia, Electrospinning of nanofibers with core-sheath, hollow, or

porous structures, Journal of Materials Chemistry 15(7) (2005) 735-738.

[2] X. Fan, L. Zou, Y.-P. Zheng, F.-Y. Kang, W.-C. Shen, Electrospinning Preparation of
Nanosilicon/Disordered Carbon Composite as Anode Materials in Li-Ion Battery,

Electrochemical and Solid-State Letters 12(10) (2009) A199.

[3] D. Li, Y. Xia, Electrospinning of Nanofibers: Reinventing the Wheel?, Advanced Materials

16(14) (2004) 1151-1170.

[4] J.T. McCann, M. Marquez, Y. Xia, Highly Porous Fibers by Electrospinning into a

Cryogenic Liquid, Journal of the American Chemical Society 128(5) (2006) 1436-1437.

[5] Y.K. Dogan, A. Demirural, T. Baykara, Single-needle electrospinning of PVA hollow

naofibers for core—shell structures, SN Applied Sciences 1(5) (2019) 415.

[6] R. Singh, F. Ahmed, P. Polley, J. Giri, Fabrication and Characterization of Core—Shell
Nanofibers Using a Next-Generation Airbrush for Biomedical Applications, ACS Applied

Materials & Interfaces 10(49) (2018) 41924-41934.

[7] P. Tipduangta, P. Belton, L. Fabian, L.Y. Wang, H. Tang, M. Eddleston, S. Qi, Electrospun
Polymer Blend Nanofibers for Tunable Drug Delivery: The Role of Transformative Phase

Separation on Controlling the Release Rate, Molecular Pharmaceutics 13(1) (2016) 25-39.

[8] L. Martinova, D. Lubasova, Reasons for using polymer blends in the electrospinning

process, AIP Conference Proceedings 1502(1) (2012) 115-128.

[9] M.J. Akanbi, S.N. Jayasinghe, A. Wojcik, Characterisation of electrospun PS/PU polymer

133



blend fibre mat for oil sorption, Polymer 212 (2021) 123129.

[10] X. Zhang, L. Ji, O. Toprakei, Y. Liang, M. Alcoutlabi, Electrospun Nanofiber-Based
Anodes, Cathodes, and Separators for Advanced Lithium-Ion Batteries, Polymer Reviews 51(3)

(2011) 239-264.

[11] W. Lee, Y. Park, Organic Semiconductor/Insulator Polymer Blends for High-Performance

Organic Transistors, Polymers 6 (2014) 1057-1073.

[12] D.R. Paul, Chapter 16 - Fibers from Polymer Blends, in: D.R. Paul, S. Newman (Eds.),

Polymer Blends, Academic Press1978, pp. 167-217.

[13] J. Zhang, J. Nie, Transformation of complex internal structures of poly(ethylene

oxide)/chitosan oligosaccharide electrospun nanofibers, Polymer International 61 (2012).

[14]J.-S. Kim, PK.H. Ho, C.E. Murphy, R.H. Friend, Phase Separation in Polyfluorene-Based
Conjugated Polymer Blends: Lateral and Vertical Analysis of Blend Spin-Cast Thin Films,

Macromolecules 37(8) (2004) 2861-2871.

[15] J. Joy, K. Winkler, K. Joseph, S. Anas, S. Thomas, Epoxy/methyl methacrylate
acrylonitrile butadiene styrene (MABS) copolymer blends: reaction-induced viscoelastic phase
separation, morphology development and mechanical properties, New Journal of Chemistry

43(23) (2019) 9216-9225.

[16] C. Hong, K.S. Yang, S. Oh, H.-J. Ahn, B. Cho, C. Nah, Effect of blend composition on the
morphology development of electrospun fibres based on PAN/PMMA blends, Polymer

International 57 (2008) 1357-1362.

[17] M. Bognitzki, T. Frese, M. Steinhart, A. Greiner, J. Wendorff, A. Schaper, M. Hellwig,

134



Preparation of fibers with nanoscaled morphologies: Electrospinning of polymer blends,

Polymer Engineering & Science 41 (2001) 982-989.

[18] N. Posharnowa, A. Schneider, M. Wiinsch, V. Kuleznew, B.A. Wolf, Polymer—polymer
interaction parameters for homopolymers and copolymers from light scattering and phase
separation experiments in a common solvent, The Journal of Chemical Physics 115(20) (2001)

9536-9546.

[19] E. Pavlova, L. Nikishin, A. Bogdanova, D. Klinov, D. Bagrov, The miscibility and spatial
distribution of the components in electrospun polymer—protein mats, Rsc Advances 10(8)

(2020) 4672-46830.

[20] E. Rezabeigi, P. Wood-Adams, R. Drew, Isothermal ternary phase diagram of the polyactic

acid-dichloromethane-hexane system, Polymer 55 (2014).

[21] V. Negi, O. Wodo, J.J. van Franeker, R.A.J. Janssen, P.A. Bobbert, Simulating Phase
Separation during Spin Coating of a Polymer—Fullerene Blend: A Joint Computational and

Experimental Investigation, ACS Applied Energy Materials 1(2) (2018) 725-735.

[22]J. Kim, H.I. Cho, Y.S. Cho, S.H. Lee, C.R. Park, New insights into the effects of available
space characteristics within graphite-based anodes on the accessibility of solvated Li-ions

under fast charging conditions, Carbon (2022).

[23] K. Kaneko, Determination of pore size and pore size distribution: 1. Adsorbents and

catalysts, Journal of Membrane Science 96(1) (1994) 59-89.

[24] Z. Wang, X. Jiang, M. Pan, Y. Shi, Nano-Scale Pore Structure and Its Multi-Fractal
Characteristics of Tight Sandstone by N2 Adsorption/Desorption Analyses: A Case Study of
Shihezi Formation from the Sulige Gas Filed, Ordos Basin, China, Minerals, 2020.

135



[25] M. Thommes, K. Kaneko, A.V. Neimark, J.P. Olivier, F. Rodriguez-Reinoso, J. Rouquerol,
K.S.W. Sing, Physisorption of gases, with special reference to the evaluation of surface area

and pore size distribution (IUPAC Technical Report), 87(9-10) (2015) 1051-1069.

[26] L.A.G. Aylmore, Hysteresis in gas sorption isotherms, J Colloid Interf Sci 46(3) (1974)

410-416.

[27] F. Sotomayor, K. Cychosz, M. Thommes, Characterization of Micro/Mesoporous

Materials by Physisorption: Concepts and Case Studies, (2018).

[28] Y. Yuan, F. Cai, L. Yang, Pore structure characteristics and fractal structure evaluation of

medium- and high-rank coal, Energy Exploration & Exploitation 40(1) (2021) 328-342.

[29] B. Xue, J. Zhang, X. Tang, C. Yang, Q. Chen, X. Man, W. Dang, Micro-pore Structure and
Gas Accumulation Characteristics of Shale in the Longmaxi Formation, Northwest Guizhou,

Petroleum Research 1 (2016) 191-204.

[30] D. Zhang, J. Meegoda, B. Silva, L.-m. Hu, Impact of de-ionized water on changes in
porosity and permeability of shales mineralogy due to clay-swelling, Scientific Reports 11

(2021) 20049.

[31] L. Borchardt, D. Leistenschneider, J. Haase, M. Dvoyashkin, Diffusion: Revising the
Concept of Pore Hierarchy for Ionic Transport in Carbon Materials for Supercapacitors (Adv.

Energy Mater. 24/2018), Advanced Energy Materials 8(24) (2018) 1870108.

[32] Y. Yong, X. Lou, S. Li, C. Yang, X. Yin, Direct simulation of the influence of the pore
structure on the diffusion process in porous media, Computers & Mathematics with

Applications 67(2) (2014) 412-423.

136



Chapter 4. Correlation between the Space
Characteristics of CNF and the Electrochemical

Performance

4.1 Introduction

The demand for high capacity energy storage systems, such as enormous electric storage
stations and electrical vehicles, has increased dramatically [1-7]. Since the early 1990s, graphite
has become the most common anode material by replacing lithium metal because of its safe
energy storage mechanism and economical merits, such as natural abundance and
environmental benignity [8-11]. On the other hand, the energy storage mechanism of graphite
limits the theoretical capacity because Li ions are only intercalated into the limited space in-
between the basal planes [10, 12, 13]. Low temperature carbon (LTC) prepared at low
temperatures (<1200 °C) has attracted considerable research attention because LTC not only
intercalates Li ions between graphitic layers but also stores Li ions in the micropores on the
graphitic layer as Li clusters or Li molecules, increasing the reversible capacity compared to
graphite [14, 15]. Among the various precursors for LTC, PAN-derived LTC has been studied
widely because of its high carbon content and that it can also be transformed to N-doped carbon
for more Li ion storage [16-23]. Nevertheless, low temperature synthesis results in a low degree
of graphitization and poor electrical conductivity, which leads to large charge transfer
resistance and low rate capability of the anode material.[21, 24-27] In addition, some
micropores in LTC were initially clogged or destroyed during the cycles, which adversely
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affects the ion accessibility and cycling stability.[14] Because the anode material requires a
high reversible capacity, good rate capability, and cycling stability, the currently developed
LTC was unsuitable as a superior anode material. Therefore, it is essential to enhance both the
electronic conductivity and ion-accessibility while stabilizing the structure in LTC for
achieving high performance anode materials. Herein, we denote the electrochemical redox sites,
where ions and electrons meet as a ‘triple junction’ suggesting that the origin of the high
electrochemical performance is the perfect harmony of ion, electron, and redox sites together.
The ideal electrode structure for a high performance anode is one with a maximized triple
junction. In the view of a triple junction, there have been many efforts to use carbon nanotubes
(CNTs) in LTCs because of the physical and chemical merits of CNTSs that can achieve the
following: facilitate electron transfer due to its superior electrical conductivity of 108-10’ S m-
128, 29] form facile ion channels as redox sites in-between the CNTs owing to its 1D
structure,[30] and withstand large volume changes during cycling, which originated from the
increased lithium storage at the newly adopted redox sites due to the high mechanical strength
of CNTs.[31-33] CNT/PAN-derived low temperature carbon nanofiber (LTCNF) hybrid
anode,[34] SnOx-embedded CNT/PAN-derived LTCNF anode,[35] and Si-loaded CNT/PAN-

derived LTCNF[36] anode are such cases.

Despite the recent advances of CNT-based electrodes, the critical issues limiting
commercialization are still unresolved. The most difficult part to utilize CNTSs is controlling
the state of CNTs in LTC due to the aggregation of CNTSs resulted in the increased electrical
resistance and undesirable structure.[37, 38] Furthermore, aggregated CNTs would lower the
surface coverage of CNTs within the LTC,[39] interrupting the electrons on CNTs to meet ions

in the LTC and consequently decreasing the accessible redox sites.[40] Therefore, it is essential
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to control the aggregation of CNTs in CNT-LTC-based anode materials to fully utilize the
merits of CNTs and guarantee the abundant redox sites to materialize an optimal electrode

structure by maximizing the triple junctions in a CNT-LTC-based electrode.

Herein, 1D partially graphitized LTC with uniaxially packed CNTs was prepared by a facile
method using a co-polymer system for dealing with the critical issues. The uniaxially aligned
CNTsin 1D LTC acts as a) stable structural scaffold supporting the adequate porous structure
that enhances the ion accessibility, b) electron transfer path, and c) effective triple junctions
where ion and electron meet at effective redox sites, for example, change in nitrogen bonding
configuration by increasing beneficial N-5 and N-6 while reducing harmful N-Q. These
synergetic roles between packed uniaxially CNTs and LTC are elucidated in the following
discussions: 1) role of the slow-envelopment phenomenon to design an ideal structure, 2) role
of activation to realize the hierarchical pore network, and 3) role of CNTs in increasing the

electrical properties.

* Part of result and discussion of Chapter 4 was published in

ACS Nano 2018, 12, 11106—11119
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4.2 Results and discussion

4.2.1 Effects of hierarchical space modification on electrochemically active sites

maximization

Before discussing the effective methods to control the CNT aggregation issue with single
nozzle electrospinning using CNT orientation-controlling polymer (PAN) and template
polymer (PMMA), the adequate preparation of dope solution is critical for developing highly
dispersed CNTSs by single nozzle electrospinning. An acid-treatment was previously believed
to be essential to increase the degree of CNT dispersion and allow the fabrication of CNT
strands into a 1D morphology.[41-43] On the other hand, this method results in CNTs with
poor conductivity and more importantly cannot fully suppress the aggregation of CNTs unless
it is harshly acid-treated.[42-45] Therefore, polymer wrapping methods have been used to
highly disperse pristine CNTs without impeding the electrical conductivity of CNTs.[46, 47]
Among the wide range of polymers, PAN wrapping can turned easily to low temperature
carbon during thermal treatment,[48] enhancing the degree of CNT dispersion.[49, 50]
Nevertheless, when PAN is used solely to produce a dope solution for electrospinning, only
small amounts of CNTs are confined to the inner part of the electrospun fiber while an
excessive amount of PAN accumulates on the outer surface, as shown in Fig. 4.3f. Williams[51]
and Kim[52] suggested the fundamental reason for this unideal structure in that when phase
migration occurs in the electrospinning step, a high-viscosity phase envelopes the low-viscosity
phase according to a ‘slow-envelopment phenomenon’. Therefore, in this study, a co-polymer
system with PAN and PMMA was adopted to minimize the concentration of PAN. PMMA is
immiscible with PAN so it can act as a shell template to form a core-shell structure by a slow-

envelope phenomenon at certain concentration ratios, and can be clearly removed after
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pyrolysis. In Fig. 4.2, the concentration ratio between PAN and PMMA was varied and their
corresponding morphologies were analyzed to determine the ideal solution concentration for
the slow-envelopment phenomenon. Fig. 4.1 presents the overall process of preparing the 1D

partially graphitized LTC with uniaxially packed CNTs. The sample names are denoted as

below.
Activation Template
Activation CNT
temperature polymer
CNTCNF X - X )
CNF X - (¢} X
MC CNTCNF X - (¢} )
CNTPNF O 750 °C X )
PNF o] 750 °C o] X
MC CNTPNF o] 750 °C o] O
MC CNTPNF-
0 650 °C 0 o
650
MC CNTPNF-
o] 850 °C O O
850
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Figure 4.1 Schematic illustration of the changes in the morphological and chemical properties
of the prepared samples in (a,b) co-polymer electrospinning, (c¢) gluing CNTs and

carbonization, and (d) developing a connected pore network by KOH activation.
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Figure 4.2 Varying concentration ratio between PAN and PMMA and their corresponding

morphologies.

143



‘PNC’ denotes ‘porous N-doped carbon’, which is acquired from heat treatment of PAN. The
process of preparing MC CNTPNF consists of three steps: electrospinning, heat treatment, and
activation. Suffix number, such as ‘-750’°, denotes the activation temperature. Nanofibers, in
which the PMMA envelopes the PAN-wrapped CNTSs, can be obtained by electrospinning (Fig.
4.1(a,b)). In the following carbonization process, as illustrated in Fig. 4.1c, the template
polymer (PMMA) is decomposed and removed while PAN is changed to partially graphitized
N-doped porous LTC, maintaining its morphological integrity. Finally, the 1D hierarchically
porous material composed of densely packed CNTSs (core) and abundant redox sites (shell) of
PNC is prepared during the KOH activation process. This guarantees rapid ion/electron transfer
with reversible lithium storage sites by maximizing the triple junction, where ion-electron-
redox site meet, even though there is little sacrifice of the N contents during the connected

micro pore development.
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500 nm

Figure 4.3 Schematic illustration of electrospinning (a) MC CNTCNF and (b) CNTCNF; FE-
SEM images of (c, f) MC CNTCNF and (d, e, g) CNTCNF in (c, d, e) high-resolution and (f,
g) low-resolution respectively; and corresponding TEM images of (h) MC CNTCNF and (i)
CNTCNF; the white circles in (c), (f), (h) indicate uniaxially packed CNTs in a thin PNC layer;
the yellow circles in (d), (g), (i) indicate the aggregation of CNTs with very thick layers of
PNC; and the red circles in (e), (9), (i) indicate a fragmentized short 1D structure with CNTs

out of the nanofiber.

145

et e



As shown in the FE-SEM and TEM images, the prepared samples showed obvious differences
in the orientation and morphological structure of the CNTs depending on the existence of a
template polymer. In Fig. 4.3a-i, both MC CNTCNF and CNTCNF exhibited a polymer-
wrapped surface and a 1D rod-like morphology. In MC CNTCNF, however, an individual
strand of electrospun fiber collectively formed a long 1D morphology with uniaxially packed
CNTs under a thin PNC layer (white circle), while CNTCNF showed a fragmentized short 1D
with CNTs out of fiber (red circle) and/or the aggregation of CNTs with very thick layers of
PNC (yellow circle), which is an non-ideal morphology. Compared to the very smooth and fine
surface of CNTCNF, MC CNTCNF has a thin, rough surface with pores, maintaining an ideal
1D morphology. The smoother and finer surface might be explained by the relatively small

amount of CNTs confined in inner part and the excessive thick PAN layer located at the surface.
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Fig. 4.4a shows that a high viscous phase, whose excessive PAN did not wrap the CNTSs, is
located at the outer surface and low viscous phase, which is PAN-wrapped CNTSs confined to
the inner part. As the concentration of PAN increases, large amounts of PAN are attached to
the surface of the CNTs and the thickness of wrapping PAN becomes thicker,[50] resulting in
an unfavorable morphology. The fragmentized electrospun fibers are also unfavorable for an
electrode material due to the disconnected electron pathway from the collapsed 1D morphology.
The thin, rough, and porous surface of MC CNTCNF might be due to the minimum
concentration of polymer to CNT and decomposition of the template polymer. In MC CNTCNF,
orientation-controlling polymer (PAN) is dissolved at the minimum concentration, which is
inadequate for fabricating 1D nanofibers during electrospinning, but adequate for wrapping the
individual CNTs and producing thin PNC. Template polymer (PMMA), which was used to
fulfill the critical minimum concentration for electrospinning and for a stable template shell,
was removed after pyrolysis. Subsequent pores originating from void space between each thin
PNC on the individual CNTs and during decomposition of the template polymer enabled rapid

ion accessibility.
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a)
2 (High viscous phase) : Excessive (pure) PAN in DMF
1 (Low viscous phase) : PAN wrapped CNTs in DMF
b)

ell 3 (High viscous phase): PMMA in DMF
2 (Middle viscous phase) : Excessive (pure) PAN in DMF
1 (Low viscous phase) : PAN wrapped CNTs in DMF

Figure 4.4 Schematic illustration of the phases in cross section of electrospinning nanofiber.
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This was confirmed further by the characterized specific surface area and pore structure of the
samples by N> adsorption/desorption characterization. An analysis of the BET specific surface
area (SSA) and pore volume data (Table 5.1) revealed MC CNTCNF (74 m2 g1) to have a 10
times larger surface area than CNTCNF (7 m? g1) and meso (2~50nm)/macro (>50nm) pores.
This result was verified by the pore size distribution based on Original Density Functional
Theory (Fig. 4.5a). Density functional theory is developed by Seaton and widely used method
for predicting adsorption/desorption isotherms in pores of different geometries over a wide
range of pore sizes, and for calculating pore size distributions.[53-55] In addition, using N>
adsorption isotherm data (Fig. 4.5b), the rapid ion accessible structure, whose pore network
has various pore sizes, was verified in the MC CNTCNF sample, but not in CNTCNF. This
structural difference was consistent with the TEM and SEM images in Fig. 4.3c-i. This 1D
porous structure in MC CNTCNF is expected to facilitate rapid electrolyte transfer and offer

favorable pathways for ion penetration and transport.
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Table 4.1 Specific surface area and pore volume of CNTCNF and MC CNTCNF

Specific Total pore
Vmacro Vmeso Vmicro
surface area volume
(cm*g?) (cm*g?) (cm*g™)
(m?g™) (cm*g?)
CNTCNF 7 0.006 0.004 0.002 ~0
MC
74 0.174 0.123 0.040 0.007
CNTCNF
150



a) b) c)
. 3 1500
i ]
£ 0.012 "+ MC CNTCNF £ % o MC CNTCNF il E ° a MC CNTCNF
E — CNTCNF F 3 . = CNTCNF ;* s :\ —a- CNTCNF
S > - £
g pe T ¢ = |
5 ! ee 2 ] 209 439 !
& ,ﬂz" e 2 § e @ag0 23000 43% -45%-;?0:
& 0.004 7 < < ° ° I
% ad =30 % 500 1% 9300 o %3000
E @ I it %, 2239932090
g ayf’j g emmoteeeees £ T
< o000 Lﬂmwkenwaa-o e e o @ a ¢ 2 " 65%
1 — 2
0 30 50 90 120 %o 02 04 06 08 10 % 5 10 15 20 25 30 35
Pore width (nm) Relative Pressure P/Py Cycle
d) e) f)
_ 1500
— Perpendicdlar — Perpendicdlar (.« & _s- CNTCNF
— Paraliel ¢ /f » — Pardlied ( 1f = .‘\ o CNF
g 1
- ~ 2 J000- |
3 5 I i
0] a & ;'u‘
= Igp/lg_ =19 z Igy/lc =11 5] 1 Ye 3y
; ; o o 44
e u"o“m 1%
= X, o 0, 6
S 500- %3200%a000 -60 % 65 %4
= = 2 LI ?
3 -28 % 9300a2999%22004
£ A2%h o, 999%0a008
2 " B0 % .63 %
0 .

1200 1600 2000 2400
Rarran Shift cmiy

800

" 1200 1800 2000 2400
Rarman Shift o™

800

5 10 15 20 25 30 35
Cycle

Figure 4.5 (a) Incremental pore volume versus pore width; (b) N2 adsorption isotherm; (c)
electrochemical test results of MC CNTCNF and CNTCNF at the various charge/discharge
current densities (50, 100, 200, 250, 500, 1,000, and 50 mA g.)(-xx% indicates the capacity
drop of each current density from 50 mA h g); polarized Raman spectra of (d) MC CNTCNF
and (e) CNTCNF; (f) electrochemical test results of CNTCNF and CNF at various

charge/discharge current densities
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The chemical properties of MC CNTCNF and CNTCNF were examined further by element
analysis. As shown in Fig. 4.6, the N contents of MC CNTCNF and CNTCNF were measured
as 11.5 at. % and 19.2 at %, respectively. The higher N contents of CNTCNF can be explained
by the higher PAN to CNTSs ratio in the dope solution. The N bonding configurations of the
samples were investigated based on the deconvoluted XPS spectra in Fig. 4.7a and summarized
in Fig. 4.7b. The spectra showed two main peaks for pyridinic N (N-6, 398.4+0.2) and pyrrolic
or pyridonic N (N-5, 399.8+0.2).[48] Both N-6 and N-5 are beneficial to lithium ion storage in
anode materials.[56-58] The electrochemical test results showed that MC CNTCNF had better
performance in varying the charge/discharge current densities from 50 mA g to 1000 mA g*
despite the lower N contents compared to CNTCNF (Fig. 4.5c). The MC CNTCNF electrode
delivered an average 135.0 mA h g more capacity at 1000 mA g* and 304.3 mA h g more
at returning 50 mA gX. The irreversible capacity observed in both samples at the 1% cycle is a
common phenomenon in carbon-based electrodes due to the formation of a solid electrolyte
interface layer.[59] Despite the higher N contents of CNTCNF, the superior electrochemical
performance of MC CNTCNF might be due to the unveiled redox active sites of N-6 and N-5
to the electrolytes on the rapid ion-accessible porous surface of MC CNTCNF, which is
supported indirectly by the measured specific surface area and pore volume (Table 5.1, Fig.
4.5a-b). In addition, it can also have originated from the ideal structure of MC CNTCNF, as
supported visually in Fig. 4.3a-i. In this case, the smooth surface of CNTCNF has no porous
structure for rapid ion accessibility, which is unfavorable for the electrode materials in that the
thick PNC layers on the CNTs act as a barrier and impede the penetration and diffusion of the

electrolyte.
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Figure 4.6 N contents and corresponding bonding configuration of each sample.
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Polarized Raman spectroscopy was performed to further support the structural
characteristics, as shown in Fig. 4.5d and 5e. The ratio of the intensity of the G-band in the
parallel configuration to the perpendicular configuration (le; / 16+) of sample MC CNTCNF
was 1.9, which much higher than 1.1 in CNTCNF, showing that the CNTs in MC CNTCNF
are aligned uniaxially. Only when the CNTs are uniaxially and densely packed in 1D
morphology can the CNTSs act as structural scaffold within material and prevent the material
from collapsing both in material preparation step and electrochemical reaction step (Fig. 4.3a-
1). In Fig. 4.8a-d, the role of CNTs as a structural scaffold was confirmed clearly by FE-SEM
of the MC CNTCNF electrodes before and after cycling. The ideal 1D morphology with aligned
CNTs (Fig. 4.8a) was well-preserved during cycling under both low C-rate (Fig. 4.9a) and high
C-rate test conditions (Fig. 4.8b). On the other hand, the CNF electrodes (Fig. 4.8c) collapsed
under both the low C-rate (Fig. 4.9b) and high C-rate test conditions (Fig. 4.8d), indicating that
the uniaxially packed CNTs inside PNC act as a structural scaffold. Finally, the importance of
an ideal CNT morphology and structural integrity was verified by the electrochemical test

results.
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Figure 4.8 FE-SEM images of (a) MC CNTCNF electrode before cycle (b) MC CNTCNF

electrode after cycles; (c) CNF electrode before cycle (d) CNF electrode after cycles
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Figure 4.9 FE-SEM images of the (a) MC CNTCNF and (b) CNF electrodes after cycles

under low C-rate test conditions.
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As shown in Fig. 4.5¢, at a current density of 50 mA h g after several current densities, the
capacity of the CNTCNFs was not recovered from the first 50 mA h g. In addition, despite
the presence of CNT in CNTCNF, the rate capability was not improved compared to MC
CNTCNEF. Interestingly, the rate capability of CNTCNFs was worse than that of CNF, which
has no CNTs (Fig. 4.5f). The poor performance of CNTCNF despite the presence of CNTs
clearly supported the importance of a pore network in electrode materials. The thick PNC layer
of the CNTCNFs which lack a pore network, negated the enhanced electrical conductivity of
the CNTSs within the active material and the ion accessibility, hindering the development of an
efficient triple junction. It is also indirectly supported by the voltage profile of CNTCNF and
MC CNTCNF (Fig. 4.10) and cyclic voltammogram (CV) of CNF, CNTCNF, and MC
CNTCNF (Fig. 4.11). Fig. 4. 10 and 11 demonstrated that the lower irreversible capacity and
enlarged redox peaks of MC CNTCNF due to the template polymer and well-aligned CNTs.[60]
Although the 1D porous structure in MC CNTCNF was proven to be effective in facilitating
electrolyte penetration and storage, the low value of SSA and the pore volume provide the
possibility to increase the electrochemical performance further by developing micro pores for

Li storage and connecting the hierarchical pore network for rapid ion channels.
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Figure 4. 11 Cyclic voltammograms (CVs) of CNF, CNTCNF, and MC CNTCNF
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As shown in Fig. 4.1 and 3, the non-porous, thick surface and low specific surface area in
CNTCNF might impede the access of lithium ions to the inner redox sites. Despite the 10 fold
increase in the SSA compared to CNTCNF, the insufficient value of MC CNTCNF (74 m? g
1y suggests that the slightly rough surface of carbonized PNC@CNT might not be enough for
the electrolyte to penetrate and diffuse easily to the CNT. This would make it difficult to
achieve the synergistic effect of the CNT core, as supported indirectly by the electrochemical
test results at a high current density of 1000 mA g. The insufficient pores, veiled redox sites,
and CNTs can be developed and unveiled easily by KOH activation.[1, 61] The pore
developing effect was examined by activating MC CNTCNF and CNTCNF (denoted as MC
CNTPNF-activation temperature and CNTPNF-activation temperature). In addition, activation
was carried out at varying temperatures from 650 to 850°C to examine the effect of the
activation temperature on developing pores and the change in PNC and determine the optimal
activation temperature. As shown in Fig. 4.12a-f, the FE-SEM and TEM images of MC
CNTPNF and CNTPNF were different from each other in that CNTPNF exhibited a collapsed
morphology with wrecked ends and protruding CNTs, whereas MC CNTPNF maintained its
original 1D morphology with individual PNF wrapped CNTs. Fig. 4.14d shows X-ray
diffractograms of PNF and MC CNTPNF. The peaks at the 26 angle of 23.5° and 42° arise
from (002) and (10) reflections of the partially carbonized PNF sample, and the peaks at 25.3°
and 42° from the carbonized shell and the well-aligned CNTs in the core of MC CNTPNF. This
implies that the carbonization was facilitated by the presence of CNTSs in the fibers, which

contributes to the higher crystallinity of the sample.[62-64]
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Figure 4.12 FE-SEM images of (a), (c) CNTPNF and (b), (d) MC CNTPNF in the low and the
high resolution respectively; and corresponding TEM images of (¢) CNTPNF and (f) MC

CNTPNF
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The surface of MC CNTPNF was slightly roughened due to the activation process developing
micro pores resulting from carbon decomposition and gas evolution. The development
micropores in both MC CNTPNF and CNTPNF was confirmed by the pore size distribution
based on Original Density Functional Theory (Fig. 4.13a), the cryogenic N2 isotherm, and
increased SSA (Fig. 4.13c). The lack of a suitable porous structure and the extensive evolution
of micropores in CNTPNF resulted in a vanishing hierarchical pore network with an extremely
high SSA of 2485 m? g*. MC CNTPNF, however, maintained its hierarchical pore structure
with a slightly lower SSA of 1217 m? g*. This difference might come from the structural
integrity of the activation precursors (MC CNTCNF and CNTCNF). The structural integrity of
MC CNTCNF might have originated from the optimal ratio between the CNTs and polymers,
leading to strong resistance to deformation, which is analogous to the case of reinforced
concrete. On the other hand, the randomly oriented CNTs in CNTCNF were crumbled during
heat treatment due to the insufficient ability to withstand the activation process. This result
supports indirectly the role of a stable structural scaffold of uniaxially aligned CNTs. During
KOH activation, the clogged pores and veiled redox sites embedded in the inner part of 1D

PNC was unveiled, developing a fast-ion accessible hierarchical pore network (Fig. 4.13a-c).
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In the pore size distribution based on Original Density Functional Theory (Fig. 4.13b), MC
CNTPNF and PNF, which had a template polymer, have pores > 30nm in size. In contrast,
CNTPNF, which had no template polymer, does not have pores > 30nm in size, and this
difference goes well with the role of the template polymer in that it develops a reasonable
porous structure, as mentioned in part 1 of this paper. Consequently, this pore structure, which
has a pore size above approximately 30nm, is expected to produce a rapid ion-accessible
structure that is verified by calculations of the Li ion diffusion coefficient (Fig. 4.14). In Fig.
4.15a, the Li ion diffusion coefficient of each sample (CNTPNF (8.78E-10 cm? s'1), PNF
(1.21E-09 cm? s71), and MC CNTPNF (2.43E-09 cm? s71)) showed a reasonable correlation
with each ratio of the pore volume, whose pore size was above 30nm, which is in contrast to
the pore volume, whose pore size below 30nm. Considering that most previous studies regarded
mesopores and macropores as pores that facilitate Li ion diffusion, this correlation is quite
interesting in that this correlation, whose diffusion facilitating pore size criterion of 30nm (Fig.
4.15a), is more reliable than the counterpart, whose criterion is on the IUPAC pore

classification (Fig. 4.15b).
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Subsequently, this efficient pore network has a positive impact on its electrochemical
performance at different charge/discharge current densities from 50 to 1000 mA g*. This
phenomenon is supported by the approximately 16-fold increase in SSA from 74 to 1217 m?g-
1in MC CNTPNF (Table 5.2) and the strong 107, 98, and 73% increase in reversible capacity
after KOH activation at 50, 200, and 1000 mA h g1, respectively (Fig. 4.16b). CNTCNF, which
has no template polymer, showed the same phenomenon in that the SSA increased from 7 to
2485 m? gL, Interestingly, however, although the increased SSA of CNTCNFs (approximately
355 fold) was much higher than that of MC CNTCNF (approximately 16 fold), the
enhancement of the reversible capacity was much lower (by 47, 57, and 47 % at 50, 200, and
1000 mA h g%, respectively) (Fig. 4.18). This difference suggests that the presence of a pore
network, whose pore size is above approximately 30nm, is an important factor in developing
‘effective’ micropores within a hierarchical pore network to actually store Li ions. Therefore,
KOH activation only could develop unusable and inaccessible micropores if the ideal structure

had not been formed previously (Fig. 4.16).
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Table 4.2 SSA and pore volume for each sample

Specific
Vtotal Vmacro Vmeso Vmicro
surface area
(cm*g™) (cm*g™) (cm*g™) (cm*g™)
(m*g)
CNTCNF 7 0.006 0.004 0.002 ~0
CNTPNF 2485 0.555 0.017 0.037 0.501
MC
74 0.174 0.123 0.040 0.007
CNTCNF
MC
1217 0.311 0.141 0.081 0.089
CNTPNF
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Figure 4.16 (a) Cyclic voltammogram (CV) of MC CNTPNF and MC CNTCNF; (b)

Electrochemical test results at varying current densities (50, 100, 200, 250, 500, 1,000, and 50

mA g1, respectively.) and capacity enhancement (xx%) by KOH activation for MC CNTCNF,

which had template polymer; Schematic illustration of (inset in (b)) MC CNTPNF;
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1,000, and 50 mA g1, respectively.) and capacity enhancement (xx%) by KOH activation for

CNTCNF, which had no template polymer; Schematic illustration of (inset in image) CNTPNF;
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Raman spectroscopy, which is used widely for characterizing carbon materials, in terms of
In/lG ratio, was used to examine the effects of KOH activation further. The intensity ratio of
two dominant peaks of the D band and G band, which correspond to graphitic layers and
disordered or defective carbon, respectively, indicates the degree of defects in carbon
materials.[56, 65-67] As shown in Fig. 4.18, Ip/lc of MC CNTPNF (0.91) was lower than the
value of MC CNTCNF (1.47) despite the generation of micropores during KOH activation.
This might be due to the partial graphitization of PAN during activation because the process
temperature was high enough to induce the graphitization of PAN, leading to a decrease in
In/lc.[65] The KOH activation temperature also strongly affects the properties of carbon
materials, as shown Fig. 4.18. By the increase of the thermal treatment temperature from 500
to 650, 750, and 850 °C, the Ip/lg of the samples showed a decreasing tendency: 1.47, 1.40,
0.91, and 0.93, respectively. This correlation shows that the partial graphitization of PAN is
dominant at temperatures higher than 750 °C and surpasses the effects of micropore

development, the force to increase the number of carbon defects.

172



Before activation
Activation 650 C
Activation 750 C
Activation 850 C

I/ls=1.47

I/lz=1.40

Intensity (a.u.)

I/15=0.91

=093

T T T T T T T T
1000 1500 2000 2500 3000

Raman Shift cm™)

Figure 4.18 Raman spectra with /p//¢ ratio of each sample.
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The change in defect and graphitic carbon is closely related to the chemical properties of N in
the samples. Elemental analysis and XPS analysis were conducted to examine the change in N
content and its bonding configuration by the KOH activation process, as shown in Fig. 4.19a
and 19c. The structural integrity and activation temperature both strongly affect the chemical
properties of the samples. The N content was reduced during KOH activation at 750 °C and
quaternary N newly appeared. In comparison with Fig. 4.6, pyridinic N might be changed to
quaternary N (9 % in MC CNTPNF and 12 % in CNTPNF) during the thermal treatment,
considering that similar portions of pyrrolic N were characterized in the samples (from 68 %
in MC CNTCNF to 72 % in MC CNTPNF and from 46 % in CNTCNF to 52 % in CNTPNF).
The activation temperature also greatly affects the N contents and its bonding configuration, as
summarized in Fig. 4.19c. As the activation temperature was increased, the overall N content
decreased with increasing portion of quaternary N. As shown in Table 5.3, there might be some

trade-off between the N configuration and pore development.
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Table 4.3 N contents and specific surface area of each sample

N contents Quaternary N Specific surface area
(wt. %) (wt. %) (m*g?)
MC CNTCNF 115 0 74
MC CNTPNF-650 115 0 493
MC CNTPNF-750 3.9 9 1217
MC CNTPNF-850 2.6 24 1200
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Figure 4. 19 (a) N bonding configuration percentages of MC CNTPNF and CNTPNF activated
at 750 °C and (b) corresponding electrochemical test results at varying current densities (50,
100, 200, 250, 500, 1,000, and 50 mA g2, respectively.); (c) change in N bonding configuration
depending on the activation temperature and (d) corresponding electrochemical test results of

activated MC CNTCNF samples at the same varying current densities with (b)
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As shown in Fig. 4.19c and 19d, the N content decreased while the portion of quaternary N,
which impedes lithium ion storage compared to pyrrolic and pyridinic N [56, 68] is increased
with increasing activation temperature.[48] On the other hand, all of the activated samples
delivered higher capacities at all charge/discharge current densities despite the decreased
amount of N. According to the CV curves (Fig. 4.16a) of the samples we can tentatively
conclude that the development of triple junctions through the formation of ion channels is
prerequisite for improving the electrochemical performance. The simple increase of N contents
does not result in the higher performance unless it is accessible by the redox species. Indeed,
The more rectangular-like CVs at around 0.2-3 V, which is due to the storage of lithium ion in
the micropores and the surface faradaic reaction with N-, O- functional groups[69] is shown
by MC CNTPNF than by MC CNTCNF. In addition, the higher peak cuurent at below 0.1 V of
the MC CNTPNF indicates the easier accessibility to the triple junctions due to the
development of ion channels by KOH activation.[69, 70] Of course, capacity fading is
obviously expected if too much N has disappeared due to a lack of redox sites. This is supported
by the lower capacity of MC CNTPNF-850 compared to MC CNTPNF-750 and MC CNTPNF-

650 (Fig. 4.19d).
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Consequently, KOH activation on CNFs expands the number of accessible redox sites from the
surface of the material to every part of the material, including the surface, inner part, and also
the interfaces between CNT and CNF (Fig. 4.16b). In addition, rapid-ion accessible pores,
whose pore size is above approximately 30nm, are connected hierarchically to the abundant
micropores by KOH activation, maximizing the triple junction and resulting in higher capacity
and higher rate capability than the PNC. Regarding the KOH activation temperature, 650 or
750 °C were found to be effective in developing an adequate porous structure, as determined
by the effective specific area increase for improved capacity indices with the electrochemical

test results.
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4.2.2 Effects of CNTs on modifying surface characteristics of space

The addition of CNTs in electrode materials facilitates electron transfer by reducing the charge
transfer resistance and improving the capacity by providing an electrical pathway to insulating
redox particles.[39] The electrical conductivities of 4 different samples were measured to
examine the effects of CNT quantitatively: MC CNTPNF (Not electrospun), PNF, CNTPNF,
and MC CNTPNF, as summarized in Table 5.4. The measured electrical conductivities of PNF,
MC CNTPNF (Not Spun), and MC CNTPNF were 0.05, 0.41, and 86.14 S m™, respectively.
This suggests that an effective electrical pathway by CNTs might be formed only if the CNTs
are highly aligned, as confirmed by Fig. 4.5d, supporting the merit of the co-polymer
electrospinning method by suppressing aggregation and aligning the CNTs along the uniaxial
shear force by the electrical force in the electrospinning process. To examine the contribution
on the electrical pathway further, the electrical conductivity of CNTPNF, whose CNTSs are in
a crumbled 1D structure (0.92 S m™), was also measured and compared with the aligned and
densely packed CNT (86.14 S m™). The huge difference between the two indicates that how
the CNTs are oriented in composite materials is essential in the formation of an electrical
pathway, rather than the merely existence of CNTSs in the composite. This result is consistent
with the electrochemical test results in Fig. 4.19b and polarized Raman spectra in Fig. 4.5d and
5e. Consequently, only when CNTs are uniaxially and densely oriented in a material and

adequately wrapped with thin PNC does an effective electron transfer pathway form.
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Table 4.4 Summary for each sample.

Electrical
Template
Electrospinning | CNT Morphology conductivity
polymer
(sm?)
MC CNTs are randomly scattered
CNTPNF X o] 0 within partially graphitized carbon, 0.41
(Not Spun) whose morphology is not 1D
1D morphology is not retained
PNF (0] X O during thermal treatment, showing 0.05
broken PNC
CNTs are confined under thick
CNTPNF (0] (0] X PNC surface and randomly oriented. 0.92
Some fibers are wrecked
MC CNTs are uniaxially packed with
(0] (0] O 86.14
CNTPNF thin PNC layer
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Furthermore, an interesting change was observed depending on the existence of CNTSs, which
indicates the role of CNTs in the partial graphitization step of PAN to PNCs as well as
enhancing the electrical conductivity. Maitra et al. reported that CNTs can act as an efficient
template for graphitization in PAN-derived carbon and there was high graphitization near the
walls of the CNTs in CNT-PAN composite.[71] To determine the role of CNTs even under the
condition of KOH activation, a visual inspection by TEM, Raman spectroscopy, and XPS were
carried out collectively on the MC CNTPNF-650 sample. The TEM image of the activated
sample in Fig. 4.20b shows a few “more graphitic layers” near the walls of the CNTs, thereby
verifying the graphitization prompting effect of CNT on PAN even during the KOH activation
process. This can be explained further by the n- m interaction between the cyano group and
CNTs during the wrapping process, leading to the alignment of the cyano group in PAN along
the crystalline walls of the CNTs.[49, 72] The presence of CNTs in the electrospun fiber further
affect the cyclization, graphitization, and bonding configurations of N during the subsequent
KOH activation step via m-m interactions between the cyano group and CNTs. The X-ray
diffractoram (Fig. 4.14d) and the Ip/Ig ratio of PNF with/without CNTs indirectly support the
graphitization prompting effect of CNTs by giving a lower Ip/lg value of 0.93 for MC CNTPNF

(1.20 for PNF) in Fig. 4.20c.
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Figure 4.20 (a) Schematic diagram of the change in the N-bonding configuration depending
on the presence of CNTs; (b) TEM images of MC CNTPNF with evidence on the partial
graphitization of PAN; (c) Raman spectra with an Ip/lc ratio of sample with/without CNTSs;

XPS analysis on (d) MC CNTPNF-650 (with CNTs) and () PNF-650 (without CNTS)
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The N bonding configurations were characterized by XPS to determine the effects of the
alignment of the cyano group in PAN along the CNT walls by the n- 7 interaction, as shown in
Fig. 4.20d and 19e. Generally when PAN is treated thermally below 1573 K for graphitization,
XPS shows three main N 1s peaks: shows pyridinic N (N-6, 398.4+0.2), pyrrolic or pyridonic
N (N-5, 399.8+0.2), and quaternary N (N-Q, 400.7+0.4).[48] The N bonding configurations of
the partially graphitized PAN on CNTs (MC CNTPNF-650) was 66% N-5 and 34% N-6
without any N-Q. On the other hand, the absence of CNTSs resulted in the newly appeared 8%
N-Q with 49% N-5 and 43% N-6. This clear change in the N bonding configuration depending
on whether CNTSs are present (Fig. 4.20a) supports the effect of the alignment of the cyano

group in PAN along the CNT walls on the PAN during the pyrolysis process.

Before discussing the electrochemical test results to examine the effect of CNTs on changing
N-bonding configuration, the mechanism of the improvement of the electrochemical
performance should be noted. As illustrated as a pink-colored circle in Fig. 4.20a, the “edge
site” N atoms in N-5 and N-6 form are beneficial to Li* storage for following reasons.[56]
Since doping nitrogen would alter the chemical and electronic properties of carbon host,
subsequently make stronger interaction between N-doped carbon and lithium ion.[73, 74]
Especially, it is indicated by recent researches that divacancy and Stone-Wales defect, which
is introduced by additional n-type carriers in carbon systems and the hybridization between the
nitrogen lone pair electrons and the graphene p-electron system, make deficiency to gain
electrons from Li ions[15, 73] and consequently kinetics of lithium diffusion and adsorption of

Li atoms in N-doped carbon matrix are improved.[74, 75]
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In this sight, N-5 and N-6 can generate a large number of nanopore-defects with their inner
surfaces and provide more active sites for Li* storage because these nanopore-defects act as
divacancy and Stone-Wales defect,[15, 73] providing a deficiency to gain electrons from
lithium.[56, 57] In contrast, quaternary N (N-Q), which is located inside the graphitic carbon
plane, is less beneficial for N-doped carbon to storage Li ions because it cannot generate
nanopore-defects for Li storage and its electron-rich structure hinders Li* adsorption.[76, 77]
In addition, the high N-Q content in the lattice can increase the energy of the carbon framework,
leading to structural instability during many charge-discharge cycles.[56] In this view, when
there is an equivalent nitrogen content, less N-Q and more “edge site” N atoms (N-5, N-6)
would be beneficial for Li storage. On the other hand, as heat-treatment temperature increases,
a large amount of “edge site” N atoms are converted to N-Q because there is a gradual
conversion step for N-5 to N-6 and N-6 to N-Q from 773 to 1573 K, which is the general heat-
treatment temperature for the cyclization and graphitization of N-doped carbon sources.[48]
Therefore in previous studies, a decrease in the amount of the N-Q form was inevitable.
Interestingly, this study overturned the tendency of N-Q formation. This can be explained by
the effects of the alignment of the cyano group in PAN along the CNT walls on the PAN

pyrolysis process in the presence of CNTSs.
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Fig. 4.21c clearly demonstrates the superior rate capability of MC CNTPNF compared to PNF.
MC CNTPNF retained 52 % of the initial specific discharge capacity at the high current density
of 1000 mA g while PNF maintained only 27 %. It should be noted that the presence of well-
aligned CNTs in the core of fibers helps improving the rate capability by enhancing electron
conductivity. This can also be supported by the corresponding voltage profiles (Fig. 4.21a and
21b) showing a much reduced overpotential due to the presece of CNTs. Furthermore in Fig.
4.22, the PNF sample decreased 53% in capacity after 400 cycles at a high current density of
1,000 mA g but the MC CNTPNF sample decreased by only 36% even after 400 cycles,
indicating better cycling stability as well as higher capacity of the MC CNTPNF. The improved
cycling stability of MC CNTPNF resulted from the role of CNTs as a structural scaffold. In
Fig. 4.23a and 23D, the PNF electrode showed a relatively shorter and broken morphology after
KOH activation compared to Fig. 4.14c and under high current density conditions, its structure
had collapsed almost completely. On the other hand, the MC CNTPNF electrode retained its
1D ideal morphology after both KOH activation and under high current density conditions (Fig.

4.23c and 23d).
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Figure 4.23 (a) PNF made as a coin cell before cycle (b) PNF made as a coin cell after the high
C-rate cycles; (c) MC CNTPNF made as a coin cell before cycle; (d) MC CNTPNF made as a

coin cell after the high C-rate cycles
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Electrochemical impedance spectroscopy (EIS) was also conducted to better understand the
measured electrochemical performance of the samples with/without CNTs. The MC CNTPNF
electrode showed lower charge transfer resistance in both cases of before/after cycling and
lower film resistance in the Nyquist plots (Fig. 4.24). These results are accordance with the
electrical conductivity data and electrochemical test results, reconfirming the positive effects
of aligned CNTs. Interestingly, the resistance was reduced during cycling in both samples
regardless of the presence of CNTs. This can be explained by the activation and electrolyte

wetting of the ion channels, which has been reported.[67, 78, 79]

189



Finally, to determine precisely the effects of the enhanced electrical conductivity of CNTs on
the rate capability, anodes with polyvinyline fluoride (2 wt. %), carbon black (3 wt. %), active
material (95 wt. %) were prepared. As increasing the performance with decreasing binder and
conductive carbon has been a major strategy to increase the capacity of commercial secondary
batteries in recent years,[80, 81] this experiment is of great significance for practical
commercial secondary batteries. Although MC CNTPNF retained 819 mA h g™ at 1000 mA g°
! from 1643.6 mA h gt at 100 mA g, the low-binder and conductive carbon MC CNTPNF
showed a relatively lower capacity of 956.7 mA h g at 100 mA g* and retained 401.2 mA h
gl at 1000 mA g? (Fig. 4.25). On the other hand, this value still indicates greatly enhanced
performance compared to the commercial graphite anode. Moreover, the low-binder and
conductive carbon PNF without CNTs showed similar capacity to the low-binder and
conductive carbon MC CNTPNF at a low current rate but the absence of CNTSs resulted in huge
capacity drop to 269.1 mA h g at a high current density of 1000 mA g. This difference in
rate capability at a high current rate indicates the importance of CNTs in its electrochemical
performance by increasing the electrical conductivity of the material. This improvement of
both the rate capability and cycling ability are due to the synergistic effects of the improved
charge transfer through the facilitated electrical pathway of the CNTs, the favorable N bonding
configurations due to the presence of CNTSs, and their role as a structural scaffold within the

material.

190



100

c —a— MC CNTPNF
e —&— MC CNTPNF_after cycle
= sl PNF _ after cycle
S 604
)
o
E 40
)
S
= 20
©
=
0
120
Real Impedance/ohm
b)
Before cycle After cycle
(The effect of SEI layer)
[ Ra FW—]
R | -
Cdl
I LY R ()
MC CNTPNF
Before cycling
e 23 88.0
efore cycling
MG CNTENE 34 206 34
er cycling
PNF
After cycling 29 288 17

Figure 4.24 (a) Nyquist plots of the prepared samples before/after cycling from impedance

and (b) equivalent circuits for Nyquist plot of the sample before and after cycling

191

f *”{*‘I =&



)

Specific Discharge Capacity (mA h g

1% —a— MCCNTPNF
1500 - ’%,5 (Low binder and conductive carbon)
!
1250 - —o— PNF
| (Low binder and conductive carbon)
8:3:9:5=o
750
0\
\0-.,.. i
500 - 9=8=8
0\
4 0-\\ 0*0—0—]
250 _ 0.._____0__0#‘
0 T T T I
0 5 10 15
Cycle

20

Figure 4.25 The electrochemical test results of the low-binder and conductive carbon MC

CNTPNF and PNF at varying current densities (100, 200, 500, and 1000 mA g!,

respectively.)

192

A&t &



To investigate the effect of N bonding configuration in MC CNTPNF samples, normalized
amount of N-5, N-6 and N-Q were ploted against normalized specific discharge capacity.
Normailization by specific surface area is required to consider a huge difference in the SSA of
MC CNTPNF samples. Based on Fig. 4.26, we could conclude that the specific discharge
capacity normalized by SSA increases linearly with the amount of N-5 and N-6 per SSA and
decreases linearly with the amount of N-Q. This result implies that the increasing N-5 and N-
6 per unit surface area is critical in the electrode ability of lithium storage. The precise
mechanism for the chemistry of the N-bonding configurations in the presence of CNTs might
require further investigation. Nevertheless, this work sheds light on the role of CNTs and the
effects of the thermal treatment temperature on the development of effective N bonding

configurations
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4.3 Conclusion

1D partially graphitized N-doped hierarchical porous carbon with uniaxially packed CNTSs in
the core were prepared by co-polymer single nozzle electrospinning, carbonization, and KOH
activation. Densely and uniaxailly packed CNTs in the core acted as a structural scaffold and
improved the electrical conductivity, enhancing the rate capability and cycling ability of the
anode. The partially graphitized N-doped LTC shell verified by the BET data and subsequent
electrochemical tests indicated that only when a rapid ion-accessible hierarchical pore network
is guaranteed will efficient redox sites be expanded from the surface of the material to the entire
material and interact with the large surface coverage on CNTSs, thereby maximizing the triple
junction. The improved electrochemical performance was evaluated by three factors: 1) a facile
method to orientate CNTs in a 1D morphology using the slow-envelopment phenomenon, 2)
an effective way to realize the hierarchical structure and their property changes of PNCs, and
3) role of CNTs in the formation of an electrical pathway and the partial graphitization of PAN
during the thermal treatment. As a result, this material displayed superior reversible capacity
of 1814.30 mA h g at 50 mA g, and 850.10 mA h g* at 1000 mA g*. Furthermore, the
reversible capacity decreased only 36 % even after 400 cycles and showed superior rate
capability than the same material without CNTSs. In addition, the unexpected role of the CNTs
in changing the nitrogen bonding configuration in N-doped carbon for better Li ion storage was
discussed. These findings not only suggest an ideal way to design CNT-LTC anode materials
to maximize the triple junction, but also shed light on controlling a favorable nitrogen bonding

configuration by adopting CNTs in N-doped carbon materials.
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4.4 Experimental section

4.4.1 Chemicals and materials

Polyacrylonitrile (PAN; Mw 150,000; Aldrich), poly(methyl methacrylate) (PMMA; Mw
120,000; Aldrich), potassium hydroxide (KOH; Aldrich), N,N’-dimethylformamide (DMF;
Daejung, Korea), and the as-produced multi-walled carbon nanotubes, synthesized by a
catalytic chemical vapor deposition process, (MWCNTs, CM250, Hanhwa Chemical) were

purchased and used as received.

4.4.2 Electrospinning and post treatment

To prepare the electrospinning dope solution, specified amounts of PAN, the orientation-
controlling polymer, were dissolved in 10mL of DMF with stirring at 90 °C for 4h. After the
PAN was fully dissolved, 50 mg of MWCNTs were dispersed into the solution by tip-
sonication for 1h and ultra-centrifuged at 5000 RPM for 40 min. Finally, specific amounts of
PMMA, which make 20 wt. % of the total polymer concentration with PAN, were dissolved
overnight into the solution. The electrospinning dope solution was loaded into a syringe
connected to a metal needle (gauge no. 28, inner diameter 0.18 mm) nozzle and electrospun at
a rate of 1.0 mL ht in air at a voltage of 19.5 kV The distance from the nozzle to the grounded
collector was approximately 18 cm and the temperature was approximately 22-25 °C with 18-

20 % relative humidity.

After the electrospinning step, electrospun fiber was heated to 500 °C in a nitrogen atmosphere
at a heating rate of 5 °C/min and maintained at that temperature for 3h to fully decompose
PMMA and glue the MWCNTs with PAN. Subsequently, the prepared nanofibers were

dispersed with a KOH solution (50mL distilled water and 50mL ethanol) by tip-sonication for
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20 min and dried with stirring overnight on a hot plate. The weight ratio of the nanofibers and
KOH was 1:4. When all solvents were dried, prepared mixture of nanofibers and KOH were
heated to 650 °C, 750 °C, and 850 °C in a nitrogen atmosphere at a heating rate of 5 °C/min
and maintained at either of those temperatures for 1h for KOH activation. Subsequently, the
prepared activated nanofibers were stirred in 1M HCI for 2.5h and washed with distilled water
until the pH of the filtrate was approximately 7. Finally, activated partially graphitized porous
N-doped carbon (MC CNTPNF) was obtained after drying at 80 °C overnight. For comparison,
the same sample without the MWCNTSs was prepared and a sample without PMMA was

prepared by dissolving 12 wt. % PAN to obtain the minimum concentration for electrospinning.

4.4.3 Characterization

Field emission scanning electron microscopy (FESEM; MERLIN Compact) and transmission
electron microscopy (TEM; JEM-2100F and Tecnai F20) were conducted to verify the 1-D
morphologies of the samples and uniaxial orientation of MWCNTSs. In addition, to determine
how much the electrical conductivity can be enhanced by incorporating MWCNTSs uniaxially,
the samples were pelletized and measured using a M4P-205 4 point probe station (MSTECH).
An elemental analyzer (EA; Flash EA 1112) was used to measure the quantity of each element.
The surface chemical characteristics of the samples were investigated by X-ray photoelectron
spectroscopy (XPS; AXISHIS, Kratos). The specific surface areas and pore volume
distributions were examined based on the Brunauer-Emmett-Teller (BET) equation[82] using
a Micromeritics ASAP 2020 static volumetric gas adsorption instrument. The intensity ratio of
the D and G bands of the samples was measured by Raman spectroscopy (Raman plus,
Nanophoton). In addition, polarized Raman spectroscopy was used to examine the degree of

orientation of the CNTSs.
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4.4.4 Electrochemical measurements

To investigate the electrochemical performance of the prepared samples, all anodes were
prepared by the doctor blade method using polyvinylidene fluoride (15 wt. %), carbon black
(15 wt. %), and active material (70 wt. %). The prepared slurry was coated on a copper current
collector and dried for 12 hours at 80 °C under vacuum. A 1 M LiFPg solution in EC/DEC (1:1
volume ratio) was used as the electrolyte. The electrochemical performance was evaluated
using a battery cycler (WBCS3000, WonATech) and a potentiostat (ZIVE SP2, WonATech)
with assembled 2032 coin-type half-cells. The electrochemical performance was investigated
in the 0.02-3.0 V potential range against Li/Li*. Cyclic voltammetry (CV) experiments were
carried out at a scanning rate of 20 mV st between 0.02 V and 3 V versus Li/Li*.
Electrochemical impedance spectra were obtained at the open circuit voltage over the

frequency range of 10 mHz to 10 kHz with an AC amplitude of 5 mV.
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Chapter 5. Concluding Remarks

Demand for high-performance energy storage systems is growing rapidly to achieve a
renewable energy economy. Although there have been many improvements in the performance
of electrochemical energy storage systems represented by lithium ion batteries, more research
is still needed to develop battery materials with both a high energy density and power density
that meet the requirements of next-generation batteries at the crossroad from a small electronic
device such as smartphones to enormous electric-storage stations and electric vehicles. Among
the various requirements for next-generation batteries, fast-charging without capacity decay
and stable cycle stability are two of the most important issues to solve [1]. Kinetic issues in the
fast charging condition, especially transport of electrochemical species in the anode, affects the
degradation of the active material and causes a performance gap between the theoretically
predicted and practical ones. State-of-the-arts were revisited at the point of reducing the
overpotential in each transport step of the electrochemical species. There is an apparent
difference between finding a theoretically superior active material and practically realizing the
expected electrochemical performance in the current required electrochemical environments

such as fast charging conditions.
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Some previous studies have focused on just adopting fancy new materials and showed an
enhanced electrochemical performance that could not be maintained under harsh conditions
(Fig. 5.1a). As seen in Fig. 5.1b, the primary goal in this research is designing an active material
that can maintain the maximum electrochemical performance under any circumstances at the
point of the morphology of the active material itself, without any assistance from other factors
such as electrode manufacturing or adding surfactants. After the fundamental active material
design guideline is set up regardless of which active material is used, the ultimate goal to both
enhancing the theoretical and practical performance of a battery could be sincerely meaningful

(Fig. 5.1c).
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In Part II, the kinetic issues hindering the fast charging of today’s LIBs were investigated from
a physicochemical and materials’ point of view. The overpotentials in a battery system are

derived according to the route of the electrochemical species [2, 3].

1, ~
V=—=(fie- — f6_) =Voc + A¢° + Ap® = Mply + D@l + Dpf,

Among the various transport routes, solvated Li-ion transport in an electrolyte-containing
active material space is suggested to be a key issue to reduce the overpotential induced by the
kinetic limits of Li-ions. The concentration gradient caused by the transport limits and

subsequent overpotential (A@§, ) is expressed as follows [4].
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In Part III, rational design guidelines to deduce the appropriate morphology of a 1D carbon
nanofiber (CNF) anode material and develop the space characteristics in the active material
were derived with the interpretation of the phase separation behavior in an immiscible polymer
electrospinning system. Chapter 3 focuses on the rational design and synthesis of CNFs
according to the guidelines presented in Part II, and a facile phase separation method to control
the ion transport channel with an immiscible polymer blend electrospinning system was also
studied through the interpretation of the ternary phase diagram. The correlation between the
space characteristics and the transport characteristics of the solvated Li-ions was derived in

terms of reducing the overpotential (Fig. 5.2a).

In Chapter 4, N-doped hierarchical porous carbon with uniaxially packed carbon nanotubes
(CNTs) was prepared. Densely and uniaxially aligned CNTs and KOH activation hierarchically
modified the CNFs, and the correlations between characteristics of each space and the
electrochemical performance were discussed in the view of enhancing both the theoretical and
practical performance (Fig. 5.1c). Fast transportation of solvated Li-ions through an ion
channel by a core shell structure and the subsequent enhanced Li storage behavior on an
activated lithiophilic surface were closely investigated according to the findings of the previous
parts of this research. In addition, the effect of the CNTs was investigated from a new
perspective on modifying the space characteristics of the anode materials and improving the

electrical conductivity (Fig. 5.2b).
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From the point of view in material science, more diverse and versatile materials can be
adjusted to be next-generation anode materials, advancing the design guidelines in this research
such as the interpretation of the space characteristics in the active material and subsequent
effects on the transport characteristics. Additionally, other nanomaterials such as CNTs in this
research can be adopted successfully to an anode material considering the guidelines.
Furthermore, the rational design guideline for a fast charging electrode material should be made
on a wider scale. Until the electrochemical reaction occurs in a battery system, there are various
scales of steps from the region of a material such as the active material, electrolyte, and
additives to a larger scale of region such as cell manufacturing and charging protocols (Fig.
5.3). In addition to the rational material design that can lower the kinetic limits which was
conducted in this study, research that can control variables in other scales of battery design that
may occur under the fast charge conditions is needed; furthermore, an integrated study that
brings these different scale studies together is also needed to ultimately achieve a next-
generation energy storage system. From the most foundational materials to the most practical
applications, research must span every aspect of the battery, aiming to enhance cycle life and
safety and reduce the cost and charging time. I hope that, with the suggested views,
corresponding design guidelines, and experimental methods for fast-charging anode materials,

this research could spark new groundbreaking research in this important field.
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