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Abstract

Lithium-ion batteries (LIBs) have extended their application from small
portable devices to electric vehicles (EV) and energy storage systems (ESS). The
urgent demand for electric vehicles and the rapid consumption of LIBs requires it
with high energy densities, environmental friendliness, and resource sustainability.
Typically, Silicon (S1) materials are considered as an ideal anode active material for
next-generation LIB, due to its advantages of high theoretical capacity (~4200
mAh/g), low operation potential (< 0.5 V vs. Li/Li"), and abundant resources.
Cathode active materials, nowadays, are expected with wide working potential to
increase LIB’s energy density. Such as high-voltage spinel cathode materials,
layered oxide cathode Materials etc. However, there are several imperative issues
for the LIBs: high energy density, prolonged cycle stability, excellent rate capability,
low cost, safety, and environmental-friendly manufacturing process. To cope with
the issues, many researchers have made effective efforts on it. All components of
LIBs electrodes have been studied to optimize their performance according to their
application. Although binders normally used in a small amount, play a crucial role
in maintaining electrode structure integral. The commercially used binder divided
into two types, organic-based polyvinylidene fluoride (PVDF), and water-based
styrene-butadiene rubber (SBR). However, the traditional PVDF binder, which

interacts with electrode materials via weak Van der Waals forces and consequently
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lacks the necessary capabilities, could not fulfill the high demands of batteries with
high energy density. Besides, PVDF needs to dissolve into NMP organic solvent
during slurry preparation process. that causes environment problems. SBR is more
environmental friendliness but could not use under high voltage situations and lacks
more functions like ionic conductivity, electrical conductivity, mechanical properties

and so on.

In view of the above-mentioned shortcomings in the research of binders for
LIBs, in this article. A variety of new binders for LIBs were designed and
synthesized to improve LIB’s performance. The main research contents and results

are summarized as follows:

(1) A new polyacrylate latex (PAL) as binder was applied for high voltage cathode
in LIBs. One of the biggest advantages of the polyacrylate binder is that it is
electrochemically stable at the working voltage of typical cathodes (> 4.5 V wvs.
Li/Li"), unlike a conventional water dispersed SBR. Though PVDF is
electrochemically stable under high voltage, but it could not alleviate fast capacity
decay and unable to be stable under high current density. In contrast, the LiFePO4
(LFP) cathode containing the PAL binder could achieve an excellent specific
discharge capacity of 155 mAh g'! with a high-capacity retention of 91.5% after 100
cycles at 1.0 C. Even the specific discharge capacity remains at more than 50% when

the charge/discharge current density increases up to 10 C.

1



(2) MXene clay (Ti2C)-containing in-situ polymerized hollow core-shell
composite binder was used as binder for enhancing electrical conduction of silicon
anode. In this work a new water-based binder, MXene clay/hollow core-shell
acrylate composite (MC-HCS), was synthesized through an in-situ emulsion
polymerization technique to alleviate the fast capacity fading of the silicon anode
efficiently. The introduction of conductive MXene clay and the hollow core-shell
structure, favorable to electrons and ions transport in silicon-based electrodes, gives
a novel conceptual design of the binder material. Such a strategy could alleviate
electrical isolation after cycling and promise the better electrochemical performance
of the high-capacity anodes. The MXene clay/hollow core-shell acrylate binder
exhibits high-capacity retention of 1351 mAh g-1 at 0.5 C after 100 cycles and good

rate capability over 1100 mAh g at 5 C.

(3) Tannic acid (TA) cross-linked poly (vinyl alcohol) (PVA) and poly
(sulfobetaine methacrylate-co-Acrylamide) (SBAAm) abbreviated as TA-c-
PVA/SBAAm was used as water-dispersed binder for silicon/graphite (Si/C) anodes
in LIB. In this work, sulfobetaine methacrylate (SBMA) is a kind of zwitterionic
monomers, which can provide single direction ionic conductivity. PVA and PAAm
could provide good mechanical properties. TA in this work was used as cross linker
to construct a 3D network. Chemical crosslinking could improve the mechanical
strength of the binder, which ensure silicon-based electrodes integral during huge
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volume change. The Si/C electrodes constructed by TA-c-PVA/SBAAm binder
demonstrates a stable long-term cycle performance at 0.5C and high-capacity

retention of around 800 mAh g,
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1 Chapter 1 introduction

1.1 Lithium-ion batteries (LIBs)

Battery is a system that could transfer chemical energy into electrical energy
through electrochemical reactions. Two types of batteries were developed over past
years and could be classified as primary (non-rechargeable) or secondary
(rechargeable) batteries. The primary battery generates current by chemical reaction,
the active materials also consumed during operation, thus the reaction during
primary batteries operation is irreversible and the energy could not be continuously
generated. In contrast, the secondary batteries could charge and discharge by
switching the current direction, the active materials could be recyclable through
restoring and releasing ions. LIBs are one of rechargeable batteries. Compared with
many other types of batteries, LIBs with variety of advantages such as high energy
density, low self-discharge rate, higher voltage level, light weight etc. currently

occupy dominant position in consumer electronics, power tools etc.

1.1.1 The development of LIBs
Figure 1-1 briefly describes the history of LIBs development. Looking back to
1970s, the first rechargeable battery was demonstrated by Whittingham[1]. It was
driven by lithium ions and consisted of lithium metal as anode and a titanium
disulphide (TiS,) as cathode. Following that, a layered structure LiCoO; cathode was

discovered by Goodenough’s group in 1980, which increased the working voltage
1



level from 2.5 V to 4 V[2]. Furthermore, in 1985, the prototype of current lithium-
ion batteries was designed by Akira Yoshino[3]. They replaced the lithium-melt with
petroleum coke as anode. and then a Japan’s corporation, Sony, first achieve the
commercialization of LIBs by pairing graphite as anode and LiCoO, as cathode. as
the 2019 noble prize in chemistry awarded to John B. Goodenough, M. Stanley
Whittingham and Akira Yoshino for their contributions in the development of LIBs,
it becomes more and more popular and occupies a dominant position in batteries
market. Nowadays, LIBs still are dominant in the market of batteries from portable

devices to electric vehicles.

Nowadays:
LIBs spread their application

1970s: 1985: everywhere

Whittingham:
Lithium as working ions

Akira Yoshino:
replaced the lithium-metal

anode with petroleum coke. ‘/

Figure 1-1 The brief history of LIBs development



1.1.2 Working principle
As figure 1-2 shows, LIBs are composed of cathode, anode, electrolyte and
separator. In the beginning, the lithium ions store in cathode materials, so cathode
also be called the sources of lithium ions. The anode receives and stores lithium ions
from cathode. Between two electrodes, electrolyte liquids help the lithium ions
shuttle during battery operation. The separator blocks the flow of negative and
positive electrons inside the battery and allows ions to pass through, what’s more, it

avoids two electrodes contact and causes short circuit.

The operational principle of secondary Li-ion batteries is based on reversible

redox reaction. During charging, it transfers the electrical energy into chemical
energy and store lithium ions from cathode. During discharging, it converts the
chemical energy into electrical energy and release the stored lithium ions. And it can
be repeated for many times. The redox reaction take place at two electrodes, in which
the lithium ions intercalate and deintercalated among active materials. The electrons
are generated during the process and move through the external circuit to produce

current. For keeping electrical neutrality, the lithium ions flow through electrolyte.



[
Aluminum ‘ Copper

Cathode < Anode
as the source of Li- Separator Stores and releases Li-

ions determines the Prevents the S ions from cathode,

contact between
cathode and anode

capacity and the allowing the pass of

voltage of battery. current through an

external circuit

helps the movement g li-ions

Electrolyte Electrolyte

T Binders <> Anode active materials Conductive materials @ Li-ions ® Cathode active materials

Figure 1-2 the structure of LIBs

1.2 Major components of LIBs

The LIBs contain four main components: cathode, anode, electrolyte and
separator. As above mentioned, each component plays a significant role. Therefore,
the selection of appropriate materials for each part is critical to optimize LIBs
performance. LIBs are expected to produce good electrochemical performances,
with stable cycle reversibility, fast ion transfer rates, good conductivity, excellent

electrical output, and a long-life span. this section has summarized the influence of

active materials, electrolyte, and separators.



1.2.1 Cathode
Cathode is a critical component in LIBs, it determines battery capacity and
voltage. multiple categories of cathode have been studied and developed for high-
retention discharge capacity, operating voltage, energy and power density etc. each

of them possesses advantage and disadvantage.

Figure 1-3 shows three types of cathode materials. LIMPO4 (where M= Fe, Mn,
etc) belongs to olivine structure with one dimensional channel for easy diffusion of
Li" ions during the lithiation and de-lithiation process. due to a lot of advantages like
environmental friendliness, abundant, safe, relatively high-capacity retention and
low-capacity fading, it attracts considerable attentions in LIBs market. However, its
low energy density hindered its application in electrical vehicle industry. Layered
transition metal oxide structure like LiMO, (M= Co, Mn, Ni) as potential cathode
materials have continued to be studied and developed due to their high Li* ions
mobility. The layered structure constructs a two-dimensional Li" ion plane which is
favorable to ions diffusion and promotes electrical conductivity. LiCoO,, as
previously mentioned, paired with graphite anode was the first commercialized
secondary battery with an operating voltage of ~4 V. But the materials composed of
LiCoO, are unstable at high temperature and voltage, fast capacity fading at high
currents, what’s more, the structure of LiCoO; degrade with time. Based on that, the
dope combination of Ni, Mn and Co provide high specific capacity, low resistance,

5



and stability, respectively. Variety of other layered cathode materials like NCM
series has been researched and commonly used in battery market in the past years.
Spinel cathode materials like LiMn,0O4 (LMO) with three-dimensional path way.
which facile Li" ions diffusion. despite the advantages such as good electrical
conductivity and high lithium-ions diffusion etc. of LMO, the low energy density

and capacity restrict its wide use.

7
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LiFePO, LiNi, ,Co, sMn, ,0,

Figure 1-3 the main three different structure of cathode materials

1.2.2 Anode
Anode also plays a significant role in LIBs, it receives and stores the lithium
ions from cathode, therefore, the anode materials are expected to possess the
following properties: (1) high capacity, (2) low operational voltage platform, (3)
good electrical and ionic conductivity, (4) structure stable during lithiation and de-

lithiation, (5) forming a stable SEI layer and (6) low cost.



Carbon based anode materials like graphite, soft carbon, and hard carbon were
investigated and commercialized in the past decades because of their mechanical,
electrochemical and thermal stabilities. Typically, graphite was first commercially
used around 30 years ago and even by now, it is still widely used in battery market.
During the lithiation and de-lithiation process, as the equation (1-1) shows, 1 Li atom
combines with 6 C atom, it causes small volume change (~10%), and exhibits high
electrical conductivity and excellent cycle stability. But the theoretical capacity (371
mA h g!) of graphite could not satisfy the demands nowadays, so many researchers

and company has investigated more promising anode materials such as Titanium-

oxide-based anode like Li4Tis0,, (LTO), alloying materials such as germanium (Ge),
silicon (Silicon), tin (Sn), iron (Fe), and cobalt (Co) etc.

LiC¢ > Cs+Li"+e (1-1)

Among them, silicon has attracted more attentions in recent years because of

its high theoretical capacity (~4200 mAh g'.), low discharge potential and abundant

in earth however, silicon has large volume change (~310%) during changing and

discharging process. those problems influence battery overall performance.



1.2.3 Electrolytes

The electrolyte is an essential component in LIBs, the main role of electrolyte
is to act as a medium for ions transport between cathode and anode during the
charging and discharging process. Thus, the conductive efficiency of electrolyte
determines inner resistance of battery. Besides, the electrolyte keeps in close contact
with two electrodes and separators. As well-known, the reaction of lithium and water
is violent and generate lithium hydroxide and hydrogen. So, the electrolyte of LIBs
should be non-aqueous. In addition, it should satisfy the following basic
requirements: (1) the electrolyte could not react with contact materials like
electrodes materials and separators. (2) it should provide high Li" ion conduction
between electrodes materials and reduce internal resistance. (3) it should be
electrochemically stable without any side reaction. (4) it must ensure electronic
insulation to prevent short-circuits. (5) it must have enough electrochemical stability
to endure cell’s operating voltage. Based on above requirements, three types of
electrolytes developed including (1) liquid electrolytes (Li salt in solvents); (2)

solid/gel polymer electrolytes (GPEs), and (3) all solid-state electrolytes. Liquid

electrolyte is a common and wide used electrolyte in LIBs.it is normally consisted
of lithium salt (LiPFs, LiBF4 or LiClO4) and organic solvent mixtures, such as
ethylene carbonate (EC), dimethyl carbonate (DMC) and ethyl methyl carbonate

(EMC) and according to the different using situation, some other types of organic

8



solvents are added. However, the organic components in liquid electrolyte are
flammable and unstable at high voltage. those unexpected issues pushed the
development of gel polymer electrolyte (GPEs), which consist of polymer matrix
and lithium salt. Comparing with liquid electrolyte, GPEs have no electrolyte
leakage and nonflammability, hinder dendrite growth and improve safety of cells.
However, the low ionic conductivities restrict its application by now. for improving
the properties, researchers incorporate polymer with inorganic fillers to form a
polymer composite. The introduction of inorganic fillers could compensate the low
ionic conductivity of polymer electrolyte. the full inorganic solid-state electrolyte is
nonflammable and have highly thermal stability compared to liquid solvent and
polymer-based electrolyte. But their framework is not stable, and the void between

inorganic electrolyte and electrode material increase the internal resistance of battery.

1.2.4 Separators

Currently, the commonly used separators are polyolefin polymers, such as PP,
PE and their combinations. Separators used in LIBs is to block the contact of two
electrodes which is a safet barrier to prevent electrical short circuit and allow the
migration of ions while prevent the flow of electrons. So, the separators in LIBs
normally must be electrochemically stable, have good mechanical strength to resist
shrinkage, and have sufficient thermal stability during charging and discharging over
the operating temperature. what’s more, separators have a porous structure to soak

9



more electrolyte and promote Li* ions flow. The thickness of separator should be as

thin as possible. The thinner the separator is, the faster the Li" ions migrate.

1.3 The electrodes in LIB

The electrodes of LIBs are composed of active materials, conductive agent, and
small amounts of binders. And those materials are coated onto a current collector.
The active materials have been described in previous section. They are the Li* ions
reservoir and receptor. The electrical conductivity of many active materials is not
enough to satisfy the electrons flow. therefore, conductive materials add to form
electrical network. Appropriate number of conductive materials is useful for
improving batteries’ capacity and life-span. The basic function of binder in LIBs is
to interconnect the active materials and conductive agent together, and adhere all
electrode materials to the current collectors. the properties of electrodes determine
overall battery performance. Therefore, the fabrication process of the electrodes is
critical, including the proportion of each component, the thickness control and the

selection of solvent.

1.3.1 The development and classification of binders
As described above, the binders in electrodes act as a bridge between electrode
materials and current collector. According to the solubility in solvent, the binders are
classified into two categories: organic-based (non-aqueous) and water-based

(aqueous).
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Polyvinylidene fluoride (PVDF) is a typical organic-based binder. Since the
first commercially used binder in LIB by Sony, PVDF occupies a dominant position
in batteries market. It offers many good properties such as high mechanical strength,
thermal resistance and good processability during slurry preparation process. besides,
PVDF binder has highly electrochemical stability in a wide potential window (> 5
V vs Li"/Li). So, even by now, it’s still a widely commercialized binder. However,
PVDF has some limitations. While it applies to silicon anode, it interacts with the
surficial function group of silicon by weak van der Waals forces, which leads to poor
cycling performance and rate capability. Specially, it needs to dissolve into toxic

solvent (N-Methyl-2-pyrrolidone, NMP), which causes environmental concerns.

Based on that, water-based binder becomes a better choice. Carboxymethyl
cellulose (CMC) is a presentative water-based binder. There are many function
groups like -OH, -COOH on the backbone, which ensure CMC could interreact with
the groups on the active materials surface by hydrogen bond. What’s more. CMC
derives from cellulose, it’s a low-cost and pollution-free materials, importantly, the
great dispersibility and compatibility with active materials and conductive materials
make it be alternative binder to PVDF. But its intrinsic weakness like brittleness,
small elongation rate and stiffness limit its application. So, CMC are not able to
suppress and accommodate large volume changes. The cracks and collapse in
electrodes might occur. To solve those problems, styrene-butadiene rubber (SBR)
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has been synthesized and studied as a binder in LIBs. many reaches reported that
SBR could provide stronger adhesive strength, higher flexibility and better
mechanical properties. But the viscosity of SBR is too low to coating. The
combination of SBR and CMC is a better way to slurry preparation. SBR uses as a
binder, CMC acts as thickening agent. However, as the development of binders, they
are expected to possess more functions not just a basic binding reagent. the
traditional binder whatever PVDF or SBR/CMC, are could not accommodate the
isolation resulting from volume expansion. The isolation materials in electrodes
would not undergo further lithiation and cause the capacity loss. Thus, the
considerable researches work on new water-based binder. Such as Polyacrylic acid

(PAA) and its derivatives, Chitosan-based binders, alginate-based binder and so on.

1.4 The methods of polymeric binder synthesis

Binder is micromolecular material which synthesized by condensation and
addition polymerization. Condensation polymerization as shown in figure 1-2
extends the polymer chain by function group reaction of bifunctional monomers.
Addition polymerization grows up the polymer chain by the repeated addition of

monomers which contains at least one double bonds.
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Figure 1-3 schematic diagram of condensation polymerization
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Figure 1-4 schematic diagram of addition polymerization

Free radical polymerization and emulsion polymerization are mechanism and
physical methode of addition polymerization for binders’ synthesis. The polymer
chain grows up through the successive addition of repeat units. During the process
the free radicals are formed by variety of mechanisms, usually, the initiators
decompose firstly, and then, the free radical adds to monomers, thereby growing the
polymer chain. There are many types of initiators, such as thermal decomposition,
photolysis, redox reactions, and persulfates etc. In our researches, an aqueous

persulfate-type initiators was used.
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The emulsion polymerization was firstly explained and developed by Smith and
Ewart, and Harkins in the 1949s. the solution for emulsion polymerization, as shown
in figure 1-6, has three main components, monomers, initiators and surfactants
(emulsifier), surfactant has both hydrophobic and hydrophilic segments, which
could make the surfactant disperse into water. When the concentration of surfactant
in water exceeds its critical micelle concentration, the excessive emulsifier
aggregates together to form micelles. the initiators are present in water phase
because the initiators are water-soluble, thus, the radicals also are produced in water.
Most monomers are wrapped by surfactants called monomer droplets. Few exist in
water and micelles. That is due to the monomers are organic and could not soluble
in water. The total surface area of droplets is much smaller than micelles, therefore
micelles are more competitive in capturing radicals. It explains that the main site of
polymerization take place in micelles. And the mechanism of emulsion
polymerization can be divided into three stages. In the first stage, the initiators
separate into radicals in water, the radicals enter micelles and react with monomers
in micelles, until all micelles turn to monomer-polymer particles. this is Smith-Ewart
interval 1. And then the monomers in monomer-polymer particles quickly
polymerize and extend the polymer chain. During this stage, the monomer droplets
supply monomers to keep the concentration of monomers in monomer-polymer

particles, until all monomer droplets in water disappear which means Smith-Ewart
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interval 2 finished. due to all droplets has been consumed in interval 2, therefore, in
stage 3, the chain grows up by consuming the monomers from monomer-polymer

particles. Finaly all monomers turn to polymer.
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Figure 1-5 schematic diagram of emulsion polymerization
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2 Chapter 2 Experimental methods

2.1 Synthesis of binders

2.1.1 Synthesis of MXene clay (Ti2C)-containing in-situ polymerized hollow

core-shell composite binder.

The polymerization was conducted in a four-neck round-bottom reactor with a

vigorous stirrer, reflux condenser, nitrogen gas inlet system, and feeding devices.

The recipes for synthesizing core-shell, hollow core-shell, and MXene/hollow core-

shell binders are listed in table as follow:

Components Seed( Core Core-shell (g) Hollow core-shell Mxene hollow core-shell
g (9) (9) (9)
MMA 55 15 - -
MAA 0.56 12.5 -
BA 6.5 10 30
St 30
AN - - 10
APS 1 0.2 04
SDBS 0.06 0.05 0.2
Seed latex 50 -
Core latex 75 -
MXene solution (500mg in seed + 500mg in core
process)
Core-shell latex 100 100
5% NaOH - - - 54 54
Distilled water 150 150 150 50 50
Temperature (°C) 75 75 75 75 75

Table 2-1: Recipe of the MC-HCS binder

Seed latex was firstly polymerized to control particle sizes. Multistep emulsion

polymerization sequentially was carried out to obtain core and shell polymers in the

seed latex. The whole polymerization for CS latex proceeded 5 hours to core
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polymers and another 4 hours for shell polymers with 200 rpm stirring at 80 °C under
a nitrogen atmosphere. Noteworthy, the core to shell mass ratio was fixed at 1 to 4
to obtain relatively homogenous latex with a regular round shape. HCS binder was
completed through the alkalization treatment of the CS latex. The alkalization
process was conducted to remove the inner core polymers and to form a hollow core-
shell structure. The MC-HCS binder synthesis used the same procedure as the HCS
latex. This water-dispersed MCs solution was used in the seeding process instead of
pure water. The MCs was first dispersed in distilled water by sonication for 2 h under
a nitrogen atmosphere, and then seed monomers were added for subsequent in-situ
polymerization on MCs. The exact number of MCs used at the core polymerization
step. Fig. 1-1 shows the photographs of the sonicated MCs solution and MC-HCS

latex binder, where the binder latex contains 1.67 wt.% of MC.

17



Figure 2-1: The photographs of the sonicated MXene clay solution

and polymerized MC-HCS binder latex

2.1.2 Synthesis of tannic acid cross-linked zwitterionic copolymer binder

To prepare zwitterionic copolymer, poly (sulfobetaine methacrylate-co-
Acrylamide) (SBAAm), the monomers of Sulfobetaine methacrylate (SBMA) and
Acrylamide (AAm) were firstly dissolved into 100 mL deionized water. After the
temperature reached 75 °C, 2 wt% of amino-1-propanesulfonic acid (APS) solution
as initiator dropwise added into the solution and kept for 1.5 hours. At the same time,
poly (vinyl alcohol) (PVA) powder dissolved into 50 mL deionized water and was
initiated at 75 °C by APS. Following that, the two solution transferred into one pot

and physically mixed for 15 min. And then tannic acid solution dropwise added into
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above solution and maintained for 3 hours at 75 °C Finally, tannic acid crosslinked

PVA/PSA (TA-c-PVA/SBAAm) binder obtained.

2.2 Slurry and electrodes preparation

2.2.1 Preparation of LiFePO4 (LFP) cathode electrodes
The water-based electrode slurry was composed of 90 wt% of active material LFP
(Advanced Lithium Electrochemistry Co. Ltd, Taoyuan City, Taiwan), 5 wt% of
super-p (SP, Alfa Aesar, Tewksbury, MA, USA), 2 wt% of thickener CMC (Daicel
Fine Chem Ltd., Osaka, Japan), and 3 wt% of water-based binders PAL or SBR
(Zeon Corporation, Tokyo, Japan). PAL (Eco chemical Co. Ltd., Ulsan, Korea) is a
type of polyacrylate manufactured from emulsion polymerization; due to the policy
of the company, the detailed components of the PAL are not available. The organic-
based electrode slurry was composed of LFP, SP, and PVdF (90:5:5 wt.%), and NMP
was used as solvent. The slurry was mixed in a planetary ball mill and casted on
aluminum foil. The water-based and organic-based electrodes were dried in a
convection oven at 60 °C and 120 °C for 30 min, respectively. Next, the electrodes
were dried again in a vacuum oven at 70 C overnight. The mass loading of electrodes

was 11.9 + 0.4 mg cm 2. Preparation of silicon anode electrodes

2.2.2 Preparation of silicon anode electrodes
The slurry prepared with silicon (Si, 50-60 nm, KCC Co. Ltd.) active material,

super-p (SP, PHOENIX) conductive agent, binders, and thickener CMC. The mass
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ratio in the slurry was 60:20:10:10 to Si: SP: CMC: binder, respectively. After well
mixing in a planetary ball mill (Pulverisette 7, Fritsch), the slurry was coated on
copper foil with the doctor-blade method, and dried in a convection oven for 30 min
at 60 °C. The mass loading of Si electrodes was 0.7~1 mg cm 2. Before assembling,
the electrodes were dried in a vacuum oven at 70 ‘C overnight and fabricated into

CR2032 type coin cells in an argon-filled glovebox.

2.2.3 Preparation of silicon/graphite (Si/C) anode electrodes

The preparation of silicon/graphite (Si/C) electrodes is similar with silicon
electrodes. S1/C (25 wt%/75 wt%) anode electrodes were prepared as active material,
super-p as conductive agent, and binders. The mass ratio of the slurry was 75: 15:
10 to Si: SP: binder, respectively. All the materials were mixed in a planetary ball
mill (Pulverisette 7, Fritsch). The well-mixed slurry was coated on copper foil with
the doctor-blade method, and dried in a convection oven for 30 min at 60 °C. The
mass loading of Si/C electrodes was 1-1.3 mg cm?. Before assembling, the electrodes
were dried in a vacuum oven at 70 °C overnight and fabricated into CR2032 type

coin cells in an argon-filled glovebox.

2.3 Cell’s fabrication
LFP used as the working electrodes, CR2032 coin-half cells were assembled

with polypropylene separator film, a lithium chip as a counter electrode, and 1 M
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LiPF6 in 1:1:1 ethylene carbonate: dimethyl carbonate: ethyl methyl carbonate by

volume (Panaxetec Co., Busan, Korea) as electrolyte.

In the case of both Si and S1/C electrodes used as working electrodes. A lithium
chip (MTI Korea Co. Ltd.) and 1.15M LiPF6 ethylene carbonate/fluoroethylene
carbonate/propylene carbonate/diethyl carbonate/ ethyl methyl carbonate (EC: FEC:
PC: DEC: EM(C=20:10:5:40:25 in volume) (Soulbrain Co., Ltd, Korea) were used
as the counter electrode and electrolyte, respectively. A polypropylene separator

(Celgard LLC) was placed between the working Si and the counter Li electrodes.

2.4 Physical characteristics
2.4.1 Fourier-transform infrared analysis (FTIR)

ATR-FTIR and FTIR (FTIR, Thermo Scientific Nicolet i1S5) used to
characterize the functional groups of binder over the wavenumber range, 500—4000
cm

2.4.2 Raman analysis

The Raman spectroscopy (DXR Raman Microscope, Thermo Fisher Scientific)

was conducted under Aexc = 532 nm laser excitation.

2.4.3 Thermogravimetric analysis (TGA)
The thermal stability of polymeric binder in LIBs was investigated by

Thermogravimetric analysis (TGA) under a nitrogen atmosphere and a heating rate
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of 10 °C/min, carried out by TA Instruments Q50. The synthesized polymers were
dried at 60 °C overnight. The polymer film was heated up in a platinum pan from

room temperature to 600 °C.

2.4.4 Differential Scanning Calorimetry (DSC)
Differential scanning calorimetry (DSC, TA Instruments Q50) was used to
invistage the glass transition temperature (Ty) of the polymers. It was conducted

under a nitrogen atmosphere and with a heating/cooling rate of 15 °C/min, and

heated from -50 °C to 200 °C.

2.4.5 Zeta potential analysis
The particle size was measured by zeta potential (ZEN3600, Zetasizer Nano ZS,

Malvern Instruments Ltd.)

2.4.6 Viscosity tests
The viscosity tests was carried out through Rheometer (HR20, TA-Instruments)

under a shear rate ranging in 0.1-1000/s.

2.4.7 Contact angle (CA)
The contact angles of the polymer films are measured by an optical tensiometer
(Theta life, Biolin Scientific). It recorded the angle change of one electrolyte droplet

on binder films in 60 seconds.
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2.4.8 Electrolyte uptake (EU)
The electrolyte uptake of binder films was calculated by adsorption rate in a
certain period. The polymer films were dried in a Teflon disc under 40 °C overnight.
These fully dried films soaked into electrolyte and recorded the weight change

before and after immersed in electrolyte. the EU calculated as the equation below:

Wy = =22 % 100% (2-1)

1

2.4.9 Transmission electron microscopy (TEM)
The Transmission electron microscopy (TEM, JEM-2100F, JEOL, Japan) was

used to examine the morphology of binder.

2.4.10Scanning electron microscope analysis (SEM)
Scanning electron microscope (FE-SEM, JSM-600F, JEOL, Japan) SEM was
conducted to observe the morphology of binder and electrodes before and after

cycling.

2.4.11 Tensile test
The mechanical properties were studied by a texture analyzer (TA-PLUS,
LlIoyd Instruments Ltd.). the testing samples were completely dried under 60 °C. and
the films were cut into strips with a width of 2 cm and a length of 7 cm. and then

tested under tension speed of 10 mm min.
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2.4.121onic conductivity of polymeric membrane
To calculate the ionic conductivity, electrochemical impedance spectroscopy
(EIS, VSP, BioLogic Science Instruments) was implemented at OCV in the
frequency range from 10 Hz to 100 kHz using a stainless-steel cell and equation (2-

2):

6 = (2-2)

where § is the ionic conductivity, [ is the thickness of binder film, R is the bulk
resistance obtained from EIS, and A4 is the area of binder film. The electronic

conductivity of HCS and MC-HCS were measured using the Wagner-Hebb method.

2.4.13 Adhesion strength
The electrode sheet’s adhesion strength was measured through 180° peel force
of 2 cm wide strips with a texture analyzer (TA-Plus, Lloyd Instruments Ltd.) at a

propagation speed of 60 mm min.

2.4.14Electrical resistance and resistivity
The resistance and resistivity of the electrode sheet investigate using a 46

multipoint probes system (RM2610, Hioki Corp., Japan) at room temperature.
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2.5 Electrochemical properties

2.5.1 Galvanostatic charge-discharge test
Long cycling performance of silicon electrodes in a coin cell was examined
using the charge/discharge process at 0.1C for the first 2 cycles and 0.5C for the
following 100 cycles. Here the capacity of 1C is 4,200 mAh g!. Cells operates at
various current densities for rate efficiency testing from 0.1C to 5C. Both
experiments were operated in PNE solution (PEB0501 system, Korea) in a voltage

window of 0.005 Vto 1.5 V.

In the case of LFP, Long-term cycling and rate capability tests were conducted
between 2.5 V and 4.0 V with a CC/CV charge mood and a CC discharge mood. For
long-term cycling tests, the cells were charged/discharged at 0.1 C for the first 3
cycles and at 1 C for the next 100 cycles. The cells were charged/discharged with a

variety of currents, ranging from 0.1 C to 10 C.

2.5.2 Voltammetry and Impedance analysis
Cyclic voltammetry (CV) and EIS of the cells perform using a potentiostat (VSP,
BioLogic Science Instruments). For silicon-based cells, CV scans with a scanning
rate of 0.5 mV s in the voltage range of 0.0-1.5 V. The EIS was recorded in a
frequency range of 0.01 Hz to 100 kHz at 0.2 V vs. Li/Li" and with an amplitude

voltage of 7 mV.
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For LFP, it was performed in the voltage range from 2.0 to 4.5 V, with 10 mV
s'! for HS-3E flat cells and 0.25 mV s™! for CR2032 cells using a potentiostat. The
electrochemical impedance spectroscopy (EIS) test was performed in the frequency

range from 10° Hz to 10~ Hz at the direct current potential of E=3.5 V.

Electrochemical impedance spectroscopy (EIS) was operated under
potentiostatic mode which is fixed with AC amplitude of 10 mV and a frequency

range from 100 kHz to 0.01 Hz.

3 Application polyacrylate Latex as binder for high voltage
cathode

3.1 Introduction

In recent years, lithium-ion batteries (LIBs) have extended their applications
from small portable devices to electric vehicles (EV) and energy storage
system(ESS)[4—7]. There are several imperative issues for the LIBs: high energy
density, prolonged cycle stability, excellent rate capability, low cost, safety, and
environmental-friendly manufacturing process. To cope with the issues, all
components of LIB electrodes should be optimized according to their application.
The electrodes are normally composed of active materials as a major component,
and conducting agent and polymeric binder as minor inactive components[8§].
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Lithium transition metal oxides such as lithium cobalt oxide, lithium nickel-
manganese-cobalt oxide, lithium nickel-cobalt- aluminum oxide have been widely
studied in decades[9—14]. However, cobalt and nickel are classified as less-common,
carcinogenic, mutagenic, and reprotoxic metals which should be avoid as much as
possible in the future LIB manufacture[15,16]. Hence, LiFePO4 (LFP) containing
abundant and environmental-friendly iron attracts many researchers’ and industries’
attention[ 17-22]. LFP is also known for its high thermal stability with appreciable

capacity (170 mAh g!) and excellent long-term cycle stability[23].

Apart from the active materials, polymeric binder is also an indispensable
element in LIBs that play a crucial role in maintaining electrical network integrity
of the electrode, though it is inactive to electrochemical reactions[24-27]. As a
conventional binder for the cathode, polyvinylidene fluoride (PVdF) has been
normally used due to its good chemical and electrochemical stability[28—30].
However, PVdF should be used in the form of solution with toxic and flammable
organic solvent, N-methyl pyrrolidone (NMP) during the preparation of electrode
slurry[31-33]. This certainly issues the difficulty in manufacturing of electrode and
increases the cost of manufacturing[34]. Therefore, there have been intensive studies
on water-based binder, such as styrene-butadiene rubber (SBR), carboxymethyl
cellulose (CMC), sodium alginate, polyacrylic acid, Polyvinylpyrrolidone, etc[35—
39]. Among them, SBR is known as one of the most common water-based binders
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because of its good flexibility, strong binding force, and high heat resistance[40,41].
Especially, SBR combined with CMC is widely applied for commercial graphite
anodes[41-43]. However, SBR is oxidized when the voltage over 4.2 V is applied to
LiCoO; cathodes, because unsaturated C=C double bonds in the polymerized
butadiene chains of SBR are unstable such a high voltage[44]. This is one of the

reasons to limit the implement of water-based SBR binder on LIB cathodes.

Polymeric binder as an inactive component should be stable in anodic and
cathodic environments. This is essential to exploit a potential water-based binder
that has good electrochemical stability in a wide voltage window when applied to
LIB cathode. In this study, a new water-based polyacrylate latex (PAL) binder will
be applied to commercial LFP cathodes, and compared to typical SBR and PVdF
binders with their electrochemical stability. Besides, the comprehensive
electrochemical tests of LFP cathodes produced by the new binder or the two typical

binders will be performed and discussed carefully.

3.2 Results and discussion

3.2.1 Electrochemical characterization
First of all, the electrochemical stability of the binder is investigated through
CV of HS-3E flat cells and the result is shown in Fig. 3-1. During the 3 cycles within
2.0~4.5 'V, the oxidation peaks appear at voltages approximately above 4.2 V only in

the SBR electrode, although the peak intensity decreases as the cycle proceeds.
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However, there is no corresponding reduction peak in the cathodic scan to 2.0 V,
indicating that the oxidation of SBR is irreversible. This is consistent with the
previous study. Yabuuchi et. al[45] reported that the unsaturated C=C of butadiene
chains in SBR was oxidized at higher than 4.2 V. In contrast, no distinguishable
oxidation peaks exist in the CV curves of PAL and PVdF electrodes other than
typical electrochemical double layer characters[46]. Therefore, there is no doubt that
the PAL is electrochemically as stable as PVdF within the cathodic working voltage.
The slight current increase of PAL and PVdF electrodes during anodic scan nearby
4.5 V is attributable to the electrochemical decomposition of electrolyte. From this
simple CV result, the new water-based PAL can be applied as a cathodic binder, at

least over LFP electrodes, unlike to SBR binder.
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Figure. 3-1. Cyclic voltammetry of the binder electrodes. The binder
electrodes are composed of SBR, PAL, or PVdF with excess amount of SP

conducting agent.

In addition to an environmental-friendly character of water-based latex binders,
another outstanding benefit of the latex binders is the use of smaller amount binder
compared to typical organic-soluble PVdAF binder. Because the binder is an
electrochemically inactive component of electrodes, its content should be minimized
in electrode if possible. Unlike the PVdF binder of surface contact mechanism,

water-based emulsified binder such as SBR or PAL contacts the active material by
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point-to-point binding mechanism with its fine polymer particles [47].The fine
particles of water-based emulsified binder can help to keep electrode integrity with
less amount than PVdF, ultimately leading to an increase in capacity and rate
capability, although it is still ambiguous how small particles are best for LIB
electrodes. As shown in Fig. 3-2, the average size of PAL particles is around 182 nm
whereas that of SBR particles is approximately 104 nm. The particle size can be
easily controlled by modifying the emulsion polymerization techniques and

components, and is out of our scope for this study.
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Figure. 3-2. Particle size distribution of PAL and SBR latices.
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The most important properties of electrodes in terms of binder are the adhesion
and the electrical resistance of the electrodes. The electrode adhesion is first
examined via a mechanical peel test of the electrode from the current collector and
the result is shown in Fig. 3-3(a). No meaningful peel strength was observed for the
LFP electrode containing PVdF binder. Meanwhile, the LFP electrodes containing
emulsified PAL and SBR binders are approximately 15.8 N cm™ and 25.1 N cm™!,
respectively. As displayed in Fig. 3-3(a), however, the peel strength of the LFP/SBR
electrode 1s not as stable as that of the LFP/PAL electrode during the test. This
implies that the PAL binder disperses in electrode better than the SBR binder does.
This is also confirmed by the pictures in Fig. 3-3(b) that show the dispersion of SP
in the binder latices. Due to the hydrophobic nature of carbonaceous SP, SP is hardly
dispersed in water. Compared to the dispersion of SP in SBR latex, SP is relatively
well dispersed in the PAL latex. This must be attributed to the functional groups in
acrylate such as carboxylate, which can easily interact with the functional groups on
the surface of SP as impurities. The uniform dispersion of binder can avoid the
aggregation of the active material and conducting agent, which has an advantage for

better electrochemical performance of electrodes.
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Figure. 3-3. (a) 180°peel strength of LFP electrodes containing

PAL, SBR or PVdF binder. (b) Dispersion of SP in PAL and SBR latices.

The electrode resistances are measured using 46 multipoint probes connected
to a measurement system. The system allows to measure the electrical resistances of
electrode without considering the geometric correction factors caused by typical
four-point probes systems. As listed in Table 3-1, the LFP/PAL electrode has the
smallest surface and volume resistivities of the three LFP electrodes and has a little
higher interface resistance than the LFP/SBR electrode. In particular, compared to
commercial PVdF binder, the PAL binder decreases the volume resistivity of the LFP
electrode from 12.2 to 7.27 Q cm, which corresponds to 40.4%. Though a relative

lower adhesion of the LFP/PAL leads to a slightly larger resistance assigned to the
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interface between the electrode and the current collector than the LFP/SBR electrode,
there is no doubt that PAL binder is favorable for producing a LFP electrode

possessing lower electrical resistances due to its well dispersion in the electrode.

Composite Composite Interface Composite
thickness surface resistance volume
(um) resistivity (Ohm resistivity
(Ohm sz) ) (Ohm cm)
cm))
PAL 16.4 1.19*10_2 2.93 7.27
SBR 16.9 1.85*10-2 1.85 7.59

Table 3-1. Surface and volume resistivities and interface resistance of the LFP

electrodes.

The electrochemical characteristics of the LFP electrodes were examined using
CV and EIS experiments, which are depicted in Fig. 3-4. The LFP electrodes
containing PAL or SBR binder exhibit clear and strong anodic peaks at 3.5 V and
their symmetrical cathodic peaks at 3.3 V. These are assigned to the oxidation of Fe**
and reduction of Fe** in LFP, respectively. Regardless of the two binders, the
potential gaps of the peaks are almost the same and are nearly 200 mV. One the
contrary, the redox peaks of the LFP/PVdF electrode are relatively sluggish and their

potential gap is approximately 800 mV, much larger than the LFP/PAL and LFP/SBR

34



electrodes. It implies that the polarization resistance of the LFP electrode becomes
decreased when water-based PAL or SBR binder is used instead of commercial PVdF
binder. This may be the reason that the point-to-point contact of PAL and SBR
provides more free paths for lithium ions movement in the LFP electrode. Further
evidence on this point is given by EIS analysis of the electrodes cycled by four times.
These are shown in Fig.3-4(b). The size of the semicircle in the middle frequency
range represents the charge transfer resistance for electrochemical reactions
occurring at the interface between the electrode and electrolyte [48]. On the contrary,
the straight line at low frequency region gives information on the Warburg resistance
associated with ion diffusion in the electrode [47]. It is very obvious from the figure
that the charge transfer resistances of the LFP composed of PAL (18.4 Q2) and SBR
(21.5 Q) latex binders are much smaller than that of PVdF binder (457.5 Q).
Additionally, the PAL electrode has a steeper slope than the SBR electrode at low
frequency, demonstrating a faster ion diffusion in the PAL electrode. Overall, the
reduced charge transfer resistance and improved ion diffusion by the use of PAL
binder may affect affirmatively the electrochemical performance of the LFP

electrode.
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Figure. 3-4. (a) CV and (b) EIS of the LFP electrodes containing

different binders.

Finally in Fig. 3-5, the electrochemical performance of the LFP electrodes
manufactured by different binders is shown with respect to long-term cycle and rate-
capability. The electrodes containing PAL or SBR binder show excellent long-term
cycling stability with the specific discharge capacities of 142 mAh g for the
LFP/PAL and 136 mAh g! for the LFP/SBR, respectively, after 100 cycles. On the
contrary, the LFP/PVdF electrode suffers from severe capacity fading so that the
capacity retention is only 7.1% at the 100™ cycle. Besides, the PVdF electrode shows
serious unstable coulombic efficiency, whereas the others have superior stable
coulombic efficiencies above 96%. This is in accord with the results of high-rate

capability tests in which the cells are charged and discharged at various current
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densities: 0.1C, 0.2C, 0.5C, 1C, 2C, 5C, and 10C. At each current, 8 cycles are
repeated and then the current goes back to 0.1C to check the electrode recovery. As
shown in Fig. 3-5(b), the PVdF electrode shows low capacities at even low currents
of 0.1C and 0.2C, and nearly zero capacity above 0.5C. This might be caused by the
network bonding mechanism of the PVdF binder, i.e., weak adhesion strength, high
electrical resistances, and significant charge transfer resistance caused by the PVdF
binder. In contrast, the PAL and SBR electrodes show good rate performance with
relatively higher capacity retention than 50% at even 10C. Additionally, the
electrodes fully restore their capacities when 0.1C is given to the electrodes from
10C, implying that there occurs no physical damage in the electrodes for such high
current charge/discharge cycles. Furthermore, it is clear from Fig. 3-5(c-d) of the
charge-discharge profiles at different current densities that the LFP/PAL electrode

exhibits more stable voltage profiles than the LFP/SBR electrode.
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Figure.3-5. The electrochemical performance of the electrodes
containing different binders: (a) long-term cycling, (b) rate capability.
(c) and (d) are charge and discharge profiles of the electrodes at a

variety of current densities.

In summary, the PAL binder is a promising water-based binder candidate for a

LFP cathode due to its excellent electrochemical stability at high voltage, pleasant
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dispersion in slurry, satisfactory adhesive strength, and small surface and volume

resistance.

3.3 Conclusion

Similar to commercial SBR binder for LIB anodes, the new PAL binder makes
the manufacturing process of LIB cathodes eco-friendly because it is dispersed in
water as an emulsion state. Unlike the SBR binder, more importantly, the PAL binder
1s unrestrained to expose at such a high working voltage of LIB cathode due to no
presence of carbon-carbon double bond in the main chain of PAL. From the CV
result, it is confirmed that the PAL has good electrochemical stability up to 4.5 V
just like organic-based PVdF binder. Additionally, there are several advantages
originated from the point-to-point bonding mechanism of the PAL binder, when
compared to the PVdF binder used for normal cathodes. The LFP cathode
manufactured by the PAL binder has stronger adhesion strength, lower electrical
resistances, and better charge transfer characteristic than that manufactured by the
PVdF binder. Consequently, the LFP cathode containing the PAL binder could
achieve an excellent specific discharge capacity 155 mAh g! with high-capacity
retention of 91.5% after 100 cycles at 1C. Even the specific discharge capacity
remains more than 50% when the charge/discharge current density increases up to
10C. These are much better than the LFP cathode composed of the conventional
PVdF binder.
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4 MXene clay (Ti2C)-containing in-situ polymerized hollow core-

shell composite binder

4.1 Introduction

Silicon (Si) as an anode material has attracted significant attentions due to its
advantages of high theoretical capacity (~4200 mAh/g), low operation potential (<
0.5 Vvs. Li/Li"), and abundant resources[49]. However, Si anodes suffer from severe
capacity fading during the lithiation/de-lithiation process, resulting from Si’s
massive volumetric expansion (~300%). The repetitive volumetric change of Si
worsens the particle-to-particle contacts, leading to the electrical and ionic isolation
of Si electrodes and the delamination of the electrode from the current collector [50].
Furthermore, the enormous volumetric expansion results in cracks in the solid
electrolyte interphase (SEI) and causes the additional SEI layer growth on the
surface of Si [51]. These undesirable phenomena have hindered its application in the
energy storage field. In order to alleviate the irreversible expansion and shrinkage of
silicon, tremendous researches has been conducted on silicon structure design [52—
54], electrolyte modification [55-57] and multifunctional binder study [58-60].
Binder gives an alternative option that can effectively suppress the problems due to

its facile fabrication process and low cost.
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The fundamental role of a binder in an electrode is to maintain the conductive
network of the electrode through the cohesion of the electrode components (e.g.,
active material and conductive agent) and their adhesion to the current collector
during cell operation [61]. Thus, the binder plays a significant role in the mechanical
stability of electrodes and their long-term cycling performance. Organic-based
polyvinylidene fluoride (PVdF) has been commercially used in LIBs. However,
silicon interacts with the surface by weak van der Waals forces, leading to poor
cycling performance and rate capability. Additionally, PVdF is dissolved only in a
toxic organic solvent (e.g.,N-Methyl-2-pyrrolidone, NMP), which causes
environmental concerns during slurry preparation. Although commercial styrene-
butadiene latex (SBL) is a water-dispersed binder, its use is limited due to its worse
effect of suppressing silicon expansion and maintaining electrical paths when used
in silicon- based electrodes. Above all, apart from better adhesion and environmental
friendliness, the binders in silicon-based anodes are expected to have better functions
to address silicon particles considerable expansion and electrical isolation. Various
efforts are emerging, such as self-healing polymeric binders to alleviate expansion
and repair electrical network, grafted binders containing electrical and ionic
conduction segments to improve conductivity, as well as multifunctional binders to

enhance the comprehensive capability [60,62—64].
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Two-dimension (2D) materials have recently been widely used in energy
storage due to their electronic conduction and good mechanical properties. MXene,
as a novel 2D nanomaterial, has attracted significant attention and has been applied
in a variety of industries, such as catalysis [65,66], wearable sensors [67,68], and
energy storage [69,70] since it was first discovered in 2011[71]. Compared with 2D
graphene materials, MXene is more hydrophilic and holds wealthy functional groups
(e.g., -0, -F, and -OH) on its surface[72]. These outstanding properties make MXene
implementable in water and allow some reactions and interactions with other
functional groups (e.g., -OH, -COOH, or -CN)[73]. Many researchers reported
MXene/polymer composites such as MXene with polyethylene oxide (PEO)[74],
polyvinyl alcohol (PVA) [75,76] polyacrylamide (PAAm)[68] etc. The MXene
interacts with polymers by hydrogen bonding force, van der Waals attraction, and
electrostatic interaction [77-79]. Combining MXene with polymers can enhance the
properties and performances of the composites, including mechanical properties,

solution stability, and especially electrical conductivity [80].

Inspired by the conception, we introduce conductive MXene to water-based
polymerization and obtain water-based MXene/polymer composite binder to
compensate for the shortage of water-based binder without electrical conductivity.
Primarily, a water-based binder with a unique hollow core-shell structure was
synthesized on the surface of MXene by in-situ emulsion polymerization. Removing
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core polymeric components from core-shell structured polymers achieved the
hollow core-shell structure. Its empty inside allows Li-ions to shuttle during the
charge/discharge process. The removed cores also help electrode slurry to maintain

high viscosity in the electrode coating process.

On the other hand, the outer shell design has essential binder properties such as
adhesion and mechanical strength, composed of poly (acrylonitrile-butyl acrylate-
styrene). The -CN groups in acrylonitrile (AN) provide good adhesion in electrodes,
the styrene (St) is typically used to improve mechanical strength [81], and the butyl
acrylate (BA) imparts a flexible behavior for the binder to tolerate the deformation
during cell operation [82]. The commercial water dispersed SBL binder use as a
reference binder. The structure of MXene clay/hollow core-shell composite binder
(abbreviated as MC-HCS) confirmed by TEM and SEM spectroscopies, and its

physical and electrochemical characterization is examined through various methods.
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4.2 Results and discussions

4.2.1 Confirmation of polymerization

Fig.4-1 (a) shows a schematic synthesis of the MC-HCS binder. We first
synthesized a core-shell structure on the MXene surface by in-situ polymerization.
Later, inner core polymers dissolve through alkalization treatment to obtain a hollow
core-shell structure. During the alkalization process as shown in Fig.4-1 (b), the
hydroxyl anion (OH") from sodium hydroxide is easier to penetrate through the outer
shell when the temperature is over glass transition temperature (7}), and then reacts
with a carboxyl group (COOH) in the core polymer [83]. After the alkalization
treatment, the core polymers come out of the core-shell structure and finally dissolve
in the aqueous medium. Because the 7, of CS (measured by DSC in Figure 4-2) was
13.8 °C, the alkalization conducts at 70 °C, which is significantly higher than the 7,

of CS polymer and it is easier for OH" to transport inside of the shell.
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Figure. 4-1. Synthesis process of in-situ polymerized MC-HCS

binder (a) schematic synthesis and (b) alkalization process, and (c) FT-

IR spectra.
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Figure. 4-2. Differential scanning calorimetry thermograms of CS

polymer solid film

FTIR and Raman spectroscopy were performed to confirm the successful in-
situ polymerization and are shown in Figure. 4-1 (c¢) and Figure. 4-3. The peak
observed at 1452 cm! is associated with the phenyl C¢Hg stretching vibration of St
[81], and there is also a weak vibration peak at 2276 cm™' contributing to the CN
group[84]. The vibration at 1162 cm™! has been attributed to the C—O in R-COO-R
of MMA and BA. The intensively strong peak at 1729 cm™ belongs to C=0 of BA
and MMA, and in the case of CS latex, it also belongs to COOH in MAA of the core

polymer [85]. The peak related to COO" in dissolved core polymer P(MMA-BA-
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MAA) can be observed at 1557 cm™ [86]. On the other hand, the COO" vibration
influences the presence of the two C=O peaks at 1653 c¢cm™! and 1729 cm!
respectively. The COO™ groups only exist in the HCS and MC-HCS binder. The shift
of -COOH to COO implies that the inner core polymer was successfully alkalized.
The Raman shift in Fig. 4-3 (b) shows that the vibrations of Ti—O, C—Ti and C—F of

MCs observes only in the MC-HCS binder.
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Figure. 4-3. (a) The FTIR and (b) Raman spectrocopy of CS, HCS

and MC-HCS binder.

Moreover, the viscosity of HCS and MC-HCS latex shown in Fig. 4-4 is more
significant than CS binder latex, proving that the core polymers have dissolved into
water after alkalization, increasing viscosity. SEM and TEM further investigated the

morphologies of CS, HCS, and MC-HCS.
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Figure. 4-4. Dynamic viscosity of CS, HCS and MC-HCS latex.

FE-SEM images shown in Figure. 4-5 (a—d) indicate that the particles of CS
and HCS binder have a spherical structure, and MCs have a multi-storey structure.
Figure. 4-5 (d) shows polymer particles in situ polymerized on the surface of the
MCs. More definite morphologies of CS and HCS observes using FE-TEM. Figure.
4-5 (e) demonstrates the structure of the CS binder in that light outer shells wrap the
dark inner core part. Figure. 4-5 (f), however, the inner cores of the HCS exhibit
lighter when compared to that of the CS particle. This explains that the empty core

structure of HCS forms successfully with the alkalization process.
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Fig.4-5. FE-SEM images of (a) CS particles, (b) HCS particles, (c)
MC, and (d) MC-HCS binder. FE-TEM images of (e) CS and (f) HCS

particles.
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4.2.2 Physical characterization and electrodes

The wettability and swelling of the binder film in organic electrolyte were
examined through contact angle (CA) and electrolyte uptake. And the results were
shown in Fig. 4-6 (a) and (b), respectively. Consistently, the hollow core-shell
samples, HCS and MC-HCS, show lower electrolyte uptake below 9% (7.1% and
8.9%, respectively) in 4 h, which is close to conventional SBR binder and is much
smaller than the core-shell CS binder of 56.4%. The CS binder film suffers such a
high electrolyte uptake because the hydrophobic segments in the core polymer of the
binder quickly absorb the organic electrolyte solution [87]. As already known,
relatively high electrolyte uptake can improve the interface compatibility between
electrode and electrolyte. In contrast, massive electrolyte uptake also decreases the
interaction capability between binder and other electrode components by the
softening and solvation of binder [88,89]. Besides, an abundance of electrolyte
solution in electrodes deteriorates the ionic and electric conductions caused by
excess electrolyte penetration [90]. Therefore, the relatively small electrolyte uptake
of the HCS and MC-HCS binders can ensure good affinity to the electrolyte and

structural integrity of the electrode.
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Figure. 4-6. (a) The electrolyte contact angle change in 60 seconds,

(b) the electrolyte uptake for 4 h

To examine the effect of hollow core-shell on lithium ions transport, AC
impedance was performed by sandwiching the polymer film between two stainless
steel electrodes. Fig. 4-7 (a) shows its results. The bulk resistances were obtained
from the spike-like lines on the real axis in the Nyquist plot using the equivalent
circuit inserted in the figure [91-94]. As presented in figure. 4-7 (b), the ionic
conductivities of HCS and MC-HCS calculated from the bulk resistances are 44.3
uS cm™ and 55.8 uS cm! at room temperature, which are much larger than the CS
biner 0of 6.9 uS cm™ and the SBR binder of 5.9 uS cm™!. This indicates that the hollow
core is an efficient binder structure facilitating lithium-ion transport compared with

the compact core structure of the CS binder.
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Figure 4-7. (a)The Nyquist plot of the polymer film sandwiched by

two stainless steel electrodes. (b) The ionic conductivity.

Before the hollow core-shell samples were finally applied as binder for Si
anodes, their thermal stabilities were investigated through TGA because the
materials are exposing to high temperatures during electrode drying. Fig. 4-8 shows
the experiment results of an exhibit that the HCS and MC-HCS binder films begin
to decompose at approximately 340 °C. Though their decomposition occurs early
than the CS polymer film of 380 °C, the decomposition temperatures of the HCS
and MC-HCS are high enough compared to the electrode drying temperature, so they

are thermally stable as the binder for the Si electrodes.
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Figure 4-8. The thermogravimetric analysis of CS, HCS and MC-

HCS.

The intrinsic huddle of the high-capacity Si anodes is that the volumetric
expansion and contraction of the Si particles reaches 310% during lithium ions
insertion and desertion, leading to the electrical isolation of the electrode. Therefore,
the adhesion ability and resistance of Si electrodes are key factors determining the
electrochemical behavior of the high-capacity anode during cell operation. Figure.
3-9 (a) shows the results of the adhesion ability of electrodes with different binders
to examinations. The average adhesion strengths of the electrodes fabricated by the
SBR and CS binders are lower than 0.5 N, whereas the Si electrodes composed of

the HCS and MC-HCS binder show higher adhesive strengths of 0.952 N and 0.692
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N, respectively. As shown in Figure. 4-1 and mentioned, the core polymer coming
out and dissolved into a binder solution during the alkalization treatment possesses
highly adhesive carboxy anions (COQO") functional groups. This could improve the
adhesion strength of the Si electrode. However, the decrease in the adhesion of the
MXene-containing HCS is inevitable due to the increase in the electrode surface to

adhere.

On the other hand, the Si electrodes' electrical interface resistance and
volumetric resistivity are improved by the MXene in the binder, as exhibited in Fig.
3-9 (b). The volume resistivity and interface resistance of the Si electrode containing
the MC-HCS binder are 3.97x102 Q ¢cm and 4.93x10-5 Q c¢cm?, respectively, which
are the lowest among those containing the other biners, including conventional SBR
binder. This illustrates that introducing conductive MXene to a water-based binder
can improve the electrode conductivity and adhesion by the empty-core structure

compared to the conventional core-shell SBR binder.
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Figure. 4-9 (a) The adhesion strength and (b) The electrical

resistance of the silicon electrodes composed of different binders.

4.2.3 Electrochemical characterization

The electrochemical performances of the Si anodes examine using CR2032-
type coin-half cells at room temperature. As displayed in Fig. 4-10, all CV curves of
the Si electrodes show similar electrochemical behaviors. Wide cathodic peaks in
the first cycle are observed in the voltage range of 0.5—1.5 V, which attributes to
electrolyte decomposition and the SEI layer formation [95-97]. However, the peaks
disappear in the following cycles, explaining that the SEI layer on the surface of
active materials has completed at the first cathodic sweep. The sharp anodic peaks
around 0.58 V are associated to the de-lithiation of amorphous Li,Si, and there also

presents clear cathodic peaks around 0 V, corresponding to the lithiation of Si.
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Figure. 4-10. The CV profiles of the silicon electrodes containing

different binders. (a) SBR, (b) CS, (c) HCS and (d) MC-HCS electrodes.

To compare the electrochemical activity in the different binders of the Si
electrodes, the third CV profiles of the silicon electrodes containing different binders
are selected and redraw in Fig. 4-11 (a). The MC-HCS-containing Si electrode
exhibits distinct redox peak intensities resulting from lithiation and de-lithiation of
Si, whereas the other electrodes show sluggish CV profiles. In addition, the

difference in the redox peak potentials is smaller than any other electrodes. Therefore,
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introducing MCs facilitates redox reactivity due to its high electronic conductivity
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Fig. 4-11. Electrochemical performances of the Si electrodes
composed of different binders: (a) CV profiles of the third cycles, (b) EIS

spectra of the 100 cycled Si-based electrodes

The electrochemical impedance of the 100 cycled cells operates at 0.2 V with
amplitude of 7 mV. The Nyquist plots shown in Fig. 4-11 (b) consist of three main
regions: two compressed semicircles corresponding to the solid interfacial resistance
(Rsi) in the high frequency range and the charge transfer resistance (R¢) in the
middle-frequency range, respectively, and a straight line in the low frequency range
belongs to the diffusion of lithium ions [95]. As shown in the insert in Fig.4-11 (b),
the Rsi of SBR-, CS, HCS and MC-HCS-containing Si electrodes are 12.8, 7.9, 2.7,

and 0.6 Q, respectively. Compared to the CS electrode, the HCS and MC-HCS

57



electrodes have much smaller Ry, implying that MXenes in electrodes can keep
integrated electrical network and prevent the formation of a thick SEI layer on the
surface of silicon particles. A thick SEI layer is unstable and cannot tolerate
volumetric expansion during lithiation and de-lithiation [99]. The electrode
fabricated with an HCS binder shows a lower charge transfer resistance of 21.8
Q compared to SBR 123 Q and CS 50.3 Q, attributed to the good ionic conductivity
and high adhesive strength of HCS in Fig. 4-7 and 4-9 (a) [100,101]. Furthermore,
the R value of 5.9 QO of the MC-HCS electrode becomes smaller than that of the
HCS electrode. Such a low charge transfer resistance must be influenced by high
ionic conductivity and low resistance in Fig.4-7 and 4-9 (b) [62,102,103]. In
summary, the hollow core-shell structure is facile for ions to transport in the Si
electrode, and the existence of MC is helpful to constructing electrical network of

the Si electrodes.

Figures 4-12 (a) and (b) show the cycling performance and rate capability of
Si-based electrodes with different binders. All electrodes were charged/discharged
at 0.1C for the first two cycles and 0.5C for the subsequent 100 cycles. Stable
coulombic efficiency is an essential parameter for long cycling performance. The
electrodes with the MC-HCS binder display ascending coulombic efficiency (more
than 95% since 3™ cycle and keep around 98% after 50 cycles), while others show

low ascending coulombic efficiency (lower than 90% at 3™ cycle and lower than 95%
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after the cycles). As a result, the MC-HCS electrode shows superior capacity
retention of 1351 mAg™! at 0.5C after 100 cycles. In contrast, the HCS electrode is
713 mAh g, and the CS and SBR electrodes are only 203 mAh g'! left. The
electrodes without MC exhibit rapid capacity fading during 100 cycles, often
detected when cracks in the high-capacity electrode led to electrical isolation. On
the other hand, the MC-HCS electrode shows a more stable cycling capacity,
indicating that the conductive MC in the binder maintains electrical networks even
in the cracked electrode. Those phenomena were observed in the rate capability test
shown in Fig. 4-12 (b). The MC-HCS electrode provides better rate capability than
others. The capacity drop of the MC-HCS are much smaller than the others, even at
a high current density of 5C, and the electrode maintains capacity retention of 1100
mAh g!. On the contrary, the capacities of HCS, CS, and SBR electrodes decrease
rapidly as the current density increases. Also, at 5C, it dramatically drops to 750
mAh g for HCS electrodes, and less than 250 mAh g™ for CS and SBR electrodes.
The Si electrode containing the MC-HCS binder recovers its potential very well
when the current drops to 0.1C. It should be noticed that the contribution of MCs to
the capacity is negligible because its amount 1s 0.167wt.% in electrode and the

theoretical capacity of bare MCs is reltively small (320 mAh g™!) [104].
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Figure. 4-12. Electrochemical performances of the Si electrodes
composed of different binders (a) cycling performance, and (b) rate

capability.

Different amounts of MCs were physically mixed with HCS binder during the
slurry preparation process to further investigate the effects of in-situ polymerized
binder on MCs. Regardless of the physically mixed MCs amount, the binder content,
including MCs, maintains 10 wt% in electrodes. Thus, the HCS/MC-0.5%, 1%, and
2% samples contains HCS and MCs 9.5%:0.5%, 9%:1%, and 8%:2% in the
electrodes, respectively. The electrochemical performances are exhibited in Fig.4-
13 (a) and (b). As expected, the increase in the amount of physically mixed MCs
decreases the impedance of the Si electrode, as shown in Fig. 4-13 (a). However,
their Ry and R are much larger than those of the Si electrode fabricated by the in-

site polymerized MC-HCS binder (Fig. 11 (b)). Moreover, the cycling performance
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test results show much worse regardless of the amount of the physical mixed MCs
compared to the MC-HCS-containing Si electrode, as shown in Fig. 4-13 (b). These
indicate that physically mixed MC could not prevent the loss of reversible storage
sites due to the electrical isolation [105]. As seen in Figure 4-14, MCs is not
homogenously dispersed in the HCS binder solution and is rather sedimented. On
the contrary, the in-situ polymerized MC-HCS binder is well dispersed and looks
stable in the solution, as shown in Fig. 2-1. Above all, the homogeneous dispersion
of MC-HCS binder could maintain the electrical network even during the

charge/discharge process of Si accompanying huge volume change.

200 3500 100
a HCSMC05% | (1y) <

180 HCS/MC-1% @ 3500 4 HCS/MC05% | =

160 4 HCS/MC-2% b HCS/MC-1% 1g0 &

140 - m £ 2500 HCS/MC-2% §

£ 120 e 2000 1 {60 -2

=) (8] (=

Q 100 8 od =

fy 80 . 81500- lao g
Q

60 ©1000- £

40+ s 120 3

20 | | | § 5004 8
HCSMC-0.5% HCS/MC-1% HCSMC-2% D

0 0 0

0 20 40 60 80 100 120 140 160 180 200 20 40 60 80 100
Z' (Ohm) Cycle number

o

Figure 4-13 The EIS spectra and cycling performance of the Si
electrodes fabricated with different amount of physically mixed MCs are

shown in (a) and (b), respectively.
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Figure 4-14. photographs of HCS binder (left) and physically mixed

HCS/MC (right).

SEM images was taken to better investigate the morphological evolution during
cycling. According to the top-viewed SEM images shown in Fig. 5(a-h), all
electrodes with different binders exhibit unbroken and smooth surfaces before
charge/discharge cycle. However, after 50 cycles, the electrodes with SBR, CS and
HCS appear serious cracks. In contrast, the electrodes fabricated using MC-HCS
binder maintains the structure integral and crack-free morphology. The volume
expansion rate of electrodes was calculated from cross-sectional SEM analysis
shown in Fig. 5(i-p). The thickness change of Si electrodes containing SBR, CS,
HCS and MC-HCS are 13.51 um, 15.30 um, 10.27 um, and 5.15 pum, respectively.

Thus, the MC-HCS electrodes demonstrate the lowest volume expansion rate of 36%
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compared to the electrodes of SBR (100%), CS (124%), and HCS (68%) electrodes.
Such phenomena indicate that the MC-HCS binder could enable silicon surface
stable by providing complete electrical network and alleviating thick SEI layer

formation, together with avoiding silicon particle broken and structure collapse.

Aftercycling [ (g) Aftercycling
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Figure. 4-15. The top-viewed SEM images of the Si electrodes with
(a) SBR, (b) CS, (c) HCS and (d) MC-HCS before cycling, and (e) SBR,
(f) CS, (g) HCS and (h) MC-HCS after 50 cycles. The cross-sectional

images of the Si electrodes with (i) SBR, (j) CS, (k) HCS and () MC-HCS
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before cycling, and (m) SBR, (n) CS, (o) HCS and (p) MC-HCS after 50

cycles.

4.3 Conclusion

We have successfully developed an MXene -clay/water-based acrylate
composite binder for silicon anode. The addition of MXene clay alleviates the
electrical isolation of silicon electrodes after the huge volumetric change, and the
hollow core-shell structure of the polymer could improve ionic conductivity.
Moreover, the in-situ polymerized MC-HCS binder makes the MXene clay and
acrylate binder connect strongly and homogeneously rather than providing a weak
connection through physical blending. These ensure that MC-HCS binder is
appropriate to electrolyte affinity and better ionic conductivity and guarantees
excellent electrochemical performance in high-capacity silicon anode. The high-
capacity retention, 1351 mAh g after 100 cycles at 0.5C, of silicon electrodes
containing MC-HCS binder is approximately 2 times greater than that containing
HCS with no MCs, which is much larger than those containing CS with no MCs and
no hollow core as well as the commercial SBR binder. The in-situ acrylate
polymerization with MCs is much more favorable to the electrochemical
performance of the binder when compared to the physical mixing of MCs with the

acrylate binder. The novel strategy of combining conductive MXene and adhesive
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water-dispersed acrylate binder by the in-situ emulsion polymerization provides a
new way to design and synthesize eco-friendly water-based binder for high-capacity

silicon anodes.

5 Tannic acid cross-linked zwitterionic copolymer binder

5.1 Introduction

Silicon with variety of advantages such as high theoretical capacity (~4200
mAh/g), low operation potential (< 0.5 V vs. Li/Li"), and abundant resources has
been widely studied as anode materials[106,107]. but its application is hindered by
its huge volume expansion (~300%) during lithiation and de-lithiation[108,109].
Once the huge volume expansion fails to be accommodated, the delamination
between anode components and current collector, pulverization of Si particles, thick
SEI layer on Si surface could occur in silicon-based electrodes. The delamination
influences electrons’ delivery in electrodes and causes electrical isolation[110]. The
pulverization generates dead silicon segments and result in dramatic capacity
loss[111]. Thick SEI layer consumes more Li ions and leads to low Li"

diffusion[112]. Those deteriorate the electrochemical performance of silicon-based

electrodes.

To tackle aforementioned problems, the one way is to make efforts on the

preparation of silicon-based electrode such as the design on silicon structure and the
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combination use with graphite[113—115]. Although significant reports have
demonstrated the improvement of silicon structure, it is difficult to realize due to its
complicated procedure and high cost. Graphite with a reversible capacity of 372
mAh g has been widely and commercially used as anode materials due to its high
conductivity and excellent reversibility[116]. But in practical application, the huge
volume change of silicon still influences the structural stability of silicon and
graphite composite (Si/C) electrodes and further causes dramatic capacity fade
during charging and discharge. The design of polymeric binder is another viable
method. Polymeric binder could combine electrode components (e.g. active
materials, conductive materials and etc.) and adhere electrode components to current
collector. Therefore, the adhesion and structural design of binder could effectively
alleviate the huge volume change and maintain structural integrity of silicon-based
electrodes. According to our previous research|[117], the traditional Poly (vinylidene
fluoride) (PVDF) binder could not satisfy the demands in lithium-ion batteries (LIBs)
nowadays because of its weak binding force with active materials surface and
organic solubility in taxic solvent. Water-based polymeric binders such as poly
acrylic acid (PAA), polysaccharides, carboxymethyl cellulose lithium (CMC-Li) and
so on have been widely studied in LIBs[118—120]. However, those leaner polymeric
binder lacks of deformation ability and easily result in the structure broken[121].

Branched and multi-dimensional polymeric binder could provide more contacts with
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silicon surface and distribute stress force to side chains during volume expansion of
silicon in lithiation process. What’s more, multi-dimensional structure could
integrate the functionalities of main chains and side chains. Therefore, it is possible
for branched and multi-dimensional binders to offer multiple functionalities such as
conductivity, desirable mechanical properties, good electrolyte affinity, etc. As
reported, the branched polymeric binder could be archived by grafting side chains
to main micromolecular chains, and multi-dimensional polymer could be obtained

by crosslinking using small molecular crosslinker[122,123].

Tannic acid (TA) has lots of phenolic hydroxyl groups (Ph-OH). As well-known,
Ph-OH groups could capture free radicals[124,125]. Therefore, in this study, it was
used as crosslinker to connect with polyvinyl alcohol (PVA) and the copolymer of
Sulfobetaine methacrylate (SBMA) and arylamide (AAm) (SBAAm) by active sites
on polymer chains and hydrogen bonding. Where, PVA provides high mechanical
strength and abundant hydroxy groups. The copolymer SBAAm with both SBMA
and AAm segments exhibit the following functionalities: (1) good Li" diffusion
efficiency due to the zwitterionic groups of SBMA, (2) high flexibility of AAm to
distribute the stress of volume expansion and (3) strong adhesive strength because
of hydrogen bonding with abundant amide groups (-NH). TA crosslinked
PVA/SBAAm (abbreviated as TA-c-PVA/SBAAm) has a stable 3D framework with
high flexibility and strong adhesive strength to alleviate the huge volume change and
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maintain structure integral in silicon-based -electrodes. Furthermore, TA-c-
PVA/SBAAm are expected to improve Li" transport. the electrochemical

performances of silicon-based anode could be improved simultaneously.

5.2 Results and discussion

5.2.1 Confirmation of synthesis

The synthesis of TA-c-PVA/SBAAm is schematically shown in figure 5-1. the
hydroxyl groups (-OH) on PVA backbone were triggered by APS as initiator, where
the APS was firstly decomposed to form anionic radicals which could attack -OH
groups on PVA backbone and remove hydrogen of -OH to expose free radicals (-O-).
At the same time, SBMA and AAm did copolymerization to form a copolymer of
SBAAm with free radicals of -C-. Before those free radicals were inactivated, TA
added and captured free radicals to construct a 3D framework of TA-c-PVA/SBAAm,
in which TA functions as a bridge connect with rigid PVA and flexible SBAAm
chains by covalent bonds of C-O-C. The stress from silicon particles’ expansion
could be distributed from chain to chain and accommodate volume change of silicon.
What’s more, the single direction ionic conductivity of SBMA facilitates the Li ions

transportation by the coordination between Li" and SO5'.
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Figure 5-1 schematic for polymerization of crosslinked TA-c-

PVA/SBAAm

FTIR spectra of PVA, the physical mixture of PVA and SBAAm (mix
PVA/SBAAm) and TA-c-PVA/SBAAm are investigated in figure 5-2. Pure PVA has
typical peaks at 3100-3250, and 1647 cm™!, which are attributed to the stretching and
bending vibration of -OH groups, respectively. The characteristic peaks of Ph-OH
groups of TA could be observed at 1321 cm™!, the aromatic double bones of phenol
appear at 1446 and 1608 cm™'. To confirm the successful crosslinking of TA to PVA
and SBAAm, the physically mixed PVA and SBAAm also prepared as a comparison.
Those vibration for SBAAm observes at 1041 and 1665, 1730 cm™! corresponding to
-S=0, -C-N+ and C=0 groups, respectively. What’s more, the absorption peak at
3200-3400 cm™ assigned to the stretching of -NH,. All characteristic vibrations for
both pure PVA and physically mixed PVA/SBAAm could be observed in TA-c-

PVA/SBAAm spectra. Typically, the new peak of C-O-C at 1197 cm! only exists in
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TA-c-PVA/SBAAm spectra, which attribute to the crosslinking sites of TA to PVA
and SBAAm. This explains that TA crosslink with PVA and SBAAm through

covalent C-O-C bonds.
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Figure 5-2 FTIR Spectro for PVA, TA, mix PVA/SBAAm and TA-c-

PVA/SBAAm

5.2.2 Physical characterization
The viscosity of binder influences slurry preparation, electrode coating and
thickness control. therefore, appropriate viscosity of synthetic binder is an important

parameter. The results are shown in figure 3 (a). With the formation of 3D framework
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of TA-c-PVA/SBAAm, it exhibits the highest viscosity of 6.7 Pa s comparing to

physical mixed PVA/SBAAm (5.4 Pa s) and pure PVA (0.5 Pas).

Viscosity (pa s)
iy (o))

N
1

1 1
PVA mix PVA/SBAAmM TA-c-PVA/SBAAmM

Figure 5-3 viscosity of PVA, mixed PVA/SBAAm and TA-c-

PVA/SBAAm

Electrolyte uptake is related to the affinity between binder and electrolyte, and
influences polymer binder’s mechanical properties and Li ions transport in
electrodes. It was calculated by immersing the binder films into organic electrolyte
solution for 24 hours. According to figure 5-4, pure PVA reaches approximately
13.9%, whereas physically mixed with PVA/SBAAm shows lower electrolyte
uptake of 6.4% due to the addition of SBAAm. SBAAm synthesized by random
copolymerization of AAm and SBAA monomers. Both polymers are highly resistant
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to organic electrolyte swelling. the crosslinked TA-c-PVA/SBAAm shows highest
electrolyte uptake of 15.5% because of the crosslinked 3D network, which means
the crosslinked TA-c-PVA/SBAAm polymer has better electrolyte swelling ability

comparing to non-crosslinked polymers.
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Figure 5-4 electrolyte uptake of PVA, mixed PVA/SBAAm and TA-c-

PVA/SBAAm

The physical properties of Si/C electrodes were characterized through adhesive
strength and electrical resistance to electrode sheets. the adhesive strength of Si/C
electrodes with different binders was performed under 180° peeling tests using 2 cm
wide electrodes strips with a peeling rate of 20 mm min’!. As the result shows in

figure 5-5, the average peeling strength for Si/C electrodes containing bare PVA and
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mix PVA/SBAAm electrodes are 0.5 N and 0.75 N, respectively. the increase in
adhesive strength attributes to abundant -NH, groups in SBAAm which provides
more interaction points with silicon and graphite surface by hydrogen bonding. After
the crosslinking of TA to PVA and SBAAm, the average adhesive strength of TA-c-
PVA/SBAAm electrode increases to 1.5 N, which is 2 times higher than non-
crosslinked PVA/SBAAm samples. This because the crosslinking makes the
polymer chains interconnect stronger. 3D framework of TA-c-PVA/SBAAm could
withstand the structural deformation when suffers external forces and strongly
combine Si/C electrode components and current collector. So, TA-c-PVA/SBAAmM
binder with high adhesive strength is favorable to alleviate the huge volume change

of silicon-based electrodes and stabilize Si/C electrode’s structure over cycling.
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Figure 5-5 adhesion of electrodes with PVA, mixed PVA/SBAAm and

TA-c-PVA/SBAAm binder

Electrical conductivity of Si/C electrodes predetermine the electrochemical
performance. Therefore, the volume resistivity and interface resistance are
investigated by 46 multi-probe measurement. The volume resistance reflects the
electron delivery ability among electrode materials. The interface resistance is
between current collectors and electrode component. As figure 5-6 shows, the Si/C
electrodes with pure PVA binder show the highest volume resistivity of 8.31 x 102
Ohm cm and interface resistance of 7.4 x 10 Ohm cm?. And both resistance and

resistivity decrease for Si/C electrodes with physical mixed PVA/SBAAm binder.
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the S1/C electrodes containing TA-c-PVA/SBAAm has the lowest volume resistivity
of 4.37 x 10 Ohm c¢m and interface resistance of 7.67 x 10> Ohm c¢m?. the results
are consistent with the results of adhesive strength. This illustrates that the adhesive
strength is stronger, the electrodes materials combine tighter, and the resistivity and
resistance are smaller. the covalently crosslinked 3D framework of TA-c-
PVA/SBAAm binder with high adhesive strength is better to construct the stability

of electrical network in Si/C electrodes.
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Figure 5-6 electrical resistance of electrodes with PVA, mixed

PVA/SBAAm and TA-c-PVA/SBAAm binder

5.2.3 Electrochemical characterization

(d) electrical resistance of Si/C electrodes containing different binders.

75



To better understand the effect of SBAAm segment to TA-c-PVA/SBAAm
binder in Si/C electrodes, ionic conductivity was explored by kinetics analysis.
According to Randles—Sevcik equation (shown in equation 1), the diffusion
coefficient (D ;+) could be calculated by the leaner slope of the redox peak current
(I,) and the square root of scanning rates at different scan rate (V). Figure 4 (a) and
(b) show CV curves of PVA and TA-c-PVA/SBAAm electrodes at different scan rate
from 0.05-0.5 mV s°!, respectively. The leaner relationship of I,-V°? plots exhibits
in figure 4 (c). the D, ;+ results display in figure 4 (d). the Si/C electrodes with TA-
c-PVA/SBAAm binder show higher D, ;+ (5.4 x 10* cm? s™! for anodic and 5.7 10
cm? s'! for cathodic) than PVA electrodes (2.8 x 10 cm? s! for anodic and 3.8 x 10
4 cm? s for cathodic). This demonstrates that the polymer chains of zwitterionic
SBAAm in TA-c-PVA/SBAAm binder could improve lithium ions

insertion/desertion in Si/C electrodes and further enhance overall cell’s performance.

I, = (2.69 X 10°) n'SAD}3v05C 4 equation 1
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Figure 5-7 Li-ion diffusion coefficients of Si/C electrodes. a) CV curves of PVA
electrodes (b) CV curves of TA-c-PVA/SBAAm electrodes at different potential
scanning rates from 0.05 to 0.5 mV s™'. (c) The relationship of peak current (I,)
versus square root of the potential scaning rates (v'). (d) Comparison of the
calculated Dyp;".

The electrochemical performances of Si/C with different binders were further
exanimated in CR2032 type coin cells. CV was firstly conducted under a scan rate

of 0.5 mV/s from 0-1.5 V for three cycles. Figure 5-8 (a)-(c) show CV curves of the

electrodes with PVA, mix PVA/SBAAm and TA-c-PVA/SBAAm binders,
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respectively. All CV curves of Si/C electrodes with different binders show a pair of
redox peaks, where the anodic peaks represent de-lithiation of amorphous LixSi. The
peaks appear in cathodic scanning are associated to lithiation of Si. And for each first
cycles, there are wide-range cathodic peaks in the voltage range of 0.25-1.25 'V, due
to the electrolyte decomposition and the SEI layer formation. What’s more, we could
observe that in the following cycles, it disappears and a sharp cathodic peak could
be observed close to 0 V for all electrodes with different binders. However, the
anodic peaks for different electrodes shows differences. For comparation, the third
cycles are selected and shown in figure 5-8 (d). the oxidation of TA-c-PVA/SBAAmM
electrodes occurs earlier than the electrodes with other binders, which means the
electrodes has smaller potential differences between redox peaks. this explains that
the crosslinked TA-c-PVA/SBAAm binder is favorable to decrease the polarization
resistance attributing to its high adhesive strength and low resistance in Si/C
electrodes. Furthermore, the pure PVA electrodes show sluggish CV curves. In
contrast, TA-c-PVA/SBAAm electrodes exhibit higher redox currents, which could
be associated to the fast Li" diffusion by zwitterionic SBAAm polymer chain in TA-

c-PVA/SBAAm.
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As shown in figure 5-9 (a), the electrodes with PVA, mix PVA/SBAAm and

TA-c- PVA/SBAAm binder display initial coulombic efficiency (ICE) of 77.2%,

84.7% and 86%, respectively. Such high ICE of TA-c-PVA/SBAAm electrodes is

beneficial for the improved ionic conductivity that effectively reduces the
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consumption of Li ions in first cycle and enhances the reversibility of Li ions. The
whole coulombic efficiency for the Si/C electrodes containing TA-c- PVA/SBAAm
binder in 200 cycles is more stable and higher than others. This because the abundant
function groups (-OH, -NH,, etc.) in TA-c-PVA/SBAAm binder provide strong
adhesive strength with silicon surface, and the crosslinked 3D network of TA-c-
PVA/SBAAm binder could maintain electrode’s structure stable that avoids

electrical isolation of Si/C electrodes caused by the huge volume change of Si.

Figure 5-9 (b) shows the long-term cycling performance of Si/C electrodes with
different binders at 0.1C for first 2 cycles and 0.5C (1C= 1250 mAh g) for the
following 200 cycles. the pure PVA containing Si/C electrodes shows the lowest
capacity retention of around 200 mAh g! and sever capacity loss even in early cycles.
When PVA physically mixed with SBAAm, the reversible capacity increase to 400
mAh g after 200 cycles. This is because the polymer chain of SBAAm in binders
facilitate lithium ions diffusion, and enhance cell cyclability. in particular, the
crosslinked TA-c-PVA/SBAAm has highest capacity retention of approximately 700
mAh g and could stably operate for 200 cycles comparing to others. Furthermore,
we investigated the rate capability of Si/C electrodes with different binder under
varied current density from 0.1C to 5C and back to 0.1C (1C= 1250 mAh g ™). Figure
5-9 (c) illustrates that TA-c-PVA/SBA Am electrodes exhibit excellent rate capability,
less capacity loss as current density increase, and could withstand high current
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density up to 5C (with capacity retention of 687 mAh g!) while compare with non-
crosslinked mix PVA/SBAAm electrodes (with capacity retention of 366 mAh g™).
This describes that the binders with 3D network and covalent crosslinking dot could
accommodate significant volume change of Si/C electrodes and promise integral

electrical network.

Besides, the influence of different TA content in TA-c-PVA/SBAAm also 1s
studied. The different crosslinking degree in binder causes different influences in
electrodes. As the figure 5-9 (d) shows, all electrodes containing crosslinked TA-c-
PVA/SBAAm binder has higher and more stable cycling performance comparing
with non-crosslinked mix PVA/SBAAm which has been explained previously. When
the amount of TA in TA-c-PVA/SBAAm binder increase from 1 wt% to 2 wt%, the
capacity retention increases from 614 mAh g' to 770 mAh g!. However, the
capacity retention and cycling performance are not as good as the increase of TA
amount. when the content of TA increase to 4 wt%, the capacity loss faster, and the
capacity retention decline more comparing to 2 wt%. this might because as the
addition of more TA in TA-c-PVA/SBAAm, the crosslinking degree increase, the
binder becomes more brittle. this result confirms that 2 wt% of TA in TA-c-
PVA/SBAAm binder is considered as the best proportion of binder while apply to

S1/C electrodes.
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Figure 5-9 electrochemical performance of Si/C electrodes with

different binders (a)coulumbic efficiency, (b) cycling performance, (c)
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The interfacial stability of Si/C electrodes before and after cycling were
investigated by top-view SEM images. all electrodes with different binders show
integral surfaces before cycling in figure 5-10 (a-c). However, after 200 cycles, pure
PVA electrodes shows severe structure collapse. And huge crakes could observe in
mix PVA/SBAAm electrodes. In contrast, the electrodes with TA-c-PVA/SBAAmM
exhibit negligible cracks on the surface. Those results explain that the crosslinked
3D network binder provides effectively efforts on alleviating the volume changes,

and ensures electrodes integral.
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Figure 5-10 Top-view SEM images of Si/C electrodes with different

binders
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5.3 Conclusion

In summary, it has been confirmed that TA could be used as a crosslinker to
construct a 3D framework by free radicals capturing. The crosslinked TA-c-
PVA/SBAAm binder with 3D network improved the adhesive strength (2 times
higher than non-crosslinked PVA/SBAAm) of Si/C electrodes which effectively
alleviates the expansion of Si particles and attributes to less structural cracks and
collapse. The introduction of zwitterionic SBAAm copolymer in TA-c-
PVA/SBAAm binder facilitated Li" diffusion. The Si/C electrodes with TA-c-
PVA/SBAAm binder illustrated high ICE (86%), stable cycling performance for 200
cycles at 0.5C, and excellent rate capability of 687 mAh g at 5C. The new design
strategy of 3D network binder provides a novel conception on polymer’s multi-
dimensional construction and emphasizes the synergy of all crosslinked polymer

chains in S1/C electrodes.
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