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ABSTRACT

Silicon demonstrates a next generation anode material for lithium ion battery due to an energy storage
capacitor greater than that of commercial graphitic carbon. But, Si based electrode is not still came to
nearly commercial market because its high capacity could not remain stable in long-term cycles that result
from suffering from repeated volume change of Si during reversible charging and discharging. To further
enhance the durability of Si electrode, more researches have been attempted innovative composition and
architectures polymer binders to increase storage capacities and improve stability. Polymer binders
maintain adhesion between the electrode and current collector, cohesion within the electrode. In addition,
the binder serves ensuring the stability of solid electrolyte layer that form on the surface of silicon, and

some cases providing electronic and ionic conductivity.

To replace the organic solvent binder including polyvinyledene difluoride (PVdF), environmental-
friendly water soluble polysaccharide (PS) and other polymers are considered to be a good choice of
binders for Si-based anode due to their robust mechanical ability and lower electrolyte-uptake properties
while compared with commercial PVDF. However, the mechanical property of PS is still several limited
their applications because of its poor mechanical ability. Although, highest brittle PS might be not
sustainable condition during slurry preparation with high loading of active material and thus it does not
provide structural stability of electrode film. The modification of PS trough graft copolymerization and
crosslinking provides tool in the hands of researchers to incorporate targeted properties in backbones for
specialized application. That knowledge has already practiced a development new binder system in
various batteries, as the result as the branched and single or dual crosslinked designed binder provides to
better adhesion modest and structural stability of electrode film compared with pure linear

polysaccharides.

In our first study, water-treated dual-crosslinked binder systems will be introduced for a high capacity
silicon/graphite electrode. And so, maintaining central role play to improve mechanical properties and
preserve memory initial state three common PS trough graft copolymerization and dual-crosslinking
method. The PS is firstly graft copolymerized with polyacrylamide (PAAmM) to product new graft
copolymer of PS-graft-PAAm (PS-g-PAAmM). In furthermore, PS-g-PAAm is crosslinked with ionic and
chemical crosslinker agents to subsequently perform dual-crosslinked PS-g-PAAm network. In addition,
both ionic and covalent crosslinkings in the binder maintain their intrinsic good binding properties and
additionally enhance lithium ion diffusion. Three types of PS, sodium-alginate (Alg), sodium-
carboxymethyl cellulose (CMC), and pectin (Pec), will be employed and compared for their performance
as a binder material for high-capacity macroparticles silicon and graphite (Si/C) anodes. A variety of
characterization tools will used to examine the electrochemical performance of the electrodes containing
the dual-crosslinking binder systems. In summarize, the newly designed saccharide based polymer binder

through grafting and dual-crosslinking (PS-g-PAAmM and c-PS-g-PAAm) gives better adhesion to active



material and current collector, it is still required to enhance the ionic conductivity for high powered

electrodes.

In another study, our group developed one-step process to prepare sulfonated polysaccharide backbone to
provide high ionically conductivity compared to pure polysaccharide. In last chapter, we synthesis
sulfonated alginate-graft-polyacrylamide (SAlg-g-PAAmM) from pure alginate (Alg) by two in-situ step
methods. Herein, sulfonated group propose to increase ionic conductivity and PAAmM unite in graft
copolymer improves an adhesion ability on poor mechanic ability of Alg. The SAlg-g-PAAm which high
ionic conductivity and adhesion polymeric binder is constructed to Si/C anode of LIB, leading to highly
stable electrochemical performance compared to natural Alg and non-functionalized graft copolymer.
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Overview of dissertation

This dissertation is focused on developing a new water-soluble polymeric binder material for high-
capacity silicon and graphite (Si/C) with 1/3 ratio anode in lithium ion batteries (LIBs). Herein, this
dissertation is structured as follows:

Chapter 1 covers the introduction of lithium battery technology, key issues around lithium ion marketing
nowadays. LIBs may start to take over some lead-acid applications if the price can be lowered and the
service life prolonged. On one of responsibly to the LIB demand is driven by cell phones and tablets.
Forever, we consider only the design of the LIB, especially, new architectures of polymer binders aimed

at increasing storage capacities and improving stability of polymer part of lithium ion battery.

Chapter 2 describes about lithium ion cell materials and main roles that is indicated, lithium-ion
electrode materials are divide into “active materials” that are capable of reversibly intercalating lithium
ions into their structure, “conductive materials” that assist in electron conduction within electrode,
current collecting foils, as well a binder that assure adhesion to current collector and cohesion within the
active materials. Continuously, we introduce a basic information about a modification of the
polysaccharide trough grafting and crosslinking progress to prepare target polymeric binder system for
Si/C anode in LIBs.

Chapter 3 detail an all experimental parts including maintaining a synthesis steps of polymer, an
electrode fabrication process by slurry casting, sample preparation with various methods for chemical

and physical characterization tests , and a technical information for all using analysis instruments.

Chapter 4 describes the electrochemical performance improvement of high capacity Si/C composite
electrode by employing new synthetic dual-crosslinked binder system. The performance of Si/C
electrode is comparatively examined with four alginate based binders, namely pure alginate (Alg), ionic
crosslinked Alg (c-Alg), alginate-graft-polyacrylamide (Alg-g-PAAm), dual-crosslinked Alg-g-PAAmM
(c-Alg-g-PAAmM). The PAAmM provides strong adhesion in the electrode with resistance to the penetration
of the organic electrolyte. Both ionic and covalent crosslinkings in the binder maintain their intrinsic
good binding properties and additionally enhance lithium ion diffusion. More interestingly, an in-situ
electrochemical dilatometer study indicates that the dual-crosslinked binder is considerably helpful to
prevent volume expansion beyond the inevitable value caused by active materials in electrodes during
the cycle. After 100 charge and discharge, the nanoparticles Si/C electrode with c-Alg-g-PAAmM retains

nearly 900 mAh g™ high capacity even after one hundred cycles with excellent cyclic ability.

Chapter 5 reports the modification of commercial oldest polysaccharide binder as sodium-carboxymethyl
cellulose (CMC) in the electrode to solve improvement of the slurry preparation condition and cyclic
performance of high capacity anode. Herein, the modified CMC through grafting and crosslinking

progress investigates as the candidate binder system for the huge volume change Si based electrode



compared with pure CMC. The maodification process is followed the graft copolymerization of
acrylamide monomer saccharide backbone as CMC and then a graft product as CMC-g-PAAm is linked
by two different crosslinked agents. Besides, the modified CMC through the graft copolymer and dual-
crosslinking are much effective in better preparation of electrode slurry without peel-out during drying
process than the Si/C electrode with CMC. That indicated to an increase binding contact with active
materials and good adhering to the current collector by the PAAm side chain on the polysaccharide
backbone and cross-linker agents. As the result, Si/C electrode contained with single crosslinked s-
CMC-g-PAAm are yielded 800 mAh g™ after 200 cycles while maintained high discharge capacity and
high columbic efficiency compared to that electrode based on nature CMC binder.

Chapter 6 reprints that modification of pectin polysaccharide through grafting with polyacrylamide and
crosslinking is newly proposed as a powerful candidate for water-soluble binder of high capacity Si
anodes in lithium ion batteries. The pectin-grafted-polyacrylamide (Pec-g-PAAm) significantly enhances
adhesion in electrode, a basic characteristic of binder, due to its multipoint functional groups. A strong
carbonyl dipole in polyacrylamide also contributes to good electrolyte wettability of carbonate
electrolyte. In present study, dual-crosslinking of the Pec-g-PAAm is achieved by ionic crosslinking of
pectin with divalent calcium ions and chemical crosslinking of polyacrylamide with a bisacrylamide.
The dual crosslinking in binder provides good contribution on integrity of electrode and ease movement
of lithium ions through electrodes. Therefore, the dual-crosslinked binder shows further improvement
cycling performance of the Si/C composite anode with the loading of 1.2 mg cm™, which remains the

specific capacity of 690 mAh g™ at 100" cycles.

Chapter 7 mainly focuses the compassion study of dual-crosslinked binders for high capacity Si/C
electrode. In previous three chapters, we are explained for preparation of dual-crosslinked binder
systems from three different polysaccharides (PS) through grafted with polyacrylamide (PAAm) and
crosslinked progress: alginate based, carboxymethyl cellulose based and pectin based. As result, these
dual-crosslinked PS-g-PAAmM (c-PS-g-PAAM) binder systems shows superior cyclic stability for Si/C
electrode at high current rate compared to their parents such as pure PS and Ps-g-PAAm. At this current
chapter, we have examined a comparison study of the dual-crosslinked c-PS-g-PAAmM binders including
c-Alg-g-PAAm, c-Pec-g-PAAmM and c-CMC-g-PAAm. That comparison study proposes the determining
of optimizing which PS dual-crosslinked binders to improve electrochemical performance of high
capacity anode. Compared to highly stiffness CMC based dual-crosslinked binder, both c-Pec-g-PAAM
and c-Alg-g-PAAmM obtain a suitable electrolyte uptake, high ionic conductive and better mechanical
ability after swollen in the electrolyte solvents for application as the binder for Si-based anode, resulting

in the improvement of the cycling performance.

Chapter 8 describes a new finding whereby the ionic conductivity properties could be endowed to
polysaccharide-graft-polyacrylamide (PS-g-PAAm) binder samples by a simple sulfonated conjunction

into saccharide backbone. A new modified PS-g-PAAm as sulfonnic-alginate-graft-polyacrylamide

5



(SAlg-g-PAAm) is candidate by the high-performance binder for silicon and graphite composite anodes
to increase ionic conductivity and adhesion ability, and to improve electrochemical properties compared
to alginate and non-functionalized graft copolymer. While modification of Alg through sulfonated and
graft copolymer, its ionic ability and high adhesion, the surface of Si/C electrodes shows a preserved
porous structure and a relatively stability SEI layer appearance. Increase of sulfonated content in graft

copolymer decreased multiple-cracking on the surface.
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1 Background of Battery

Increased penetration of smart electric device and electric vehicles across the global has rapid demanded
for battery worldwide, with a high density or a high power and an eco-friendly since the past few years.
For instance, there is one major reason why you are able to carry around a powerful microchip in
wherever. Today’s battery device can satisfy most revolutionizing telecommunication and transportation,

enabling the increase of smartphone an electric car.
1.1 History of battery timeline

Figure 1-1 shows batteries timeline whereas basic battery construction has remained unchanged from the
earliest development battery in Baghdad that the jars contained sheets of copper rolled up with an iron
rod. In general, the battery consists of a group interconnected electrochemical cells that all batteries
consist of two electrodes (herein, anodes and cathode), immersed in an electrolyte and separated by a
membrane. For instance, Figure 1-2 illustrates one design of lithium ion battery (LIB) used as portable

device.

HISTORY OF THE BATTERY
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Figure 1-1 History of battery development progress

The battery is one of the most important man-made inventions all throughout history. Today, it is generally
used as a portable source of power, but in the past, batteries were our only source of electricity. Without its
conception, modern comforts such as computers, vehicles and communication devices may not have
been possible

Positive Terminal

-

Pressure Vent Sl — Separator

Case
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@&——— Separator
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Electrolyte

NegativeTerminal

Figure 1-2 Design of Li-ion battery for portable devise

However, it is surprising that their development has progressed much more slowly that other areas of
electronics. Volta discovered in 1800 that certain fluids would generate a continuous flow of electrical
power when used as a conductor. This discovery led to the invention of the first voltaic cell, more
commonly known as battery. After over 50 years, in 1859, the French physician Gaston Planté invented
the first rechargeable battery based on lead acid, a system that is still used today. Until then, all batteries



were primary, meaning they could not be recharged. Most research activities today revolve around
improving lithium-based systems, the lithium ion battery was conceived and developed in Japan by

Asahi Kasei Col. and first commercialized by Sony in 1991.
1.2 Classification of battery

On the based battery developing progress, batteries are classified into two types: single-used (primary)
and multiple-used (secondary) or common called by non-rechargeable and rechargeable battery. Primary
batteries are designed to be used until exhausted of energy then discarded. Their chemical reactions are
generally not reversible, so they cannot be recharged. When the supply of reactants in the battery is
exhausted, the battery stops producing current and is useless. These batteries are used in day-today
devices such as watches, electronic keys, remote, controls, toys, flashlights, beacons, and military

devices in combat.

Secondary batteries can be recharged; that is, they can have their chemical reactions reversed by
applying electric current to the cell. This regenerates the original chemical reactants, so they can be used,
recharged, and used again multiple times. Besides powering cellular phones, laptops, digital cameras,
power tools and medical devices, especially Li-ion is also used for electric vehicles and satellites. The
battery has a number of benefits, most notably its high specific energy, simple charging, low

maintenance and being environmentally benign.
1.3 Present market for battery

According to The Freedonia Group, a Cleveland-based industry research firm, the world demand for
primary and secondary batteries is forecasted to grow by 7.7 percent annually, amounting to USA$120
billion in nearly years. Alkaline will dominate the primary battery marked compared primary other
batteries that is illustrated in Figure 1-3(a), and Frost & Sullivan predicated a 7.4 percent decline by
2015.
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Figure 1-3 World battery marked
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However, the analysts forecast the global primary market to grow by 4.27 percent during the period
2018-2220. The real growth lies in secondary battery and according to Frost $ Sulivan and secondary
batteries account for 76.4 percent of the global market, a number that is expected to increase to 82.6
percent in 2015. Lead-acid was account for half the demand of rechargeable. This battery is mainly used
for automotive and stand-by applications. Because of low cost and dependable service in adverse

environmental conditions, lead-acid remains a steady increase through to the year 2012.

Lithium-based batteries may start to take over some lead-acid applications if the price can be lowered
and the service life prolonged. On one of responsibly to the LIBs demand is driven by cell phones and
tablets. Nowadays, it is estimated that lithium batteries for consumer electronic currently account for 60
percent of the world market with about 18 percent for electric car cell and less than seven percent for
energy storage as show in Figure 1-3 (b). Furthermore, a global statistic for lithium ion batteries is
expected to reach $70 billion by 2020, according to experts from Frost & Sullivan, that rapidly big
percent will be especially accounted for high power electric demand such smart electric grid and storage
product and electric car. However, this increase of the specific application depends upon the battery
configuration and consistent to improve battery performance and power density. Forever, we consider
only the design of the lithium ion based battery, especially, new architectures of polymer binders aimed

at increasing storage capacities and improving stability of polymer part of LIB.
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2 Lithium-ion Cell Materials in Practice

In this chapter, I will discuss the background of several important concepts starting with a brief
introduction of lithium ion battery cell materials including electrode composite, electrolyte and a
polymer separator. Herein it is especially focused on an electrochemical inactivity polymer material of

electrode manufacturing that is namely a binder. Finally, I will introduce our study objects of this thesis.
2.1 Lithium ion batteries components and materials

In response to the need for best battery, the lithium ion battery (LIB) was put on the market by Sony in
1991, owes its name to the reversible insertion (intercalation) of lithium ions between the graphite
(Li,Cg) anode and a layered-oxide (Li;4MO,) cathode, respectively.’® The LIB was immediately
commercialized because of its high energy density, good performance, and no memory effect as
occurred with other secondary batteries such as nickel-cadmium (Ni-Cd) or nickel hybrid (Ni-MH)
batteries. LIBs are being used mainly to power devices ranging from consumer electronics (e.g. cell
phone, and laptop) to electric car with a practical range. However, nowadays technology is still limited
by each distinct battery design option, for intensity, many mobile phones cannot be used it through a day
without being recharged. Appropriate selection of battery materials that are best for the application is

made and systematic process of optimization of materials’ performance in a battery begins.
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Figure 2-1 Schematic of a Lithium ion battery
The anode (graphite etc.) and the cathode (LiCoO, etc.) are separated by a separator with liquid electrolyte

Table 2-1 Electrochemical reaction for Li-ion cell

Site Charge Discharge
Cathode  LiMO, — Li, ,MO, +x Li* +xe Li, ,MO, +xLi* +xe” — LiMO,
Anode  C+yLi*+ye —Li,C Li,C—>C+yLi*+ye

Overall  LiMO, +x}y C— xly Li,C+Li, ,MO, xly Li,C+Li_MO, —»LMO,+xyC

LIB (Figure 2-1) are composed of a cathode and anode active materials electronically separated by a
microporous polymer membrane and connected by an organic liquid electrolyte dissolving an inorganic
lithium salt, in which the lithium ion reversibility inserts and extracts, therefore there major four
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elements packaged in the case.? When active material in an electrode inserts lithium ions, it becomes
electrochemical reduced without undergoing a substantial structural change other than the unite volume
change. During discharge, lithium ion moves from the anode to cathode and the reverse occurs with

lithium ion during charge. The following equations exemplify the chemistry as shown in Table 2-1.

Both negative and positive electrodes are prepared by casting slurry onto a metallic current collector foil.
The slurry contains active material, conductive material, and binder in a solvent, as shown in Figure 2-1.
Active materials constitute about 90 percent of dry mass of both electrodes; and conductive agents and
binders are comprised balanced range. The function of conductive material is to enhance electronic
conductivity of active materials and facilitates electronic transport between active material particles and
toward the current colleting foil. The polymeric binder both binds all the constituents of electrode

together and attaches them to the current collector.>"®

2.1.1 Cathode active materials

Multiple cathode materials are currently used in commercial lithium-ion cells. Many of the lithium
battery cathode materials have a layered structure, which enables the two-dimensional diffusion of the
lithium ion or a spinel structure (Figure 2.1). Nowadays, the most current active materials are already
commercialized in battery global market, for example: there are focused on mean five active materials, at
first, first Li-cobalt cathode active material is commonly applied in mobile phones, tablets, laptops,
cameras. Currently, its derivative Ni additive cathode is used more power device such as medical devices,
industrial, electric powertrain (Tesla) due to high capacity, safety compared to Li-cobalt. The radar chart
graphic (Figure 2-2) summarizes the performance of most common cathode active materials in terms of
specific energy or capacity that relates to runtime; specific power or the ability to deliver high current;
safety; performance at hot and cold temperatures; life span reflecting cycle life and longevity; and

cost 910
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Cost ($ per kwh) Specific Power (W/kg)

Safety (T °C)

-0~ LiCoO,(LCO)
~O~ LINICOAIO, (NCA)
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Performance (%) ~O-LiMn.0, (LCM)
¥~ LiFePO, (LFP)

Figure 2-2 Radar diagram with performance characterization of common positive electrode materials
Herein, the Li-cobalt (LCO) electrode is extremely high specific energy but offers only moderate

performance power safety and life span. The LCO is losing favor to Li-manganese (LCM) but especially
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NMC and NCA due to high cost of cobalt and improved performance by blending compared with other
active cathode materials. On the other hand, Li-phosphate (LFP) excels on high current rating, long cycle
life, and good thermal stability but moderate specific energy and elevated self-discharge. However,
researches are performed or modified on these main active materials and their derivatives and increased
attention to new structure intercalation materials. During a successful cathode materials and its
development, following designing criterions are often considered: (1) energy density; (2) rate capability;
(3) cycling performance; (4) safety or environmentally; (5) cost. The energy density is determined by the
material’s reversible capacity and operating voltages, which are mostly determined by the material
intrinsic chemistry such as the effective redox couples and maximum lithium concentration in active
materials. For rate capability and cycling performance, electronic and ionic mobility are key determining
factors though particle morphologies are also important factors due to nature of the structures.

2.1.2 Anode active materials

Since the commercialized of lithium-ion cell in end 1989 and early 1991 by Sony many kinds of anode
materials have been investigated as illustrated in Figure 2-3. Theoretically, lithium metal has the highest
possible specific capacity and lower voltage value of all possible anodes herein (as shown Figure 2-3(a)).
In practice, the problem are the lithium dendrite which is grown into the polymer separator and electrical
short circuit and relating safety hazard in Li-ion cell during repeated cycling lithium.2%%012
Accordingly, most of researchers are directed toward the replacement of metallic lithium by lithium
insertion compounds such as carbon, transition metal oxide, alloy to improve both cycle life and safety
but at the expense of cell voltage, specific charge and rate capability. The anodic reaction usually reports
reversible according to scheme shown in Figure 2-3 (b).
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Figure 2-3 Volume exchange of insertion electrode materials in lithium cells

(a) Schematic illustration the Li ion capacity and electrochemical reduction potentials vs. Li/Li* for active
anode, (b) scheme of Li ion insertion and related various volume exchange, (c) comparison of volume
change, and (d) SEM image of LiM before and after cycling test.>*3
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Thus, the reversible cycling of lithium insertion is associated with various volume expansions which
occur during charge and discharge processs.>*®'** Herein, various volume change of insertion anode
may be practically ordered to zero strain, highly, and huge change, which is related to a molecular
structure and morphology of insertion active material; due to highly ionic characterization and brittle of
LiyM that induce a rapid decay in mechanically properties and finally, pulverization of the electrode
compared to lithium metal as clearly seen in Figure 2-3 (c-d). For example, the large number of lithium

ion insertion/extraction results in huge volume change (~370% assuming final alloy of Li;sSi,).>** %

A present mostly carbon typical materials are used as negative electrode of commercial researchable
LIBs. Because of the higher specific charges and more negative redox potentials than most metal oxide
and their directional stability, related to less volume change, are provided to better cycling capability. In
general, both the theoretic specific capacity and charge density of lithium-alloy (such as LiSis and
Li»Sns) are higher than those of the commonly used graphite (Li,Cs) and titanium oxide (LisTisO1,).%
Unfortunately they cannot be still commercialized that reason is gotten huge volume expansion that of
lithium graphite i.e. about 310 times for Li-Si and 260 times for Li-Sn versus 10 times of for Li-C
(Figure 2-3 (c)). As the result, it is followed a disintegration of electrode with consequently failure in of
the round cycles. The problem has been solved by optimizing the electrode morphology and dimensional
stability with the small particle size materials, porous materials and carbon containing dispersion.*®?*%
While their solutions show more attractive results, the development of sustainable adhesive binder
materials have turned out to be very critical in maintain the electrode structure and long-term stability
cyclic performance.® The importance role of binder in the electrodes of LIBs will be discussed thereafter
in the next part.

2.1.3 Electrodes: Conductive agent and Binders

The both negative and positive electrode in LIBs is consisted of three main materials: an active material,
conductive material, and binder with metal foil used as current collector (as shown in the Figure 2-1 and
Figure 2-4).

e %\‘ } g

Figure 2-4 Schematic drawing of electrode components
Herein, an active material is mainly employed the lithium ion source and acceptors in the electrode
whereas the binder plays of holding the active materials and conductive materials together and

contacting onto the current collector. The addition of conductive agents to electrode has been
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demonstrated to decrease the electrical inside resistance and ensure the electric conductivity of the entire
electrode while polymeric binder adhere the active materials and other additives together.” In present
time, most common used conductive materials are carbon black, SuperP and graphite with small
particles and large specific surface area. The fluorinated polymer, most widely polyvinylidene fluoride
(PVDF), is used as polymer binders in these systems due to its binding capability, good electrochemical
stability, and the ability to transport ions to the active material surface. To ensure high performance of
LIB cell in any application, i.e. portable devices, laptop, both binder and conductive materials can be
influenced as well as the active materials. For intense, the optimized amount of conductive agent and
binder can improve high retention of cell capacity at high rate by using less of all the inactive materials
(i.e. conductive material and binder) without capacity fade.” In this thesis we hope discussed about
effective of water-based binder system for high capacity anode based cell, which the major rules and
requirements of polymeric binder have widely detailed in next sub-topic soon.

2.1.4 Electrolyte Solutions

The key role of liquid electrolytes in battery system allows for ionic movement whereas lithium ion
backward and forward between negative and positive electrodes while batteries charge/discharge. Most
common lithium ion batteries electrolyte is based on solution of lithium salt in mixture of carbonate
solvent. The organic solvents are selected together from cyclic carbonates to linear carbonates whose
commonly used solvents are listed in Table 2-2. Because the combination of linear and cyclic carbonates
makes available to high conductivity and solid electrolyte interface (SEI) forming ability.""? The SEI is
act as the decomposition of liquid electrolytes on the negative electrode during first charge, thus
formation of SEI impacts on the improvement cell performance such as a reversible capacity, storage

life, cycle life and safety.

Table 2-2 The most common organic solvents in lithium ion electrolyte

Solvent Structure T D, K, Ereds Eromo:  Elumos
°C gcm™ D V vs. Li/Li eV eV

Linear

Dimethyl Carbonate, DMC 0 18 1.063 0.59 (40 °C) 132 -12.85 1.88
Hac\o)]\O/CHs

Diethyl Carbonate, DEC i 31 0.969 0.75 12 -1259 1.93

H,e” 07 o7 e,
Ethyl Methyl Carbonate, EMC j\ 24 1.006 0.65 0.50-1.00 -12.71 1.91
HiCsy OCH;
Cyclic
Ethylene Carbonate, EC C)%O 160 1.321 1.90 (40 °C) 136 -12.86 1.51
o
Propylene Carbonate, PC H3C\£o7¢o 132 1.200 253 1.00-1.60 -12.72 1.52

2.1.5 Porous Separator

The building block of battery cell has four major components consisting as anode, cathode electrode,
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separator and electrolyte. These two electrodes isolated from each other by separator which is soaked in
the liquid electrolyte. Without separator, two electrodes would come into electric conducted, thus it
would occur short circuit and prevent battery from working suitably.?® As increasing the demand of high
capacity batteries in nowadays and unknown new technology, requirement of separator used in LIB cell
must be weighed because the separator also effects on battery’s safety, and cost. They should not be
reacting in any electrochemical reactions. Therefore, they should be very good electronic insulator and
have high capability of ionic conductive with rapidly electrolyte soaking.

2.2 The binder for lithium ion battery

Many advances have been made in traditional development of electrode composite since commercialized
the lithium ion cell in 1991, binder expect. However, most attempts have been recently concerning on
the creating of binder to further improvement battery performance.®?’ In general, the polymeric binder is
utilized either to adhere electrode particles or between their particles and current collector. Even though,
the binder is preferably insulator material, it can be impacted buffer volumetric changes occurring in
negative insertion electrode during lithium charge/discharge, as the result increase cycle life and battery

performance.” %%

Two types of polymeric binder have been commercially used for LIB: organic based polyvinylidene
fluoride (PVDF) and water-based carboxymetyl cellulose (CMC) combined with dispersed styrene
butadiene rubber (SBR).% Initially PVDF is employed by glue material in preparation of anode
electrodes but nowadays all size of combination binder as CMC/SBR become more popular one.*™*
PVDF has more adventures using as binder but it is pre-dissolved into toxic organic solvent, most
commonly n-methyl-2-pyrrolidone, and has poor binding ability through active materials (especially its
negative electrode) and current collector.*>* At this point, CMC/SBR binder is produced by Zeon
corporation in global battery market and that technically name is BM-400B or ZEON binder.” Because
of their stronger adhesion ability compared to PVDF, ZEON binders can be used in smaller quantities
and enable a smaller battery or increased amount of active materials. ZEON binders have good
flexibility, making it possible to produce thinner batteries. The major requirements for effective binder in

lithium ion battery are summarized by following notes:
e Good cohesion and adhesion ability
o Electrochemical stability in the requirement electrochemical potential
e Undergo minimal electrolyte-swollen

e Good ionic and electronic conductivity

Herein, if the amount of binder decries in electrode slurry, it should still be a good retention of active
materials and a good adhesion to current collector.**® It should not participate in any anode and cathode

cell reactions. A swollen of polymeric binder within carbon electrolyte should show low rate. That led to
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a balance of electrolyte-uptake and electrolyte-penetration on surface active material offers a good
mechanical stability and formation possibly environment for the ion conductivity between electrolyte
and all active materials. Furthermore, the binder could be functionalized by ionic or electric conductivity
well; it would be influence into satisfying lithium ion transport inside electrode and minimizing the
presence of inactive components (such as traditional binder/conductive material combination) within the
electrode formulation. Finally, all of these requests should be able to optimize in the binder system as the
result of there will favor the overall gravimetric capacity of an electrode in long-term cycles, which
underlies the use of silicon within new generation LIB negative electrodes in the first place.?® Recently,
synthetic or bio-derived water-soluble polymers containing hydroxyl groups and carboxyl groups such as

203538 alginate® and other polysaccharides as polar

polyvinyl alcohol (PVA), polyacrylicacid (PAA),
functional groups, demonstrated providing binder characteristics to hold active material particles without
severe disintegration of the electrode. In particular, the high-capacity anodes could not exhibited
sufficiently stable cyclic performance for commercial application due to huge volume expansion during
lithium insertion and extraction as shown in the Figure 2.3. Developing new polymer binders may be a
critical factor to achieve Si-based electrode in the commercial application. Herein, lots of researches
attractive have been proposed to different structured polymers used as efficient binders systems for Si-
based electrode, which are summarized in the Table 2.3. Inside of linear structured commercial binders
(etc. PVDF and SBR/CMC), the branched and cross-linked structured polymeric binder with enhanced
adhesion ability have been suggested as effective ways to suppression huge volume change of Si while
lithium insertion and extraction and thus maintain good electric conduction network in the electrode and

without rabid capacity fade.****

Table 2-3 Various structured polymer as binder system for Si-based anode electrodes
Linear type Branched type Cross-linked Self-healing

Homopolymer Copolymer Graft Physical Chemical

3D crosslinked

Polymer with two polymer molecules are linked to structure based

More than two

F’O'VY“” Identical unite different or morﬁ chain each other at points than their on hydrogen and
chemistry monomers unite each per ends dipole-dipole, pi-
molecules pi bnond
N R ooﬁﬁi’q 2 @ m
c-PAA-CMC,
SBR, Alginate, b-cvclodextrin PVA-PAA, c-
PVDF, CMC, P(AA-co-VA), Kaéya qum ' Alg-Ca, PAA, cPAA-
PVA, PAA, PEM, PAI, CMC-g-NaF;AA PAA-PBI BP. c-PANi, c-
Binders PAA-Na, PAMA, PAA- GC-g-LiPAA ’ (PAA), c- PAA-PCD, c- K15S42.5M42.5
chitosan (CS),  PMA, PAA- PVDgF—g—PtBL] PAA- PAA'SS
PAN,PI PAA/PAM, PVDF-g-PAA. CMC/SBR  (soluble
PVDF-HFP starch), c-CS-
GA
Physical .
No/weak inter Weak interaction Strong interaction  recover weak  Covalent bond Ei?lijc:e\fgingr
Functions  action between between a binder between a binder bond between a binder-binder
a binder and Si and Si and Si between a binder and Si interaction
binder and Si

Recently, many researchers in the battery technology field have been interested in studying polymer

binders as simple and cost-effective materials. Herein, polysaccharide is most candidate material for
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cost-effective and it can be easily modified trough graft and cross-linking without special condition. For
instance, the highly cross-linked alginate network showed superior mechanical properties and further

showed strong in action.***2

On the other report, NaPAA grafted on the CMC backbone as binder showed much better cycling
stability and higher columbic efficiency compared with pure CMC and Na PAA.* The author introduced
that the grafting with acrylic groups led to an increase of binding bridge with Si anodic materials and the
current collector foil while forming a stability SEI on the Si surface. To helpful further understanding,
we need to be interested in basic of polymer chemistry around polysaccharide and its modified network.

A number of recent papers have demonstrated the importance of binder selection in high capacity anodes

experiencing huge volume changes, such as silicon with superior capacity retention.

2.3 Polysaccharide based graft copolymer and its cross-linked network

Polysaccharide constitute a wide functionally important polymer and polysaccharide-based modified
polymers are of great importance and widely to their advantages over the synthetic polymers such as
non-toxic, biodegradable, adhesively and inexpensive. Polysaccharide has plentiful free hydroxyl and
carboxyl groups distributed along the backbone, which can easily cross-linked with multivalent captions,
grafted copolymerization with hydrophilic vinyl monomers, and polymer blender with other functional
components.®**#" Modification of polysaccharide trough graft copolymerization and crosslinking
provides tool in the hands of researchers to incorporate targeted properties in backbones for specialized
application. Graft copolymerization of various vinyl monomers onto different polysaccharide and

formation its cross-linked network as cross-linked agents have been represented by various workers.
2.3.1 Polysaccharide

Polysaccharides are polymeric carbohydrate structures which are formed by repeating units bounded
together by glycoside linkages and contained various degree of branching. Polysaccharides have a
general formula C,(H,0),, where y is a large number that ranged of 200 and 2500. Polysaccharides are
non-toxic, biodegradable, renewable, and ecofriendly materials. At global world market, there are lots
commercially polysaccharide-based products that include starch, cellulose, and their derivatives, e.g.
carboxymethyl cellulose, methyl cellulose, sodium alginate, pectin, xanthan gum, and hydrofluoric
acid.” The physical and chemical properties of polysaccharide directly depended on the presence of
polar functional groups, high molecular weight and relatively rigid backbone. For example, the stiff
backbone makes them brittle and has high degree of crystallinity leading to insolubility in water and

common organic solvent.*>*

Hydroxyl groups in the natural polysaccharides are key features which provide the reactive sites for the
modification and production materials with new industrial properties. Esterification, etherification, and

crosslinking with various vinyl monomers and polyfunctional reagents are the common reactions
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employed for the modification of polysaccharides such as carboxymethyl cellulose, chitosan, sodium

alginate, and pectin etc.

2.3.2 Graft copolymers

When the repeating units are of two different monomers, a polymer is called copolymers. Herein,
copolymer can be typed random, alternate block and graft copolymers that are depend on how monomers
attached themselves in an ordered main chain.”*® Graft copolymerization is a commonly used method
for modification of surface polymer. This has a performed polymer acting as a backbone to which
polymeric chains are covalently linked at several points that result formation of copolymer with
branched structure. Both the backbone and side-chain polymers can be homopolymers or copolymers.
The generalized structure of graft copolymer is shown below, where the monomer (B) is incorporated on
the backbone of a polymer having building unit (A).

----- A A A A A A A A A-----

I I |
B B

B

Depending on chemical structure of the side chain or monomer grafted onto polymer backbone, grafting
copolymers gain new properties such as water absorption, mechanical ability, improvement elasticity,

hydrophilic or hydrophobic character, heat resistance, pH sensitive, etc.

Basic principle that the synthesis of graft copolymerization is the generation of active sites, in the form
of free radicals or a functional group, on the backbone.” Monomers is bonded onto activate sites of
backbone to form graft copolymer. Creation of an active sine on the polymeric backbone is informant
step for the synthesis of graft copolymer. According to the reacted monomer on the backbone,
preparation of graft copolymerization can be classified to several methods that include mainly chemical,
heat, radiation, enzymatic method etc. Herein, we carried out on chemical method for preparation of
copolymer which involves the use of chemicals which act as initiators to generated active sites on
backbone. Grafting of vinyl monomers onto polymeric backbones has been accomplished by using a
range of free radical initiators and redox systems like dibenzoyl peroxide, Azobis(isobutyronitrile)
(AIBN), ceric ammonium nitrate, potassium persulphate.*® Resent, most reports have been introduced a
redox initiator system of ammonium persulphate with reaction accelerator for polymerization of vinyl
monomers such as acrylic-based derivative monomer onto polysaccharide in water-based medium at
50°C.““*% Figure 2-5 shows general reaction mechanisms that various steps involves in the graft
copolymerization of polysaccharide with vinyl monomers. Herein, hydroxyl groups present on the

backbone and monomers are the active sites for graft polymerization to take place.

Initially, ammonium persulphate is activated by thermal condition to formation free radial as SO,~
which on following reacted with backbone and monomer resulting in generation of active sides.
Activated monomers and backbone molecules propagate future and growths of grafting chains begin

from its activation site on polysaccharide backbone.
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Figure 2-5 Synthesis step of graft copolymerization between vinyl monomers and polysaccharide

2.3.3 Polysaccharide-based copolymer hydrogel

Polysaccharide-based cross-linked network, as related commonly nothing as hydrogels, are eco-friendly,

cost effective, biodegradable, and biocompatible in nature. In general, hydrogels are three-dimensional

network systems which can adsorb large amount of solvent without showing solubility.”> They form by

various cross-linkage methods between homopolymer and copolymers which general includes chemical

and physical cross-linking system. On basic of method of synthesis, hydrogel can be physical cross-

linked and chemical cross-linked:

Physical cross-linked hydrogel are reversible and unstable hydrogel in which polymer networks
are joined together by secondary force like ionic, hydrogen bonding, or hydrophobic
interactions. For intense, ionic interaction results by mixing of opposite charged two polymers
and so this can be achieved di or trivalent counter ions. The stability of physical cross-linked
polysaccharide hydrogels depends upon the external conditions. The interactions may get weak

by change in environment or by application of stress.

Chemical cross-linked hydrogel are irreversible and stable hydrogels involving chemical cross-
linking between polymeric networks. Chemical cross-linking involves reaction of polymeric
backbone with cross-linking agents. Polysaccharides have functional groups like hydroxyl or
amine group which on reaction with cross-linking agents form gel structure. These hydrogels
having strong covalent bonds can attain equilibrium swelling state which depends upon the
polymer-solvent interactions and cross-link density.
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Figure 2-6 Preparation of grafted copolymer hydrogel based on polysaccharide

Furthermore, copolymerization/cross-linking free radical polymerizations are commonly utilized

together to produce hydrogels by reacting hydrophilic vinyl monomers with multifunctional cross-linkers
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(as shown in Figure 2-6). In particular preparation of superabsorbent, the graft copolymerization is one
of the achievement methods for the synthesis of chemical cross-linked hydrogels. Grafting contains
covalent linkages of a monomer onto polymeric backbone. The presence of initiators activates the —OH
functional group onto polysaccharide backbone chain which leads to infinite branching and

crosslinking. 5475256759

2.4  Study object

As increasing power demands for various applications in the coming years, the optimization of lithium
ion cell technology increases that should be characterized by high specific energy, high efficiency, long-
life, and environmental sustainability and cost benefit.* In particular, Si is demonstrated next generation
anode materials for LIBs technology owing to its high theoretical specific capacity and low
electrochemical potential between 0 and 0.4 V vs. Li*/Li. However, Si-based electrode is not still came
to nearly commercial market because its high capacity could not remain stable in long-term cycles that

5617.20.243L80 T4 frther enhance

result from suffering from repeated huge volume change of Si particles.
the durability of Si-based electrode, more researches have been attempted to inhibit huge volume

expansion of electrode utilizing as various structure polymeric binder as shown in above part.

Polysaccharides (PS) are the most abundant natural functionally organic with many commercial
applications, for instance, drug deliver, food packaging, high biodegradable materials, coating adhesive
etc.”® Recent, PS and its modified polymers are considered to be a good choice of binder for Si-based
anode due to high mechanical stiff and rigid properties while compared with elastic PVDF. The oldest
PS’s derivatives used as commercial binder for electrode manufacture and process is carboxymethyl
cellulose that consists f(1—4) linkages glucose, due to rapid rigid and thus high viscosity material
compared to other PS (alginate, chitosan, guar gum, pectin etc.).??="%* However, the mechanical
property of PS is still several limited their applications because its original form could not be remained
stability undergo high pulverization of Si particle upon charge/discharge process. Although, highest
brittle polysaccharides might be not sustainable condition during slurry preparation with high loading of
active material and thus it does not provide structural stability of electrode film.?® The modification of
PS trough graft copolymerization and crosslinking provides tool in the hands of researchers to
incorporate targeted properties in backbones for specialized application. That knowledge has already
practiced a development new binder system in various batteries, as the result as the branched and single
cross-linked designed binder provides to better adhesion modest and structural stability of electrode film

compared with pure linear polysaccharides.

In this study, demonstrating central role played to improve mechanical properties and preserve memory
initial state in three common polysaccharides trough graft copolymerization and dual-cross-linking
method; we have studied a novel characteristic of the dual-crosslinking in the graft polymeric binder to

alleviate huge volume exchange of Si-based electrode, which can be treated in water solvent. We are
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selected the three most populated PS as source backbone materials for graft copolymerization

component: alginate (Alg), pectin (Pec) and carboxymethyl cellulose (CMC) that consist carboxyl- and

hydroxyl- functional groups and they differ solely in their monomer linkages shown as Table 2-4 and

Figure 2-7.

Table 2-4 Structure of three polysaccharides

Composite

Polysaccharide Linkage Structure Functional Viscosity
First unit Second unit group

Alg D-mannuronat (M) L-guluronate (G)  B(1—4)a  linear -COOH ++
Pec D-galacturonic acide a(1—4) linear -OH +
cMC Glucose B(1—4) linear :gﬂZCOOH 4+

OOC

% ogg % ﬁ\
ooc °
B-D-mannuronate (|
OH "‘1%
o -L-guluronate (G) B-D-glucose

Alginate Pectin

a—D-galacturonic acide

R =H or CH,CO,H

Carboxymethyl cellulose

Figure 2-7 Chemical structure of selecting three polysaccharides

At first, we have grafted copolymerized between the PS backbone and acrylamide (AAm) monomers

with a free radical initiator system to produced polysaccharide-graft-polyacrylamide (PS-g-PAAm) and

then that graft copolymer is prepared the crosslinked network binder used as two different crosslinker

agents to prepare dual-crosslinked PS-g-PAAmM as noted by c-PS-g-PAAmM. The novel characteristics of

the dual-crosslinked c-PS-g-PAAmM are investigated using a variety of characterization techniques and

applied by high adhesion binder for silicon/graphite (Si/C) with 1/3 weight ratio electrode in LIB.
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3 Experimental Method

The main experimental methods used for this work are introduced in this chapter. In particular, these
include the synthesis methods for graft copolymer, preparation of dual-crosslinked network,
manufacturing of electrode slurry by solvent casting method, fabrication methods for half-coin cell, as
well as chemical, physical and electrochemical characterization methods, and the setup used for a

galvanostatic, an electrochemical dilatometer, a voltammetry, and an impedance experiment.
3.1 Fabrication of new polymeric binder

Herein, the fundamental description of chemical reactions is introduced in first chapter and that our
attention new binder system is based on combination methods of graft copolymerization/cross-linked
with different two cross-linker agents through acrylamide monomer and types polysaccharides. Attention
two methods such as graft copolymerization and cross-linking carried out step by step for preparation of
dual cross-linked polymeric binder whereas copolymerization in water medium and then cross-linked in

slurry medium as shown in Figure 3-1.
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Figure 3-1 Schematic diagram of preparation of dual-crosslinked c-Pec-g-PAAmM.

3.1.1 Synthesis of polyacrylamide grafted onto polysaccharide

The polysaccharide-graft-polyacrylamide (PS-g-PAAm) were synthesized by grafting copolymerization
of acrylamide monomer onto polysaccharide backbone via a redox initiator system in an aqueous system
585952 While constant the polysaccharide-to-acrylamide monomer ratios and calculate amount initiator
system carried out in this study, how affection of three different types of polysaccharide backbone were

purchased from Alfa Aesar Co. Ltd for alginate and Sigma-Aldrich for pectin, and Daicel FineChem
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Ltd., Japan for CMC, respectively. Both 2.8 g of polysaccharide and 10 g of acrylamide monomer
(AAm, Junsei chemical. Co, Ltd) were dissolved in 80 ml distilled water for overnight in a 250-ml tree-
necked flask equipped with a mechanical stirrer, a reflux condenser, a nitrogen line, and a thermometer.
The solution was then heated to 50 °C in a water bath and maintained the temperature during the
following polymerization. Before adding a free radical initiator, nitrogen bubbling was performed to
eliminate the oxygen in the solution for one hour because oxygen easily inhibits the free radical
polymerization. For the polymerization of AAm, 0.06 g of ammonium persulfate (APS) initiator was
first added to the solution, followed by the addition of 0.055 g of tetramethyl-ethylenediamine (TEMED)
after 30 min as a reaction accelerator. These chemicals were purchased from Sigma-Aldrich. Here the
weight ratios of APS and TEMED to AAm were 0.006 and 0.0055, respectively, to produce an
optimized graft copolymer. This grafted polymerization was continued for 3 h to completely produce
polysaccharide grafted with polyacrylamide. The resulting viscous solution was precipitated using
acetone and washed with the mixture of ethyl alcohol and water several times to remove unreacted
monomers including small molecules. For instance, a synthesis schematic is driven our imagination in
Figure 3-1 that is shown for the modification of pectin based polymeric binder. Here, they are noted as
polysaccharide-g-PAAmM  (et.  alginate-graft-polyacrylamide as  Alg-g-PAAm;  pectin-graft-
polyacrylamide as Pec-g-PAAm; and carboxymethyl cellulose-graft-polyacrylamide as CMC-g-PAAM).

3.1.2 Preparation of crosslinked binder

Acidic polysaccharide, which relates to contain carboxylic and other groups, can be physically
crosslinked by some metal ions such as calcium, aluminum, iron, and zinc ions.*® Here CaCl, with 2 wt.%
solution (Daejung Chem. Metals Co. Ltd) was used for physical crosslinking of alginate and pectin
chains in Alg-g-PAAm and Pec-g-PAAmM samples; and AICI; was used as physical crosslinker for CMC-
g-PAAm, respectively. For the chemical crosslinking of PAAm chains, N,N’-methylenebis(acrylamide)
(MBAA, Sigma Aldrich Co. Ltd) chemical crosslinker with APS was used to three polysaccharide-g-
PAAm samples.**® Either non-crosslinked polysaccharide and its graft copolymer with PAAm samples
was dissolved in distilled water and stirred at room temperature to form 5 wt.% solution. Then some
extent of metal chlorides (CaCl,, AICI3) or metal chlorides and MBAA with APS was added to the non-
crosslinked solutions and stirred for 30 min, leading to high viscosity hydrogels. These hydrogels were
exposed to 80 °C in a convection oven for 4 h to form physical or physical-chemical crosslinking. For
convenience, physically crosslinked-polysaccharide and dual (physically and chemically) crosslinked-
polysaccharide-g-PAAmM are noted such as c-Pec-g-PAAmM in what follows, respectively, which are
shown as Figure 3-1. The non-crosslinked and the crosslinked polymer films casted from their solution

at 70 °C overnight were used for the purpose of polymer characterization.

In addition, these hydrogel dried samples were used only for determining their chemical structure and
their swelling behavior over organic liquid electrodes. Due to the crosslinked, the dried polymer did not
dissolve in water, but swell in water that is illustrated in Figure 3-2.
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Figure 3-2 Schematic of dissolving of hydrogel in water; and a formation of hydrogel slurry sample

(a) Photographic of dissolving progress of hydrogels, and (b) schematic of swelling process of non-

crosslinked and crosslinked network; and (c) Preparation of Si slurry with the dual-crosslinked binder
Thus, the dried samples crosslinked by CaCl, and MBAA were not directly used as binders for slurry
preparation. The crosslinking agents were added to the slurry so that the crosslinking network was
achieved in the course of the drying process of electrodes. As shown in Figure 3-2(c), the slurry sample
with the crosslinkers formed a gel-like phase, indicating a possibility of the formation of crosslinking
that the sample is fully dried at 70 °C overnight and applied to confirm the formation of dual-crosslinked

network of the binder in the presence of Si active materials.

3.1.3 Preparation of sulfonated alginate backbone

To prepare sulfonated alginate (denoted by SAIg), a certain amount of sodium alginate (Alfa Aesar
Co.Ltd.) was dissolved in 100 ml of phosphate buffer solution (PBS, pH~6.0) with harsh stirring at room
temperature. Some amounts of N-Ethyl-N’-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)
and N-hydroxysuccinimide (NHS) dissolved in PBS was added into the Alg-PBS solution under stirring
to active the carboxylic groups in Alg. After 15 min, 3-amino-1-propanesulfonic acid (3APS) was added
to the solution and trimethylamine was also added dropwise to adjust pH ~ 7.4. The reaction was kept
for 9 h under continuous stirring at room temperature. The reaction products collected by suction

filtration were washed with water and subsequently ethanol, and then dried in a vacuum oven at 50°C.

3.1.4 Synthesis of sulfonated alginate grafted with polyacrylamide

One-step free thermal polymerization was used to produce polyacrylamide grafted onto polysaccharide
(pure Alg and sulfonated-Alg) backbones in water medium with ammonium persulfate (APS) as a
radical initiator and tetramethyl-ethylenediamine (TEMED) as a reaction accelerator. All chemicals used
here were purchased from Sigma-Aldrich Co. Ltd, and the total composition is listed in Table 8.1. More

details on the grafting procedure were described in our previous study.%
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3.2 Preparation of the slurry film

Initially the 5 wt.% non-crosslinked binder solutions were mixed with silicon, graphite, and conducting
agent (et. water-dispersed carbon nanotube for ere 19% and 57% in the solid of electrode slurry,
respectively, whereas those of binder and alginate and pectin; and SuperP for CMC). The contents of
silicon and graphite as active materials conductive materials were 15 and 9%. After added 0.5 g water
into the slutty, it was stirred at 10000 rpm for 15 minutes. The resultants were coated onto copper foil,
dried in a convection oven at 70 °C for 30 min, and followed by vacuum drying at 70 °C overnight.
Since the crosslinked polymers did not dissolve in water, the cross-linkage proceeded in course of the
slurry preparation such as mixing in water solvent and drying (as seen in Figure 3-3). For our target
electrode, the same steps were conducted expect for using defined amount of two different crosslinking
agents such metal chloride and MBAA with APS. Herein, the chemical cross-linker was firstly added in
the slurry and slurry was stirred for nearly 10 minutes. Continuously, the physical cross-linker was added
to viscosity slurry and future stirred at last 5 minutes. Subsequent drying processes made the polymer
binder crosslinked while the electrodes were dried. The mass loading of electrodes was controlled to be

around 1.3 + 0.2 mg cm™.

e CR2032 coin-half cell
*Crosslinking =

Active Conductive Binder
material material Solvent agents Ar glovebox

Mlxmg 2D o
:g: ‘urrent collector e
i Drying
l.l —>. = Anode film

Coatmg

Figure 3-3 Electrode preparation

3.3 Fabrication of 2032 coin half cells

For electrochemical characterization, CR2032-type coin-half cells were assembled in an argon-filled
glove-box using the Si/C working electrode, Li foils as a counter and reference electrode, in ethylene
carbonate (EC): diethyl carbonate (DEC): dimethyl carbonate (DMC) 3:5:2 v/v% with additive (5wt.%
FEC, 2wt.% VC and 0.4wt.% LiBF,) as an electrolyte, and polypropylene film (Enchem Ltd.) as

separator. Each coin-half cells were rested one day before getting electrochemical tests.
3.4 Physical characterization
3.4.1 Fourier transform infrared spectroscopy (FT-IR)

FT-IR spectra of dried non-crosslinked polymers and crosslinked polymers were obtained to confirm the

existence of functional groups. FT-IR (Thermo Scientific Nicolet iS5 Infrared Spectrometer) was
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conducted in the range of 4000-400 cm™ using potassium bromide pellets.
3.4.2 Thermal analysis

The thermal analysis of pure polysaccharide and modification of polysaccharide trough grafted
copolymers and cross-linking polymers were carried out with thermal analyzer in nitrogen atmosphere
using the Q50 in TA Instruments. The thermogravimetric analyze (TGA) was preformed from initially
room temperature to 600°C with a heating rate of 10 °C min™. The sample was placed in platinum pan.
For the differential scanning calorimeter (DSC), sample in aluminum cell is scanned from 30 to 350 °C
at the heating rate of 10 °C min™ compared with air reference samples.

3.4.3 Electrolyte uptake

The electrolyte uptake of the binder films were also studied through an electrolyte absorption test. The
binder films were prepared by a cast solution method in the Teflon evaporation dish at 60 °C overnight
and each sample was weighted. Dried binder film was initially weighted (Wpetore), immersed in the mixed
solvents composed of ethylene carbonate (EC): diethylcarbonate (DEC): dimethyl carbonate (DMC):
(2:1:1 by volume) at room temperature for 24 h, and weighed (W) again after the removal of excess

electrolyte from their surface. The swelling ratio was calculated as:

W, —W,
5= after before ><1000/0

before (Equation 3-1)

3.4.4 Contact angle measurement

The contact angles of the polymer films are measured by an optical tensiometer (Theta life, Biolin

Scientific) after 60 sec exposing to an electrolyte droplet.
3.4.5 Tensile test

The elongation of binder films is carried out at room temperature by a texture analyzer (TA-PLUS,
Lloyd Instruments Ltd.). For preparing test samples, grafted copolymer was first dissolved in distilled
water at room temperature and 30 wt.% of glycerol to polymer as a plasticizer was added to the solution.
After stirring for 15 min, the physical and the chemical agents were added to the mixture followed by 10
min stirring again. The solution was then poured into a polystyrene petri dish and dried in a convection
oven at 50 °C for overnight. Subsequently the film was cut to strips (10x50 cm) and mounted between

the abrasive papers. The tension speed of the film strips was 5 mm min™.
3.4.6 Adhesion strength

Using a texture analyzer (TA-PLUS, Lloyd Instruments Ltd.), the adhesion strength of Si/C
anode film was obtained by measuring the 180° peel strength of electrode strips with the peel

rate of 20 mm min™. The thickness of anode film is arranged about 45+5 um and before the
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peeling test; all samples were immersed in carbonate electrolyte medium for 24 hours and then
released by DMC to remove surface solvent. At finally anode film is dried in room temperature

for 20 minutes.

3.4.7 lonic conductivity of polymeric membrane

The graft copolymer was dissolved into the distilled water containing with 30 wt% glycerol to polymer
as a plasticizer of the copolymer solid and then the solution mixed with both crosslinker agents: with
MBAA/APS and metal chloride salt. At final, the polymer membrane was prepared by solvent cast
method on the Teflon Petri dish at 40°C overnight. All membranes had a thickness of about 70-110 pm.
The polymeric membrane was sandwiching between two stainless steel electrodes in 2032 coin cell with
or without electrolyte. A BioLogic Science Instrument (VSP 350) was used for impedance spectroscopy
analysis of the membranes. Complex impedance measurements were carried out in AC mode, in the
frequency range 100 kHz-10 Hz, and 10 mV amplitude of the applied AC signal. The ionic conductivity
calculated by following Equation (2):

o= (Equation 3-2)
Where, o is a proton conductivity (S cm™); L is the thickness of the membrane; R is the resistance of the

membrane (Q) and S is surface area (cm?).

3.4.8 Morphology analysis as scanning electron microscopy

After Galvanostatic charge-discharge test, the cells were disassembled in an argon-filled glove box. The
electrodes were washed with anhydrous dimethyl carbonate (DMC) to remove the electrolyte residues.
The morphology of surface of the silicon-graphite electrode was operated by field-emission scanning
electron microscopy (FE-SEM, Jeol, JSM-6500F).

3.5 Electrochemical properties
3.5.1 Galvanostatic charge-discharge test

The electrochemical properties were conducted by the cycling performances in the voltage window of
0.005 to 1.5 V at 0.1 C for the first 2 cycles, and 0.5 C for the next 200 cycle using as the PEB0501
system (PNE solution. Co., Korea). The rate capacity test was carried out at various current rate range of
0.1C to 10C with final returning back to 0.1C current rate and each current rate is scanned 10 times at

related constant current rate.
3.5.2 Voltammetry and Impedance analysis

Cyclic voltammograms (CV) of the coin-half cell can be recorded at the different scan rates within a
voltage range of 0.005 to 1.5 V as a BioLogic Science Instrument. The CV performed at various scan
rates (such as 0.1, 0.2, 0.5, 1.0, 1.5, 2.0, 5.0, and 10 mV s™) were preformed to determination of the Li-

ion insertion into the Si/C anodes. Herein, the Randles-Sevcik equation®® describes the effect of scan
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rate on peak currents to calculate the diffusion coefficient of lithium ion in an electrode:

I, = 2.69 x 105An%2C,D/2v1/2 (Equation 3-3)
Here I,, A, n, Cy, D, and v are the peak current, the electrode surface area, the number of electrons

transferred, the concentration of reactants, the diffusion coefficient, and the scan rate, respectively.

Electrochemical impedance spectroscopy (EIS) was tested into potentiostatic mode that is fixed with AC
amplitude of 10 mV and a frequency range can be scanned at the frequency range from 100 kHz to 0.01
Hz. The open circuit voltage (OCV) in EIS measurements was controlled 0.2 V vs. Li/Li*. In order to
achieve an equilibrium state, all cells for EIS were relaxed for 2 h before measurement. Nyquist plot was
fitted by the equivalent circuit as shown in Figure 3-4 where the Rs and Rch is reported solution
resistance and, charge transfer resistance, and W is the Warburg impedance of solid phase diffusion,
respectively. In furthermore, the low frequency Warburg region of the EIS enables to calculate the

diffusion coefficients of lithium ions.

2

D=05 RT (Equation 3-4)
AF%s,C

where A, F, C, R, and T are surface area, Faraday constant, concentration of lithium ions in solid, gas

69,70

constant, and temperature, respectively . o, is indicated the slope of real part of impedance versus o

05 (angular frequency in the Warburg region).
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Figure 3-4 Equivalent circuit edition for impedance analysis.

3.5.3 Electrochemical dilatometer (ECD)

The change in electrode thickness during 0.05 C discharge/charge processes was traced with an in-situ
electrochemical dilatometer ECD-3 (EI-Cell GmBH) in thermostat. The displacement (with an error
range of about 50 nm) is recorded as a function of time with simultaneous electrochemical reactions. A
stiff glass frit, which is fixed in position, is placed between the Si/C electrode as a target one and Li foil
as a reference one inside. The target electrode is then sealed through a thin metal membrane, which

transmits any charge-induced height change to the sensor unit on the top.
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4 Dual crosslinked Alginate grafted Polyacrylamide for high capacity

electrode

Here it will be focused on the electrochemical performance improvement of high capacity silicon/
graphite (Si/C) composite electrode by employing new synthetic dual-crosslinked binder system. The
performance of Si/C electrode is enhanced by modification of alginate through graft and crosslinking
reaction as seen in Figure 4-1.

(a) (b)
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Figure 4-1 Synthesis of (a) Alg-g-PAAm and (b) c-Alg-g-PAAmM
(a) Graft copolymerization between alginate and PAAm with the terminal initiator system, (b)
preparation of crosslinked network c-Alg-g-PAAmM

4.1 Introduction

A synthetic or bio-derived water-soluble polymers containing carboxyl groups, such as polysaccharide
(alginate, CMC, etc.) and polyacrylic acid (PAA), demonstrated promising binder characteristics for
high-capacity silicon and silicon/graphite anodes, due to the high adhesion of carboxyl groups.®**4"*
Sodium alginate (SA) is recently candidate as binder application to both anode and cathode electrode in
LIB. A biopolymer extracted from brown seaweeds, SA is a linear copolymer with homopolymeric
blocks of (1-4)-linked PB-D-mannuronate (M) and its C-5 epimer a-L-guluronate (G) residues,
respectively, covalently linked together in different sequences or blocks. At firstly, Kovalenko et al. *
reported that the Si anode with SA binder exhibited a stable capacity of 1700 mAh g™ up to 100 cycles,
which was significantly better than that with PVDF or Na-CMC binder. Liu et al. ** and Yoon et al. **
proposed an alginate hydrogel binder is prepared through the cross linking effect of SA with Ca(2+) ion
which leads to a remarkable improvement in the electrochemical performance of the Si/C anode of a Li-
ion battery. In their results, the calcium-crosslinked alginate improved the mechanical properties of the
binder when compared to SA and other commercial binders, and ultimately increased the capacity of the
Si/C anode with a stable cycleability. Other water-soluble binders such as poly(acrylamide-co-
diallyldimethylammonum chloride) (PAMAC) have been reported for graphite electrodes.”” PAMAC
binder was shown to assist the formation of a more conductive solid electrolyte interface (SEI) and faster

penetration of electrolyte in the graphite anode compared to a typical PVdF binder. Consequently, the
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graphite anode with PAMAC was able to retain constant dimensions even at an elevated temperature.
The polyacrylamide (PAAmM) also helped to retain the original networks of the electrode in the course of
charge/discharge. Tensile experiments have shown that PAAm fully recovers it original dimension after

unloading.*

In spite of these endeavors, further improvement of the electrochemical performance of electrodes is still
required. In particular, high-capacity anodes have not exhibited sufficiently stable cyclic performance for
commercial application. Developing new polymeric binders may be critical factor for achieve their
commercial application. Herein, we propose a significantly better method of improving the
electrochemical performance of the Si-based electrode by introducing dual-crosslinked alginate with
polyacrylamide. The polyacrylamide provides strong adhesion in the electrode with resistance to the
penetration of the organic electrolyte. Both ionic and covalent crosslinkings in the binder maintain their
intrinsic good binding properties and additionally enhance lithium ion diffusion. More interestingly, an
in-situ electrochemical dilatometer study indicates that the dual-crosslinked binder is considerably
helpful to prevent volume expansion beyond the inevitable value caused by active materials in electrodes
during the cycle. Consequently, the Si/C (1/3) electrode retains nearly 900 mAh g™ high capacity even

after one hundred cycles with excellent cyclic ability.

4.2 Result and Discussion

4.2.1 Confirmation of dual-crosslinking

Successful synthesis of Alg-g-PAAm polymers was confirmed by comparing their FT-IR spectra with
pure Alg and by the physical mixing of Alg and PAAm, as shown in Figure 4-2(a). In the spectrum of
the Alg network, the broad peak observed between 3500 and 3200 cm™ is assigned to O-H stretching,
whereas the peaks at 1715 and 1614 cm™ are attributed to C=0 in carboxylic acid and asymmetric COO-
stretching, respectively.”**®" Additionally, two peaks at 1417 and 1365 cm™ for C-H in secondary
alcohol are observed and another two peaks at 1092 and 1033 cm™ correspond to C-OH and C-O-C
stretching, respectively. The FT-IR spectra of Alg-g-PAAm show these peaks and new peaks related to
PAAm: peaks at 3420 and 3194 cm™ for N-H stretching in primary amide, peaks at 1653 and 1616 cm™
for C=0 and NH, stretching, and a peak at 1420 cm™ for C-N stretching. Compared with pure Alg and
the physically mixed samples, the Alg-g-PAAm shows a sharp FT-IR peak at 2930 cm™ attributed to the
C-H stretching due to the grafting reaction.”*” The peak intensity of C-O stretching in the C-OH of Alg-
g-PAAm decreased compared to that of the physical mixture of Alg and PAAm, while the peak intensity
of symmetric C-O in the C-O-C structure increased when the Alg is grafted with PAAm. This indicates
that the hydroxyl groups of Alg react with the C-H groups of the AAm monomers, forming ester bonds
between them, providing further polymerization of PAAm as a branch of the Alg backbone. This is

consistent with previous studies.**
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Figure 4-2 Spectrometery analysis of aliginate based polymers and Si slurry
(a) FITR spectrum of pure binder and (b) slurry of silicon and binders

Furthermore, the PAAmM chains in the Alg-g-PAAm are chemically linked by MBAA and the Alg chains
are then physically crosslinked through their ionic bonds with divalent cations (Ca*"). The FT-IR spectra
of this dual crosslinked c-Alg-g-PAAm are also shown in Figure 4-2(a) with a comparison of the
physically crosslinked c-Alg. In the spectra of c-Alg, the width of the peaks corresponding to O-H,
COO- (symmetric and asymmetric stretching), and C-O-C (asymmetric) increase and the relative
intensity of O-H decreases compared to non-crosslinked Alg, indicating the existence of strong
coordination bonds between the Ca”" ions and functional groups of Alg.**"® The doublet between 3500
and 3000 cm™ in c-Alg-g-PAAm, which is attributed to N-H stretching, vaguely increases compared
with the non-crosslinked Alg-g-PAAm sample, due to the involvement with the crosslinking reaction by
MBAA.”" In addition, the peaks assigned to the C-O stretching (at 1095 and 1032 cm™) and NH,
stretching (at 1120 cm™) in Alg-g-PAAm were overlapped to a singlet at the 1116 cm™ peak in c-Alg-g-
PAAm due to an increase in the NH, stretching by the chemical crosslinker, MBAA.”* These results
imply the formation of ionically and covalently crosslinked networks within c-Alg-g-PAAm.

These crosslinks were also observed in the slurry samples prepared by mixing silicon active materials
and binders, and subsequently drying the mixtures as illustrated in Figure 4-2(b). The FT-IR spectra of
the mixed samples were compared similar to that of the pure Si particle. The pure silicon powder shows
a strong Si-O-Si band at 1136 cm™ and a broad Si-OH peak in the region 3400-3000 cm™. The
characterization peaks of the Si-H group are observed at 2210 cm™ and 883 cm™, respectively.” The FT-
IR peaks at a range of 3000-3500 cm™ were broad and increased in intensity for Si/Alg-g-PAAm and
Si/c-Alg-g-PAAm, due to the hydroxyl and amino groups in the binder as well as the hydroxyl groups on
the surface of the Si particles. In addition, while the peak intensity of OH stretching in Si/c-Alg-g-PAAmM
is less than that in Si/Alg-g-PAAmM, the intensity of C-N stretching at 1401 cm™ increased significantly
in the Si/c-Alg-g-PAAmM sample. These results confirm the physical and chemical crosslinkings of the
grafted polymers with crosslinking agents, CaCl, and MBAA. Moreover, it was clearly seen that a gel-
like phase was formed during the preparation of the Si/c-Alg-g-PAAm slurry at 70 °C (not shown here).
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4.2.2 Physical characterization of binder and electrode

One of the most important properties of the binder is the adhesion ability between active materials and
the current collector. Especially, Si or Sn anodes undergoing high volumetric change during the cycle
require a strongly adhesive polymeric binder in order to endure the severe mechanical stress developed
by lithiation/delithiation. The adhesion ability was measured by a 180° peeling test of the electrodes,
after the electrodes with different binder were immersed in the electrolyte for 24 h and fully dried at
room temperature.” As illustrated in Figure 4-3(a), the grafting of Alg with PAAm significantly
increases the adhesion ability of Alg in the Si/C anodes, regardless of the existence of crosslinking. This
might be due to the multipoint functional groups in the branched structure for Alg-g-PAAm, which form
strong hydrogen bonds with active materials and current collector.*”” In addition, both the physically-
crosslinked c-Alg and dual-crosslinked c-Alg-g-PAAm binders enhance the adhesion strength slightly
further when compared to non-crosslinked binders, even though the increase was not as high as
expected. Sun et al.*® and Yang et al.®® reported that the hydrogel between Alg and PAAm created by
crosslinking greatly increased the mechanical property. Thus, the crosslinking network may contribute to

the mechanical stability of the composite in Si/C anodes, leading to an increase in adhesion.
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Figure 4-3 Adhesion and swelling ability of alginate based binders

(a) Adhesion strength of Si/C electrodes with different binders measured according to 180° peel strength

and (b) Amount of electrolyte uptake of polymer film immersed in electrolyte solution at 25 °C for 48 h.
The adhesion capability of the binder may be affected by the amount of electrolyte uptake that can be
determined using the swelling test of binder film in an excess electrolyte solution for 48 h.%%%
Electrolyte swelling decreases the mechanical properties of the polymer, caused by a softening binder
and weakening interaction between active materials and the current collector.®% As seen in Figure
4-3(b), the electrolyte uptake of the Alg polymer film is approximately 12%, whereas the grafted Alg
with PAAm (Alg-g-PAAmM) shows a much lower value in the uptake with approximately 3%. This is
because PAAmM is very resistant to the swelling of organic electrolyte, although not resistant to water.”"’
In fact, the electrolyte swelling of PAAmM was less than 2%, as shown in Fig. 4.2(b). When either an
ionic- or dual-crosslink is formed in the Alg and Alg-g-PAAm films, the electrolyte uptake decreases

further due to the decrease in free space of the polymer.*” Actually, the electrolyte uptake of the c-Alg-g-
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PAAmM film is close to 2%, as shown in Figure 4-3(b). The lower electrolyte uptake of the Alg-g-PAAmM
and c-Alg-g-PAAm binders might somewhat contribute to the relatively high adhesion when compared

to non-grafted and non-crosslinked Alg or ionic-crosslinked Alg, as indicated in Figure 4-3(a).

4.2.3 Electrochemical characterization

To better understand the impact of the binders on the charge-discharge processes of the Si/C electrodes,
the CV of Si/C fresh electrodes with different binders was performed, with CV at 0.2 mV s™ for five
cycles, and their results are shown in Figure 4-4. As expected, minimal difference was observed among
the redox peak potentials of the electrodes containing different binders, because they are inactive to
electrochemical reactions. Nevertheless, the potential difference between the redox peaks, AEp=|Ep,a-
Ep,c|, was approximately 0.3 V for the Si/C with c-Alg-g-PAAmM binder, which was the least when
compared to the Si/C electrodes with Alg, Alg-g-PAAm, and c-Alg. Here Ep,a and Ep,c are the peak
potentials of oxidation and reduction at the 5th cycle, respectively. In addition, the Si/C electrode with c-
Alg-g-PAAmM has a higher redox peak current than any other electrodes. This implies that the dual-
crosslinked binder is favorable for reducing the polarization resistance and thus the lithium
insertion/desertion processes are promoted when c-Alg-g-PAAm is used as a binder. Moreover, the
magnitude of the peak currents of the Si/C electrode containing the dual-crosslinked binder was
maintained during the five cycles, whereas the magnitude of the other electrodes, especially the
electrodes containing Alg only, showed a decrease as the cycle increased. This indicates good

reversibility of lithium ions insertion and desertion for Si/C when the dual-crosslinked binder is used.

The CV performed at various scan rates is preformed to determination of the Li-ion insertion into the
Si/C anodes. Herein, the Randles-Sevcik equation®™® describes the effect of scan rate on peak currents
to calculate the diffusion coefficient of lithium ion in an electrode. From the slopes between I, and v
shown in Figure 4-4(b), the diffusion coefficients of lithium ion are calculated for the four electrodes.
The diffusion coefficients are 1.22x10° for c-Alg-g-PAAm, 4.47x107 for c-Alg, 3.87x10” for Alg, and
2.33x107 cm?s for the Alg-g-PAAm-containing electrode. This also demonstrates that the dual

crosslinked binder is most favorable for lithium ion insertion/desertion kinetics.

The electrochemical performance of the Si/C electrodes is shown in Figure 4-5. Compared to the Alg-
containing electrodes, the Si/C electrodes containing Alg grafted with PAAm binders showed higher
reversible capacities (Figure 4-5a). In particular, the dual-crosslinking of binder further improved both
the reversible capacity and the Coulombic efficiency of the Si/C electrodes; 849 mAh g™ and 72.8% for
the c-Alg-g-PAAm-containing electrode, but 807 mAh g* and 68.9 % for the Alg-g-PAAm-containing
electrode. As expected from Figure 4-3, the non-grafted and non-crosslinked Alg is not an efficient
binder for the Si electrodes that undergo significant volume change, due to its severely poor adhesion
ability compared with the other modified Algs. This is clearly seen from the cyclic tests of the Si/C

electrodes shown in Figure 4-5(b).
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Figure 4-4 Cyclic voltammograms of Si/C electrodes with alginate based binders
(@) Cyclic voltammograms of Si/C electrodes with various binders measured at 0.2 mV s?, (b) Cyclic

voltammograms with different scan rate
After over 100 cycles, the Si/C electrode containing the non-crosslinked Alg remains the specific

capacity of 387 mAh g, with approximate capacity retention of 39.4%. The cyclic performance could
be improved by using c-Alg binder. Liu et al.** and Yoon et al.** reported that the recovering ability of
physically crosslinked calcium-Alg repaired the mechanical damage occurring at the binder of Si
electrodes during the charge-discharge process. However, the binder could alleviate only the initial rapid
capacity of the Si/C electrode and it did not help to maintain the cyclic performance for a relatively long
cycle up to one hundred cycles. Good long-term recyclability was achieved by the introduction of
grafting with PAAm; i.e, by the use of Alg-g-PAAm binder. This may be attributed to a close connection
between the active materials and Alg-g-PAAmM because of the multipoint functional groups in the
branched structure for Alg-g-PAAm. Furthermore, the dual-crosslinked c-Alg-g-PAAmM was more
effective in the cycling performance than the grafted Alg-g-PAAm as a binder for Si/C electrodes. The
capacity remained at 836 mAh g™ after one hundred cycles, approximately 71.6% from its initial
capacity when c-Alg-g-PAAmM was used as a binder for the Si/C electrode. This might be attributed to
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the highest diffusion coefficient of lithium ions with its highest adhesion ability, as well as to the
recovering ability of c-Alg. The chemical crosslinking in PAAm may also enhance the robustness of the
network against extremely large volumetric change in the Si/C electrode. This will be discussed later

through dilatometer experiments.
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Figure 4-5 Galvanostatic charge/discharge performance of Si/C electrode with alginate based binders

(a) Initial charge/discharge profiles, (b) cyclic performance and coulombic, and (c) rate capacity test of the

Si/C electrode with four binders, (d) Niquist plots generated for 100-cycled Si/C electrodes
Independently of the cyclic performance, the rate capability of Si/C electrodes containing different
binders was tested in the range of from 0.1C to 10C with the final cycles returning to the current rate of
0.1C. The results are also shown in Figure 4-5(c). Compared to the other binders, the novel dual-
crosslinked binder-based anode exhibits relatively good rate capacity. The ratios of 10 C to 0.2 C of the
electrodes are 24% for Alg, 61% for c-Alg, 15% for Alg-g-PAAm, and 83% for c-Alg-g-PAAm, and
their capacities at 10C are 120.9, 333.5, 90.1, and 422.4 mAh g™. Comparing these results with the
restored values by means of the 0.1C current rate, the values correspond to 21.2% for Alg, 59.6% for c-
Alg, 18.9% for Alg-g-PAAm, and 71.5% for c-Alg-g-PAAm, respectively. These results clearly
demonstrate that the use of the dual-crosslinked binder significantly improves the cyclic performance of

high-capacity electrodes that accompany very large volume change.

This directly implies the need to explain the Li-ion mobility through Si/C electrodes using the four
binders. EIS analysis was performed using cycled Si/C electrodes and the result is shown in Figure 4-5d.
The resulting Nyquist plot facilitates understanding of the capacity fading of the Si/C electrodes
containing Alg or its modification binders. All four electrodes show two semicircles, one of which is

associated with the resistance (RSEI) caused by the solid electrolyte layer at high frequencies and the
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other is associated with the charge-transfer resistance (RCT) at middle frequencies.®?? The RCT of the
cycled Si/C electrodes, represented by the size of semicircles, was 84.5 Q cm? for Alg, 56.1 Q cm? for
Alg-g-PAAm, 60.1 Q cm?for c-Alg, and 22.3 Q cm? for c-Alg-g-PAAm. The Si/C electrode containing
Alg has the highest value, resulting in its relatively rapid capacity fade. On the contrary, the Si/C
electrode with c-Alg-g-PAAm showed the lowest RCT among all of the anodes, demonstrating that the
dual crosslinked binder forms a suitable electrode network for lithium ions and electron transfer, and
interferes least with their movements. Consequently, this leads to more stable cyclic and rate
performance than any other binders.

In designing the LIB cells, one of the most important factors is the amount of volume change that can be
limited by users. Thus, the volumetric change should be minimized in the course of use. In this respect,
the polymer binder should contribute to reducing the extrinsic volume expansion in the composite
electrode with any method, although it is not possible to confine inevitable intrinsic expansion caused by

active materials. Very recently, Choi et al.®®

showed through SEM analyses that a dual component
polyrotaxane-polyacrylic acid (PR-PAA) binder greatly reduced the volumetric expansion of Si
microparticle anodes when compared to a conventional linear PAA binder. In this study, the volume
expansion in the Si/C electrodes during discharge and charge was traced with an in-situ electrochemical

dilatometer measurement®+5®

and the result is illustrated in Figure 4-6 as a relative change to initial
thickness. When the potential is decreased from 3 V to 5 mV, the electrodes are lithiated, and
subsequently delithiated in the range of 5 mV to 1.5 V. The constant voltage discharge at 5 mV followed
by the constant current discharge with 0.05 C was maintained for a maximum of 24 h. On the contrary,
the constant voltage charge at 1.5 V was maintained for 24 h at maximum after a constant current charge
of 0.05 C. In the lithiation process, all electrodes exhibit a very slight increase in electrode thickness
until approximately 0.2 V Figure 4-6a. However, significant increase occurs in the thickness of the Si/C
electrodes when they are lithiated from 0.2 to 0.005 V and followed by a moderate increase during the
remaining lithiation process. Compared to non-crosslinked binders, the crosslinked c-Alg and c-Alg-g-
PAAmM binders reduce the volume expansion of the Si/C electrodes. In particular, the Si/C electrode
containing the dual-crosslinked c-Alg-g-PAAm binder expands to 97% from its original thickness, which
is very close to its theoretical value of 100% calculated from theoretical values of 310% and 10% for Si
and graphite, respectively. Therefore, it is very clear that the crosslinking of the binder is considerably
helpful to prevent volume expansion beyond the inevitable value caused by active materials in

electrodes.

Unlike lithiation, a steady decrease in electrode thickness occurs during the CC charge from 0.005 to 1.5
V with almost no decrease in CV charge. The residual volume expansion is approximately 287% for the
Alg-containing Si/C electrode, 216% for the Alg-g-PAAmM, 83% for the c-Alg, and 4% for the c-Alg-g-
PAAmM. Choi et al.** showed that the growth of SEI among pulverized Si particles led to the volume

increase and were reduced by the efficient PR-PAA polymer binder.

38



Heigth change (%)

—Alg

— Alg-g-PAAmM
— c-Alg

—— c-Alg-g-PAAmM

;; 2

Potential (V vs.LilLi")

0 20 40 60

Time (hours)
Figure 4-6 Change in the thickness of Si/C electrodes during discharge and charge process at 0.05C
From the top-viewed SEM images of 100-cycled Si/C electrodes (Figure 4-7a), it is clear that the dual-
crosslinked c-Alg-g-PAAmM binder makes the Si/C electrode less pulverized than any other binders,
leading to smaller SEI growth. This is also confirmed by FT-IR analysis shown in Figure 4-7b.
Compared to the fresh electrodes in Figure 4-7a, the electrodes cycled at 0.1 C in Figure 4-7b exhibited
more absorption peaks appeared at 1416, 1305, and 870 cm™, corresponding to lithium ethylene
dicarbonate.®” These peaks in the Si/C-c-Alg-g-PAAm electrode were less grown than those in the other
electrodes. This implies that the dual-crosslinked c-Alg-g-PAAm binder contributes to the formation of

thinner SEI layer.

Connecting the in-situ electrochemical dilatometry method with the electrochemical performance in
Figure 4-5, the smaller thickness change in the electrode containing dual-crosslinked c-Alg-g-PAAmM
polymer binder might be the main reason for the stable long-term cycleability and high rate-capacity

retention owing to the increased adhesion sustainability in the course of use.

In Figure 4-8a, it shows optical photos taken after the dilatometer experiments. Compared the other
electrodes, the dual-crosslinked c-Alg-g-PAAm-containing Si/C electrodes did not show obvious
delamination between the electrode layer and current collector. In Figure 4-8b, the low magnification of
SEM images of the Si/C electrodes before and after 100 cycles is shown. The fresh Si/C electrodes
containing non-crosslinked Alg and Alg-g-PAAm binders exhibit smooth surfaces, whereas those
containing the crosslinked c-Alg and c-Alg-g-PAAm binder have clumped and rough surfaces formed by

the crosslinked network during the drying process.

After 100 cycles, cracks appear on all electrodes; especially, the non-crosslinked Alg- and Alg-g-PAAmM-
containing electrodes have severe cracks compared to the crosslinked c-Alg and c-Alg-g-PAAmM-
containing electrodes. On the contrary, the crosslinked electrodes lead to a decrease in the somewhat
clumped surface and having shallow cracks through the recovery process. This may be attributed to the

effect of self-healing of the crosslinked PAAmM. Recently, considerable attention has been paid to the
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addition of chemically or physically crosslinked PAAm into polysaccharide. %9888
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Figure 4-7 Morphology and FTIR study of cycled Si/C electrode
(a) Top-viewed SEM images of the cycled Si/C electrodes containing (A) Alg, (B) c-Alg, (C) Alg-g-PAAm,

and (D) c-Alg-g-PAAm binder, and (b) FT-IR spectra of (a) the fresh Si/C electrodes and (b) the Si/C
electrodes after the first cycle at 0.1 C.

A partial increase was observed in the mechanical properties and the self-healing efficiency of the

double network hydrogels after deformation and fracture.

In the extension of their observation of our case, when lithium ions insert into and extract from Si/C,
chemically crosslinked PAAmM in c-Alg-g-PAAmM may stabilize its original state of anode from an
inevitable deformation of the electrodes, while physically crosslinked Alg contributes to its progressive
recovery when any fractures occur from the deformation. Nevertheless, further study of the details of the

self-healing effect of PAAm will be very valuable, though it is briefly discussed here.

In summary, the dual-crosslinked c-Alg-g-PAAm will be a very good choice for high-capacity anode

materials and will greatly enhance their LIB properties.
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Figure 4-8 Morphology of the Si/C electrode after ECD and after 100 cycling

(a) Photos taken after the dilatometer experiments depicted in Figure 4-6, and (b) Low magnification SEM
image of Si/C electrodes with Alg (a and e), Alg-g-PAAm (b and f), c-Alg (c and g), and c-Alg-g-PAAm (d
and h) before and after 100 cycles, respectively.

4.3 Conclusion

We examine the modification of Alg via a graft polymerization with PAAmM and subsequent
chemical/physical crosslinking and investigate these effects on a highly adhesive water-based binder for
Si-graphite composites. The grafting with PAAm actually contributes to the mechanical stability of the
Si/C composite anodes. The dual-crosslinked polymer noted as c-Alg-g-PAAm is found to have lower
electrolyte uptake and to improve lithium ion kinetics in the Si/C electrode, ultimately leading to good
reversibility of lithium ions insertion/desertion. These properties of the newly developed binder are
significantly effective for the electrochemical performance of a high-capacity anode when compared
with Alg, c-Alg, and Alg-g-PAAm binders. Most interestingly, the in-situ electrochemical dilatometer
measurement shows that the dual-crosslinked c-Alg-g-PAAm effectively controls the volume expansion
developed during lithiation. This may be attributed to the effect of the self-healing of the crosslinked
PAAmM. This is very advantageous for the design of LIB cells from the commercial point of view.
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5 Dual crosslinked CMC grafted Polyacrylamide for high capacity

electrode

Sodium carboxymethyl cellulose (CMC) jointly used with styrene butadiene rubber (SBR) has become a
standard binder formulation for graphite negative electrodes in Li-ion batteries. Including Si-alloys in the
electrode formulation can increase capacity; however pure CMC and CMC/SBR based binders are not
optimal for this task. Other advanced binders (e.g. PAA, Alg, polyimide, etc.) have been found to be far
superior to CMC based binders Si composed electrodes are used, however such binders can be difficult
to use commercially. CMC with chemically reactive groups (primary, secondary -OH and -COOH) can
be easily modified by chemical reaction (Figure 5-1 a-b). In this chapter, | investigated four CMC based
binders for the Si based electrode is explored.
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Figure 5-1 Preparation of synthetic CMC based polymer
(a) Graft copolymerization between CMC and PAAm with the terminal initiator system, (b) preparation of
crosslinked network

5.1 Introduction

In an electrode manufacturing process, two types of polymeric binder have been commercially used for
lithium ion battery which are organic-based polyvinylidene fluoride (PVDF) and water-based CMC
combined with dispersed styrene butadiene rubber (SBR).”® Initially PVDF is employed by more
adventures glue material in preparation of both cathode and anode electrodes but it is pre-dissolved into
toxic organic solvent, most commonly n-methyl-2-pyrrolidone, and has poor binding ability through
high-capacity metal alloy negative electrodes (especially tin and silicon active materials) and current
collector.**® Although, a smaller quantities of CMC based binders (such as pure CMC and composite
CMC/SBR) can be stronger adhesion ability for the Si-based electrodes compared to non-functional
PVDF*® due to formation of chemical bond between carboxyl group of binder and silicon dioxide
layer at silicon surface, the high-capacity metal alloy insert anode could not be completely a candidate
for the commercial main components with strangely enough cyclic performance due to huge volume

expansion during lithium insertion and extraction. At historically development of binder, Li et al.*
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reported that the brittle CMC binder exhibited better suppressing function in Si based electrode which it
has around 100% of volume change for the 1200 mAh g* capacity after over one hundred cycles
compared with both the SBR/CMC and PVDF. However, CMC contained electrode performance still
depended on the structural parameters of CMC (molecular weight, degree of substitution, cationic), pH
value of the slurry and the electrode porosity. In practice, by choosing a right drying condition for
removal of water is one of most important parts of the electrode slurry preparation to enhance cycling
performance of high capacity electrode. For instance, Na-CMC is dissolved in distilled water with a
concentration of 5 wt.% (pH 6.7) whereas the electrode slurry contained with CMC (pH 7) is easy peeled
during drying process compared with acidic slurry condition which the best pH value is between 3.1 and
4. As the result, the electrode with Na-CMC (pH 3.5) shows the best capacity retention during long-term
cycles.”

Inside of linear structured commercial CMC binders, the branched and cross-linked structured of CMC-
based binder with enhanced adhesion ability have been suggested as effective ways to good condition for
slurry film preparation without acidic additives, suppression huge volume change of Si while lithium
insertion and extraction and thus maintain good electric conduction network in the electrode and without
rabid capacity fade.**** Herein, the modified CMC investigates as candidate binder system for the huge
volume change Si based electrode compared with pure CMC. The modification process is followed the
graft copolymerization of acrylamide monomer saccharide backbone as CMC and then a graft product as
CMC-g-PAAmM is linked by two different crosslinked agents. Besides, the modified CMC through the
graft copolymer and dual-crosslinking are much effective in better preparation of electrode slurry
without peel-out during drying process than the Si/C electrode with CMC that indicated to an increase
binding contact with active materials and good adhering to the current collector by the PAAm side chain
on the polysaccharide backbone and cross-linker agents. As the result, Si/C electrode contained with s-
CMC-g-PAAM are yielded 800 mAh g™ after 200 cycles while maintained high discharge capacity and
high columbic efficiency compared to that electrode based on nature CMC binder.

5.2 Result and Discussion

5.2.1 Confirmation of dual-crosslinking

The general mechanism of grafted reaction on polysaccharide is a covalently binding between hydroxyl
group on polysaccharide and vinyl group in acrylate monomers under redox initiator. Herein, ammonium
peroxide is used as thermal initiator for the graft copolymerization of PAAm onto CMC chain ( Figure
5-1 detailed). FTIR spectrum of pure saccharide and modified saccharide through as graft and
crosslinked is shown in Figure 5-2a. The spectrum of the pure CMC observed an adsorption peaks at
3480 cm™ (OH stretching vibration), 2917 cm™ (CH, stretching), 1605 cm™ (C=0 stretching), 1267 cm™
(OH stretching in ring alcohol), and at range of 1000 to 1170 cm™ (C-O-C in ethers and CH-OH in cyclic

alcohols), respectively, there are associated to saccharide structure. After grafting reaction, the
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adsorption peak of OH stretching at 1267 cm™ is disappeared and other characteristic peaks at 1000-
1170 cm™ are steadily weakened and shifted to left hand that corresponds to the chemical bond of
hydroxyl of CMC with vinyl group in acrylate monomers. In addition, a new two bands at 3334 and
3190 cm™ (NH, stretching in primary amide), other new two bands at 1675 and 1610 cm™ (from C=0
stretch and NH, deformation bending in amide) and new peak at 1420 cm™ (C-N stretching of amide
group) were appeared in Figure 5-2a which is suggested to acrylamide monomer have been successfully
grafted onto CMC backbone to formation CMC-g-PAAmM.

Continuously crosslinking reaction of graft copolymer, the intensity of COO- antisym stretching in
carboxylic acid salt at 1725 cm™ and the intensity of C-N stretch in amide at 1410 cm™ is significantly
increased for physical crosslinked CMC-g-PAAmM and chemical crosslinked CMC-g-PAAM,
respectively. That is indicated to AI** ions and carboxylic group in CMC connected by coordination
bond each other’s to formation physical crosslinked network. Therefore, PAAm chain of grafted polymer
is reacted with MBAA under radical initiator at 70 °C and finally they covalently bonded. Furthermore,
the spectrum of dual crosslinked CMC-g-PAAm (d-CMC-g-PAAmM) is included the same intensity
behavior with the single crosslinked CMC-g-PAAm (s-CMC-g-PAAmM) as seen Figure 5-2a. As the

result, we could completely prepare the dual-crosslinked grafted copolymer at related condition.

The TGA curves of CMC, pure PAAm, CMC-g-PAAm, and dual crosslinked binder (d-CMC-g-PAAmM)
samples in nitrogen medium are shown in the Figure 5-2b. In the pure CMC, the initially mass loss is
observed at 68 °C due to evaporation of water in the surface. From above 200 °C the thermal stability is
decreased and the main decomposition of polysaccharide occurs at 280 °C with 47.1 % of the weight
loss. That is corresponded to the loss of functional groups from saccharide chain and then the weight loss
is gradually decreased with increase in temperature. After acrylamide monomer was graft polymerization
onto CMC, graft product shows three-step decomposition process at different temperature for occurring
maximum degradation. The initially weight loss about 11.5% at 64 °C is occurred by the water
evaporation. At temperature range of 245 to 300 °C, there shows second weight loss about 11.2 % that
may be indicated to the degradation of saccharide ring and breaking of C-O-C bond of acrylic chain on
the saccharide backbone. The maximum decomposition of polymer backbone has appeared at 365 °C
and the weight loss is about 51.0%. Compared non-grafted CMC, different degradation behavior of
CMC-g-PAAm can be explained by presences of acrylic polymer on the surface of CMC. In addition,
the thermal degradation of pure PAAm has three-step at different temperature range compared with the
graft copolymer. In addition, thermal-degrade steps of dual-crosslinked samples are immediately
characterized with graft copolymer but the degradation temperature of its side and branched chain in d-
CMC-g-PAAmM was found to decrease compared to grafted copolymer because it may be depended from
low weight of crosslinker agents but dual crosslinked polymer has a high yield with 28 % at 800 °C
compared with graft copolymer. From TGA result we can also show that PAAm is successfully grafted

on surface of CMC and then graft copolymer is completely linked as two different agents.
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DSC of all CMC based modified samples displayed in Figure 5-2c, herein, at around 100 °C for all
samples shown the deposition of moisture. DSC of pure CMC show one endothermic peak at 158 °C
which is related to the functional group of CMC is lost and one exothermic peak at 290 °C due to the
crystallization in the structural chain and then it began to the decomposition of saccharide chain at high
temperature then 290 °C. The synthetic PAAm illustrated three endothermic peaks on the DSC profile.
Frist two degradations at 156 and 231 °C are attributed to be changed of amino group in PAAmM by
imide. Finally it is melted at around 296 °C and then it is degraded of the imine group and the main
chains together. The graft copolymer of CMC-g-PAAm was similarly decomposed at 175 °C with pure
CMC but the another endothermic peaks returned the two stages of PAAm degradation were displayed to
high temperature of 261 and 345 °C.
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Figure 5-2 Chemical structure analysis of dual crosslinked CMC-g-PAAmM sample
(a) FT-IR spectra; (b) Thermal gravimetric analysis and (c) Differantial scanning calorimetery analysis of
pure CMC, CMC grafted with PAAm ( CMC-g-PAAmM), and dual-crosslinked c-CMC-g-PAAm polymers

After dual-crosslinking converting of graft sample, there are also three endothermic peaks at little high
temperature range, due to high energy is expended for breaking crosslinking structure. At finally, TGA
and DSC results have suggested to synthesis of graft copolymer and formation of dual crosslinked
polymer.

5.2.2 Physical characterization of binder and electrode

Electrolyte uptake test of the synthetic polymer films was based on swelling process of the polymer film
in medium of carbonate electrolytes. After modified grafting reaction of CMC, the graft copolymer
sample shows about 4.3 % of electrolyte uptake that is almost lower swelling ability compared to 13.7 %

for non-modified CMC as seen Figure 5-3a. This reason described to PAAm is non-sensitive in most of
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organic solvents, expect water but it shows high wettability of electrolyte as explaining in chapter 4.
Assuming decrease free volume of polymeric binder as crosslinking, the electrolyte uptake value is still
decreased to 1.98 for s-CMC-g-PAAmM and 0.75 % for d-CMC-g-PAAmM, respectively. As the result, the
much lower swelling ability of the carbonate electrolyte into binder might be slightly decreased the ionic
exchange of lithium ion through Si/C electrodes but it remains stable of highly adhesion ability during

electrochemical reactions in long-term.
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Figure 5-3 Physical characterization of CMC based polymer binders

(a) Electrolyte uptake of pure polymeric binder and (b) Adhere ability of Si/C anode with four investigation

polymers
Figure 5-3b shows the adhesion force correlated to different binder in Si/C slurry films that was carried
out the 180° peel strength of electrode strips with the peel rate of 20 mm min™. After grafting reaction
onto CMC backbone, the adhesion force of the Si/C electrode with CMC-g-PAAm can be significantly
improved from around 4 N to 10 N. Because Si/C-CMC electrode have low adhere compared to same
anode with modified CMC such as CMC-g-PAAmM and its crosslinked binders. To effect of crosslinking
on adhere for Si/C, s-CMC-g-PAAmM show similar fluctuation line with non-crosslinked graft copolymer
of CMC-g-PAAm on the load vs. extension, but the adhesion value is slightly higher than around 10.5 N.
We are prepared dual-crosslinked binder using by chemical crosslinker as MBAA/APS and physical
crosslinker as AICI;, however the adhesion force between active materials and current collector is
steadily decreased to 6 N. It might be connected to formation of 3 D network anode film and softness by
physical crosslinker. In addition, it might be connected to Cu foil surface may be oxidized during dual
crosslinking reaction. That is indicated that the surface color become slightly drack compared with other

anode film after peeling.

5.2.3 Electrochemical characterization

The impedance was conducted to explain lithium ion storage properties through Si/C electrode with four
different binders as seen in Figure 5-4. The half-coin cells were recorded for two precycling at 0.1 C, and
then continued at 0.5 C for 2 cycles in the voltage of 0.2 V. All investigation Si/C electrodes with four

binders are illustrated two semicircles on Nyquist plots, which are related to the resistance for solid
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electrochemical interface layer (R;) at high frequency and the resistance for charge-transfer reaction (Re)
whereas R displayed by the size of semicircle at medium frequency range. The low frequency range of
the straight line is mentioned the Warbug impedance of Li diffusions into bulk of the electrode materials.
Compared to the charge-transfer conductance (1/R) of Si-based composite electrode with pure CMC,
the modified all CMC-based binders show an increase value of 1/Rct in Table 5-1 which is indicated to
enhance transferred Li-ion movement through electrode. This may be caused by enhanced wettability
and critical adhesion compared to CMC.

In furthermore, diffusion coefficient calculated from the plot of the real impedance (Z,) and the square
roots of the lower angular frequency (o) that is mainly accorded to the equation 3-2 in chapter 3 and
that slopes illustrated the inside of Figure 5-4(a-b) and Table 5-1 after percycling and 2th cycles,
respectively. Figure 5-4b, the diffusion coefficients were 0.38x10™ cm? s for CMC, 2.65x10™** cm? s™
for CMC-g-PAAM, 2.36x10™ cm? s for s-CMC-g-PAAm, and 3.95x10™* cm? s for d-CMC-g-PAAM
electrodes, respectively. In summary, modification CMC through graft and crosslinking is effectively
influence on easy lithium charge transfer kinetics into the electrode while it is compared to pure CMC

binders.

The half-coin cells were scanned for two precycling at 0.1 C, and then continued at 0.5 C for 200 cycles
in the voltage range of 0.01 to 1.5 V. The loading of electrode is maintained 1.0 g cm™ for all Si/C
composite anodes. The Si/C composite anode with CMC showed the initial charge capacity of 1271 mA
g™ at 0.5 C and the strange capacity degradation above 50 cycles compared to same electrode containing

with graft copolymer.

At finally, capacity retention of first discharge capacity at 0.5 C obtained 46.8 % for the Si/C anode with
pure CMC binder after 200th cycle. Herein, 62.0 % of the capacity retention in first discharge capacity at
0.5 C can retain for the CMC-g-PAAmM binder which is better stability (low fading) than unmodified
CMC binder with 48.2 % of the capacity retention. That is indicated to adhere between Si/C composite
particles and current collector is improved as using the graft copolymer binders and followed to maintain

a good stability during long cycle life.

Table 5-1 Impedance parameters of Si/C anodes with CMC based binders

Investigation samples  Cycle number R Ren 1Ry D (x10™) cem?s*
cMC 2ndat0.1C 4.99 175.22 0.006 0.21
4that0.5C 583 73.85 0.014 0.38
3.86 50.7 0.020
CMC-g-PAAM 2ndat0.1C 1.52
4that0.5C 2.33 1947 0.051 2.65
413 38.1 0.026
&-CMC-g-PAAM 2nd at 0.1 C 0.93
4that0.5C 210 13.79 0.072 2.36
2ndat0.1C 366 16.0 0.063 2.26
d-CMC-g-PAAM 4that05C 262 1439  0.069 3.95
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Figure 5-4 Electrochemical performance of Si/C electrode with CMC based binders

The Nyquist curve of four Si/C electrodes at 0.2 V (a) after two percycles at 0.1C and (b) after 2th cycles
at 0.5C rate, (c) cyclic performance and (d) rate performance of Si/C electrodes with CMC, CMC-g-
PAAM, s-CMC-g-PAAm, and d-CMC-g-PAAmM binders, respectively.

In addition, modification of CMC through graft copolymerization with acrylic monomer is significantly
influenced on solving the slurry preparation compared to Si/C electrode with pure CMC binder due to

peeling progress for pure CMC binder in drying slurry at 70°C as seen the Figure 5-5.
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Figure 5-5 Si/C slurry films with pure CMC (left hand) and CMC-g-PAAm binders (right hand)

Furthermore, effect of crosslinked graft copolymer binders on the electrochemical performance of Si/C
were investigated in our experiment, whereas there are added two different crosslinker agents into slurry
mixture. One of them is only contained chemical crosslinker that is marked by single crosslinked binder,
s-CMC-g-PAAm; and another of them is contained two different crosslinker agents that is named dual
crosslinked binder, d-CMC-g-PAAm. Strong achievement was illustrated as using single crosslinked
binder on cycling performance of high capacity Si anode in long-term cycles. The reversible capacity
after 200 cycles was obtained 800 mAh g™ for single-crosslinked binder and 697 mAh g™ for dual-
crosslinked binder. In the result, the dual crosslinked binder shows lower capacity retention for Si/C
electrode compared to CMC-g-PAAm binder with or without single crosslinking progress. That is

indicated to the progress of ionic crosslinking between AI** and CMC shows decrease adhesion ability
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and an increase solvent resistance compared to single crosslinking. Both physical properties of dual
crosslinked binder are negatively influenced on the electrochemical performance of Si/C electrode. In
addition, very lover electrolyte uptake of binder through electrode has shown a weakly lithium ion
kinetic during lithium ion charge and discharge process and followed to appearance lower capacity
retention. But the lower capacity fade and enhanced reversible capacity of 701.1 mAh g™ at 200th cycles
can maintained by using d-CMC-g-PAAm binder for high capacity Si-based composite electrode with
high active material loading of 1.4+0.1 g cm™ that compared to pure CMC binder with 551.5 mAh g™.
While only chemical crosslinking progress, Si/C electrode with s-CMC-g-PAAm has higher
electrochemical stability after 200 cycles (it is not showed here).

The Si/C electrodes with both CMC and d-CMC-g-PAAm binders showed instability rate capability
performance, because rate capacity decreased as increasing current rate. In the other side, two Si/C
electrodes contained both of CMC-g-PAAmM with or without crosslinked with MBAA has better rate
stability while rate current increase from 0.1 to 10 C. The target system of Si/C electrode with s-CMC-g-
PAAmM displays the higher rate capability performance of 1000 mAh g* at 10 C compared to 20 for
CMC, 500 for d-CMC-g-PAAm, and 780 mAh g* for CMC-g-PAAmM. As the result, the formation of
single crosslinking network is accepted to suffer of Si polarization during at high rate state. Meanwhile,
the capacity retention of the electrodes can completely remain to their initial capacity when the rate
returns to 0.1 C from high current rate, expect pure Si/C electrode with pure CMC due to the low
adhesion ability of CMC.

5.3 Conclusion

In the present chapter, we successfully applied the commercial CMC polymer with grafted and cross-
linked 3D network as an effective binder for Si anodes in LIBs. Through grafting and cross-linking
process for pure CMC forms a uniform interconnected network to buffer volume change of Si. Within
grafting and crsooslinked network, the electrode slurry has not showed easy peeling acts during drying
process compared with Si/C electrode with pure CMC, and mechanical stress can be distributed to pure
CMC, which can substantially reduce the stress applied to each anchoring point. Consequently, single
cross-linked network improved the cycle and rate performances of Si/C anode compared to pure CMC
and grafted copolymer based electrode. Compared to single crosslinked binder as s-CMC-g-PAA, using
dual-crosslinker agents for CMC-g-PAAmM has not exhibited efficient improvement in high capacity Si/C
anode in next-generation LIBs due to highly decreasing of both the adhesion ability to 6 from 10 and the

electrolyte uptake to 0.75% from 2% after dual-crosslinking progress.
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6 Dual crosslinked Pectin grafted Polyacrylamide for high capacity

electrode

In the previous two chapters, we reported that dual-crosslinked c-Alg-g-PAAmM and c-CMC-g-PAAmM
binder system regarded to enhancement stability cycling performance in the Si/C electrode of LIBs. Here
it is focused on pectin based polymeric binder system through graft and crosslinked to improve
performance of macro particle Si/C electrode. Modification of alginate through graft and crosslinking
methods shows in Figure 6-1.
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Figure 6-1 Synthesis of (a) Pectin-g-PAAmM and (b) c-Pectin-g-PAAmM
(a) Graft copolymerization between pectin and PAAm with the terminal initiator system, (b)
preparation of crosslinked network c-Pec-g-PAAmM

6.1 Introduction

A binder material, on the other hand, which provides an integrity in composite electrodes consisting of
active materials and conducting agents, seems to have an attention recently because it greatly influences
the long-term cyclic stability, rate capability, and irreversible capacity loss of the electrodes *#3"% |t is
aware that breakthrough for the high capacity anodes experiencing large volume change such as silicon
strongly depends on proper choice of polymeric binder.3*®#9 Besides, a polysaccharides and their
modification such as CMC, SA, chitosan and starch were applied to binder for high capacity anodes.”* *® Such
linear polysaccharides have been extensively studied, whereas a certain number of research on the application
of branched polysaccharides to LIB binder were recently reported.**®%"-

The linear polysaccharide applied most recently to LIB is a pectin (Pec) material. Yoon et al. *®

reported
that Pec composed of a-glycosidic bonds with -COOH functional groups, were superior to CMC, B-
glycosidic bonds with -COOH, and amylose, a-glycosidic bonds without -COOH, in cyclability and rate
capability of silicon anodes. Due to low chemical resistance and poor compact ability of Pec, however,
the modification of Pec by grafting and crosslinking was generally suggested to copy with these
limitation '®. Similar to alginate, Pec contains numerous carboxyl and hydroxyl groups on chain-chain

association and easily forms a physical crosslinking with divalent cations such as Ca(2+).'% On the other
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hand, the crosslinked Pec network was more elastic than the crosslinked alginate network when they
were linked with presences of the divalent calcium cations.’®*'® The elastic property may be more
beneficial to high capacity anodes experiencing large volume change during cycles %%, Zhu et al. %
showed that a highly stretchable crosslinked polyacrylamide (PAAmM) had high strain resistance for the
expansion of silicon electrodes and strong affinity to bonding with nano-Si surface, leading to
remarkable cycling performance of the silicon electrode. In first chapter, we also proved that the dual-
crosslinked binder of alginate with PAAm were greatly effective for the electrochemical performance of
Si/C electrodes due to intrinsic good binding property, enhancing lithium ion transport, extremely low

volume expansion.®*

In this chapter, modification of pectin polysaccharide through grafting with polyacrylamide and
crosslinking is newly proposed as a powerful candidate for water-soluble binder of high-capacity Si
anodes in lithium ion batteries. The pectin-grafted-polyacrylamide (Pec-g-PAAm) significantly enhances
adhesion in electrode, a basic characteristic of binder, due to its multipoint functional groups. A strong
carbonyl dipole in polyacrylamide also contributes to good electrolyte wettability of carbonate
electrolyte. In present study, dual-crosslinking of the Pec-g-PAAm is achieved by ionic crosslinking of
pectin with divalent calcium ions and chemical crosslinking of polyacrylamide with a bisacrylamide.
The dual-crosslinking in binder provides good contribution on integrity of electrode and ease movement
of lithium ions through electrodes. Therefore, the dual-crosslinked binder shows further improvement
cycling performance of the Si/C composite anode with the loading of 1.2 mg cm, which remains the

specific capacity of 729 mAh g™ at 300" cycles.

6.2 Result and Discussion

6.2.1 Confirmation of dual-crosslinked binder

The dual-crosslink between Pec and PAAm was preceded in an aqueous medium by two step methods.
First, the Pec-g-PAAm binder was synthesized by grafting PAAmM onto Pec using a redox initiator
system as APS/TEMED and then the graft copolymer was linked with physical crosslinker as CaCl, and
chemical crosslinker as MBAA. Coordinate bonds of hydroxyl and carboxyl groups with Ca** ions are
formed in the main chain of Pec and the PAAm side chains in the graft copolymer are covalently bonded

with MBAA. The chemical structure of the dual-crosslinked c-Pec-g-PAAmM is shown in Figure 6-2a.

Successful formation of Pec-g-PAAmM polymer was first confirmed by the FT-IR spectra displayed in
Figure 6-2b. The FT-IR spectrum of Pec showed several peaks as follows: a broad peak at 3410 cm™ for
-OH group, a peak at 2940 cm™ for —CH, group of alkane, two sharp peaks at 1748 and 1632 cm™ for -
COOH groups, a peak at 1444 cm™ for —CH, of secondary alcohol. The stretching vibration of C-O as
complex bands, which are resulted from an ether (C-O-C) and a cyclic alcohol (CH-OH) in saccharide
chain, were also observed at the range of 1000 to 1300 cm™: two peaks at 1266 and 1102 cm™ for C-O
stretching in the cyclic alcohol, and two peaks at 1147 and 1014 cm™ for C-O stretching in the ether,
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respectively %% Owing to the formation of ether bonds between the hydroxyl group placed in
anhydroglucose C2 and the p band of PAAM, the adsorption peaks at 1266 cm™ (C-O stretching) and
632 cm™ (C-OH bending) nearly disappeared in the spectrum of Pec-g-PAAm. In contrast, the
overlapped peaks attributed to ether and cyclic alcohol still remained in the range of 1150 to 1000 cm™,
though shrunk in their intensities. On the other hand, the adsorption peaks related to PAAm *°, the anti-
symmetric and symmetric stretch of NH, at 3480 and 3180 cm™, an overlapped band from C=0
stretching and NH, deformation around 1651 cm™, and the C-N stretching at 1413 cm™ newly appeared
in the FT-IR spectrum of Pec-g-PAAm, even though all peaks were shifted when compared to original
ones in PAAm spectrum. These evidences imply that the graft reaction between Pec and AAmM
monomers was successfully taken place.
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Figure 6-2 Spectrometry and thermogravimetric analysis of Pectin based polymeric binders

(a) Chemical structure of dual-crosslinked c-Pec-g-PAAm, (b) FT-IR spectra of as-synthezied PAAm,

natural Pec, Pec grafted with PAAm (Pec-g-PAAm), and dual-crosslinked c-Pec-g-PAAm; and (c) FT-IR

spectra of pure Si, slurry of Si and Pec-g-PAAm, and slurry of Si and c-Pec-g-PAAm; and (d) Thermal

gravimetric analysis of the binders.
In Figure 6-2(b), the FT-IR spectrum of c-Pec-g-PAAmM peaks is also displayed. The adsorption bands of
the graft Pec-g-PAAm copolymer at 3480 cm™ (—OH) and 1651 cm™ (asymmertric COO-) were shifted
in the dual-crosslinked c-Pec-g-PAAmM. This must be attributed to strong coordination bonds between
Ca”" ions and Pec in the graft copolymer.'®'%" Furthermore, the spectrum of c-Pec-g-PAAm shows sharp
peaks at 1452, 1112, and 603 cm’®, which are associated with N-H bending, C-N stretching, and N-C=0
bending in amide groups of the chemical crosslinker MBAA, respectively.” This must be due to the

presence of additional amide groups in MBAA as well as the amides in the graft polymer.

To confirm the formation of dual-crosslinked network of the binder in the presence of Si active
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materials, silicon active materials were added to an appropriate amount of Pec-g-PAAm solution and
mixed with or without the crosslinking agents. As shown in Figure 3-2, the slurry sample with the
crosslinkers formed a gel-like phase, indicating a possibility of the formation of crosslinking. Moreover,
this was also clarified from the comparison of FT-IR spectra of the slurry samples in Figure 6-2c. As
mentioned above, the peak at 1656 cm™ in the spectrum of the Si/c-Pec-g-PAAm sample implies the
formation of the ionic crosslinking between carboxyl groups and Ca** ions. Additionally, the peak at
1741 cm™ attributed to C=0 stretching in the carboxylic acid becomes weaken by limiting the stretching
due to the ionic crosslinking. Sharp peaks at 1401 and 585 cm™ can be assigned to C-N stretching and N-
C=0 bending of the secondary amide in the chemical crosslinker, MBAA.” On the other hand, the
strong peak at 1114 and 868 cm™ are assigned to an ester-like bond between binder and Si particles,
which is a strong covalent bond produced from the reaction between carboxyl groups in the binder and
silanol groups ( Si-OH) at the surface of Si particles.***'® Based on these results, the grafted Pec-g-
PAAmM and its dual-crosslinked c-Pec-g-PAAmM were successfully synthesized.

Thermal gravimetric analysis of the polymers was also performed and the result is presented in Figure
6-2d. Main thermal degradation of pure Pec, corresponding to the weight loss of 48.8%, occurs in the
temperature range of 200-320 °C. As-synthesized PAAm has two thermal degradation steps with the
exception of the low temperature weight loss below 150 °C caused by water evaporation. At temperature
range of 230 to 340 °C, there was the weight loss of 14.1% which is assisted to degradation of amino
group loss.>* Continually, a major weight loss of 50.2 % occurs in the range of 380-520 °C, which is
attributed to the decomposition of the backbone chain to carbon dioxide and hydrocarbons. In the case of
Pec-g-PAAmM, the thermal stability is characterized as improved than pure Pec but no better than pure
PAAmM. It shows two thermal decomposition peaks related to Pec chains and acrylamide chains between
220-310 °C with the weight loss of 21.4 %. The third decomposition occurs relatively broad temperature
range between 320 °C and 520 °C with a large weight loss of 37.0 % due to the decomposition of the
polymer backbone.®? On the contrary, the dual-corsslinked c-Pec-g-PAAm sample is very resistive to the
high temperature decomposition of the polymer backbone above 320 °C. This indicates that the chemical
crosslinking caused by MBAA also contributes to improving thermal resistance of PAAm backbone

chain.

6.2.2 Physical characterization of polymer

It is generally known that an increase in the interaction between polymeric binders and hydroxyl groups
on Si surface through hydrogen or covalent bonds leads to improving the adhesion of the Si-based
anode.®" The adhesion capability of the binder was estimated by the 180° peel test of the Si/C
electrodes and illustrated in Figure 6-3a. All modified Pec samples with grafting and/or crosslinking
showed significantly higher adhesion than natural Pec. In particular, the grafted copolymers showed
much higher adhesion than the physical blend between Pec and PAAm. This must be attributed to the

multipoint functional groups in the grafted structure for Pec-g-PAAm, which form more flocculated
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structure with strong hydrogen bonds in electrode.*® On the other hand, the dual-crosslinking by Ca®* and
MBAA increases the interconnection among polymer chains in the Pec-g-PAAm and thus results in a
decrease in the functional groups of binder, which are normally connected to active materials. This may
be the reason for the slight decrease in the 180° peel strength of the dual-crosslinked c-Pec-g-PAAmM
(8.29 N of load force), compared to the grafted Pec-g-PAAm binder (10.48 N of load force).

The adhesion ability of polymeric binder in electrode is depended from the amount of solvent uptake
causing the swelling of binder, ultimately leading to weakening the interaction between active materials
and current collector.***® The data on the electrolyte uptake of all binder samples are collected in Figure
6-3(b). Pec has approximately 13% electrolyte uptake, which is relatively larger than other modified Pec
samples. The poor adhesion of the Pec binder in Figure 6-3(a) may be partially attributed to the large
electrolyte uptake. In our previous chapter®, it was proven that PAAm was very resistant to the
carbonate electrolyte swelling with the uptake less than 2%, even though it will be shown later that
PAAmM has an affinity to the carbonate due to the presence of carbonyl dipoles in amide groups.
Therefore, the modified Pec samples containing PAAm have much lower electrolyte uptake, contributing
to keeping integrity of Si/C electrodes during long-term cycles. Furthermore, the PAAmM graft into
saccharide significantly increase more rapid permeation of electrolyte on the electrode is suggested from

decreasing electrolyte contact angle value on the surface of both Pec-g-PAAmM and c-Pec-g-PAAM
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Figure 6-3 The effect of modifying Pec based binders for adhesion ability and swelling performance
(a) Adhesion strength of the Si/C electrodes containing different binders measured by 180° peel test, and (b)
the amount of electrolyte uptake of polymer films immersed in the electrolyte solvent (EC:DMC:EMC) at
25 °C for 48 h; and (c) Contact angle of the pure binder film with electrolyte
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6.2.3 Electrochemical characterization

The effect of modifying Pec binder on electrochemical properties of Si/C anodes was investigated using
CV, EIS, and galvanostatic cycle tests. Figure 6-4(a) shows the CV profiles of the Si/C fresh electrodes
obtained in voltage range of 0 to 1.5 V (vs. Li*/Li) with the scan rate of 0.2 mV s™. All fresh electrodes
display two pairs of redox peaks; two cathodic peaks at approximately 0.0 and 0.2 V for Li insertion and
two anodic peaks at approximately 0.4 and 0.5 V for Li extraction. The Si/C electrodes containing the
PAAmM modified-Pec binders exhibit higher redox currents than that containing natural Pec binder. This
might be contributed to superior electrolyte wettability of the PAAmM modified-Pec to the Pec binder.
The strong carbonyl dipole (C=0) in an amide must have an affinity for the carbonyl groups in the
carbonate structure so that the Si/C electrodes containing PAAm form considerably low contact angles
with electrolyte, as shown in Figure 6-3(c). This indicates fast penetration of electrolyte into the
electrode and leads to broader available active area for the CV experiment. In other words, the PAAm-
containing binder helps to provide good contact of electrode particles to the carbonate electrolyte,
resulting in more lithium ion movement through the electrode. In particular, the significant rise in redox
CV peaks of the Si/C electrode with c-Pec-g-PAAmM binder could be attributed to effective integration of

electrode and a decrease in polarization resistance caused by the dual-crosslinking.****

This is confirmed by EIS in Figure 6-4(b). The EIS of the Si/C electrodes was measured at 0.2 V after
two precycling at 0.1 C followed by two more cycles at 0.5 C. The semicircles at the middle frequency
range indicate the charge transfer resistance of the electrochemical reaction occurring at the interface,
which is closely related to ion and electron transport characteristics. The PAAm-containing binders, in
particular, dual crosslinked c-Pec-g-PAAmM binder leads to the lowest charge transfer resistance. In
addition, the low frequency Warburg region of the EIS enables to calculate the diffusion coefficients of
lithium ions (as see experiment part). The o, indicates the slope of real part of impedance versus w™®°
(angular frequency in the Warburg region). Based on the slope shown in inside of Figure 6-4b, the
diffusion coefficients were 5.0x10™ cm? s™ for Pec, 3.5x10™ cm?® s for c-Pec, 17.7x10™ cm? s for
Pec-g-PAAM, and 14.0x10"? cm? s™ for c-Pec-g-PAAm electrodes, respectively. In summary, the dual-
crosslinked binder helps to easy charge transfer kinetics and mass transport in the electrode, compared to

the other binders.

From the cyclic performance test depicted in Figure 6-4c, the Si/C electrodes with Pec and c-Pec
experience a severe drop in the discharge capacity to below 483 mAh g™ during the first 20 cycles, then
the capacity is stabilized to approximately 415 mAh g™. This initial severe drop must be responsible for
weak binding strength, which is shown in Figure 6-3a, to endure huge volume change of Si component.
On the contrary, the reversible capacity of the Si/C electrode remains around 540 mAh g™ at 100 cycles
when Pec binder is grafted with PAAm with much slow decay in the capacity for the first tens of cycles.
Our target Si/C electrode construct with dual crosslinking in binder, c-Pec-g-PAAm, provides further

improvement on the cyclic capacity; it has 625 mAh g™ at the 100" cycle. If the average discharge
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capacities within 100 cycles are readily compared, the c-Pec-g-PAAmM-containing electrode has the
highest value of 861 mAh g™; 732 mAh g™ for Pec-g-PAAm, 451 mAh g™ for c-Pec, and 463 mAh g™ for
Pec, respectively. The grafting with PAAm contributes to the mechanical stability of the electrode due to
numerous multipoint functional groups®, as seen from the strong adhesion of Pec-g-PAAm (Figure

6-3a). The chemical crosslinking in PAAmM and physical crosslinking in Pec improve the robustness of
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Figure 6-4 Electrochemical performance of Si/C electrode with binders

(a) Cyclic voltammogram of the fresh Si/C electrodes containing different binders, (b) EIS of the Si/C

electrodes measured at 0.2 V, (c) cyclic performance, and (d) rate capacity test of the Si/C electrodes.
Separately, the effect of binder on the rate capability of Si/C electrodes was also investigated through
various current densities in the range of 0.1 C to 10 C and its result is shown in Figure 6-4d. The Si/C
electrode containing dual crosslinked c-Pec-g-PAAm binder presented overwhelmingly better rate
performance than the other electrodes except the highest 10 C current density. The Si/C with c-Pec-g-
PAAmM retained 79.9% capability of 0.2 C current at 5 C rate and maintained more than 786 mAh g,
whereas the capacities of the other electrodes were lower than 425 mAh g™ at 5 C and their capacity
retention at 5 C over 0.2 C were 16.7% for Pec, 43.2% for Pec-g-PAAm, and 74.8% for c-Pec,
respectively. Even though the dual-crosslinked Si/C has an unexpectedly low capacity of 311.3 mAh g™*
at the highest current density of 10 C, it quickly restores the capacity up to 822.4 mAh g™ when the

current was returned back to 0.1 C.

The surface morphology of 100-cycled Si/C electrodes was characterized using top-viewed field-
emission scanning electron microscopy (FE-SEM Jeol, JSM-6500F) to see the mechanical stability of

electrode film. As shown in Figure 6-5, all electrodes except for the dual-crosslinked electrode exhibit
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distinct cracks caused by severe volume change. The Si/C electrode containing c-Pec-g-PAAm binder
appears no obvious cracks and thus the dual-crosslinking network formed by binder plays an important
role for long-term cycling stability. This can be supported by the change in electrode thickness between
fresh and 10-cycled electrodes, which are shown in Figure 6-5b. The thickness changes of the Si/C
electrode after 10 cycles are 55.8 um (131 %) from 42.6 um for the Pec-containing electrode, 53.8 um
(124 %) from 43.3 um for the c-Pec-containing electrode, 35.8 um (84%) from 42.6 um for the Pec-g-
PAAm-containing electrode, and 32.8 um (74%) from 44.4 um for the c-Pec-g-PAAm electrode. Thus,
the strong dual-crosslinking network is effective to reduce the extra volume expansion during the cycle
and may contributes to better cycleability and rate-capacity retention of the Si/C electrode containing c-
Pec-g-PAAM.

1 5j/C-Pec-g-PAAM

Fresh Si/C-c-Pec-g-PAAmM

Figure 6-5 Top-viewed SEM-image of Si/C electrodes
(above) TOP-viewed SEM-image of Si/C electrode after 100 cycles and, (below) Top-SEM images
of Si/C electrode with four binders before and after 10 cycles. After the 10-cycled electrodes were
carefully dissembled, cleaned, and dried, their thicknesses were measured using a height gauge
(TESA pu-HITE, Hexagon Manufacturing Intelli)

6.3 Conclusion

This chapter reports that the modification of a polysaccharide polymer, pectin, through grafting and
crosslinking with polyacrylamide is quite effective as an adhesive water-soluble binder in high capacity
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silicon anodes to endure the huge volume changes of Si/graphite composite electrodes. The pectin
grafted with polyacrylamide, Pec-g-PAAm, polymeric binder is synthesized by an in-situ polymerization
method using a redox initiator in an agueous medium. The dual-crosslinked polymer, c-Pec-g-PAAmM, is
prepared from the graft copolymer in the presence of two crosslinking agents, CaCl,, as an ionic
crosslinker, and MBAA, as a chemical crosslinker, during the preparation process of the electrode slurry.
The PAAm in the graft copolymer improves the mechanical strength of the electrodes through strong
adhesion and facilitates electrolyte-penetration with low electrolyte swelling, leading to good mechanical
stability and lithium ion movement through the Si/C electrode. Moreover, the dual-crosslinking in the
target binder contributes to the efficient integration of the electrode and a further decrease in polarization
resistance. As a result, the dual-crosslinking network prevents severe volume expansion of the high

capacity Si/C electrode during the cycling and maintains good cycling ability and rate-capacity retention.

58



7 Comparison study of Dual crosslinked binders

In previous three chapters, we are explained for preparation of dual-crosslinked binder systems from
three different most populated saccharides sources through grafting and crosslinking: alginate based (as
seen in Chapter 4), carboxymethyl cellulose (CMC) based (as shown in chapter 5) and pectin (Pec) based
(as seen in chapter 6), and. These dual-crosslinked binder systems have investigated as the target binder
system for Si/C electrode compared to their parents such as pure polysaccharide (PS) and graft
copolymer as polysaccharide-graft-polyacrylamide (PS-g-PAAm) without crosslinking network. Herein,
CaCl, with 2 wt.% solution was used for physical crosslinking of alginate and pectin chains in Alg-g-
PAAmM and Pec-g-PAAmM samples; and AICl; was used as physical crosslinker for CMC-g-PAAmM,
respectively. MBAA/APS as chemical crosslinker was used to PAAmM in PS-g-PAAm samples. As the
result, the dual-crosslinked c-PS-g-PAAmM binder show an improvement electrochemical performance of
Si/C anode to greatly buffering huge-volume expression of Si/C composite electrode at high current rate,
expect CMC based dual crosslinked binder. At this current chapter, we have examined a comparison
study of the dual-crosslinked c-PS-g-PAAm binders: c-Alg-g-PAAm, c-Pec-g-PAAmM and c-CMC-g-
PAAM.

7.1 Introduction

Over the last 20 years, much attention has been devoted to developing new electrode materials with high
energy and power densities for LIBs. Silicon (Si) and tin (Sn) is an abundant, stable, and non-toxic
material with a high specific capacity for lithium storage, and it is therefore an attractive target for use in
lithium ion batteries. However, developing silicon anodes that outperform commercial graphite anodes is
a significant challenge. Because the lithiation of Si produces a lithium-rich LiSi alloy and is associated
with large volumetric changes, roughly 300 % of unlithiated silicon particles at full charge. These large
volumetric changes produce mechanical stresses that can fracture Si nanoparticles, produce cracks in the
electrode, cause delamination from the charge collector, and ultimately lead to irreversible capacity
loss." ™" In addition, the polymeric binder maintains the structure of the electrode, serving as a glue to
hold the various components of the electrode together and maintain contact with the current collector.
Effective polymeric binders for Si and other alloy anodes perform multiple functions. Properly designed
polymer binders can potentially address this capacity loss by suppressing cracking, maintaining cohesion
between the various materials in the anode, ensuring strong adhesion to the current collector, and

sustaining large changes in volume during lithiation and de-lithiation without rupture.

The need for a polymeric binder system designed specifically for Si and other lithium alloy materials
was recognized as early as 2003.}*'% These studies demonstrated that poly(vinylidene fluoride)
(PVDF) was inadequate as a binder and suggested an extensible composite matrix as a potential
alternative. For example, a copolymer of vinylidene fluoride, tetrafluorethylene, and propylene

poly(vinylidene fluoride-tetrafluoroethylene-propylene) (PVDF-TFE-P) and its crosslinked PVDF-TFE-
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P binder were shown to be capable of accommodating much larger strains than PVDF and produced
nanocomposite electrodes with better capacity retention under cycling when compared against
PVDF 118,122

Since these initial studies, an impressive variety of polymer compositions, architectures, and design

principles have been implemented towards the goal of producing stable, high-capacity silicon anodes.

|.41 |.42

For example Liu et al.”> and Yoon et al.” proposed an supramolecular alginate binder is prepared
through the cross linking effect of SA with Ca(2+) ion which leads to a remarkable improvement in the
electrochemical performance of the Si/C anode of a Li-ion battery. By varying the composition of the
supramolecular binder, the literature explored the role of modulus, rheological properties, adhesion,
crosslink density, and ion mobility on performance. They identified an optimal network relaxation time

and crosslink density that produced electrodes that could achieve stable cycling.*** %

In previous three chapters, we prepared the polysaccharide-graft-polyacrylamide (PS-g-PAAm) form
different polysaccharide sources (such as alginate, carboxymethyl cellulose, and pectin) by graft
copolymerization and then that copolymer is crosslinked with ionic and chemical crosslinkings to
formed dual-crosslinked polymer system. We demonstrated that a water-treated dual-crosslinked graft
copolymer between three saccharides and PAAm (c-PS-g-PAAm) was an effective binder for the high-
capacity Si/C electrode compared with pure polysaccharides. Inspired by these resulting, we examine
and compare herein three different c-PS-g-PAAm binders for Si-based electrode (there are included the
Si/C-c-Alg-g-PAAm, Si/C-c-Pec-g-PAAm, and Si/C-c-CMC-g-PAAM electrodes, respectively). Herein,
a variety of characterization tools are used to examine a physical characterization and an electrochemical

performance of the Si based electrodes containing the dual-crosslinked binder systems.

7.2 Result and Discussion

7.2.1 Physical characterization of binder and electrode

The all crosslinked polymer samples were immersed in the carbonate solvent without salt for 24h, and
then the change weight, which caused by the uptake of the solvent, was recorded. Figure 7-1a was shown
the electrolyte uptake of dual-crosslinked polymeric films which are difference of difference
polysaccharide backbone: c-Alg-g-PAAm, c-Pec-g-PAAmM, and c-CMC-g-PAAm. All crosslinked films
absorb more higher than 1% solvent by weight of c-PAAm and this over swelling causes the volumetric
expansion of the saccharide backbone source in c-polysaccharide-g-PAAmM polymer. In compassion of
dual crosslinked samples, the c-CMC-g-PAAmM polymer can uptake 3.5% carbonate solvent that is
slightly lower than other two crosslinked system. That reason may be attributed to following the
molecular difference on saccharide such as: CMC has much stiffness saccharide compared to alginate
and pectin saccharide (Figure 7-1b). We examined the elongation characterization of the dual-

crosslinked polymeric film containing glycerol plasticizer of 30 wt.%, in resulted, c-CMC-g-PAAmM is
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more brittle with higher stress and lower strain at break than both c-Alg-g-PAAmM and c-Pec-g-PAAmM.
Silva et al.™® also reported that tensile strength of CMC-based samples were randomly higher with low
elongation than Pec. Other investigation, the crosslinked Pec network, c-Pec, is more elastic than
crosslinked alginate, c-Alg, in biochemistry application when they are physically crosslinked with
Ca(2+)."® And so it may be followed to the increase electrolyte uptake from CMC to Pec typed
saccharide. In particular, the high electrolyte uptake facilitates facial Li-ion kinetic to the active material
through polymer binder and then increases the capacity of the electrode, especially the capacity at high
rate current. In adding, the pectin based dual crosslinked sample with lowest stiffness accounts for 4.5%
of electrolyte uptake. It is already known that crosslinked Pec network, c-Pec, is more elastic than
crosslinked alginate, c-Alg, in biochemistry application when they are physically crosslinked with
Ca(2+)."®

Electrolyte uptake impacts mechanical properties that is correlated with the decrease adhesion ability
and, correspondingly, poor electrode stability, because it can result in softening of the polymer binder.
After immersed into electrolyte solvent for 24 hours, the Si/C anode with c-Pec-g-PAAm shows higher
average adhesion ability with 5.22 N of average value in 180° peel strength of anode film compared to
4.97 N for c-Alg-g-PAAm and 4.81 N for c-CMC-g-PAAmM, as shown in Figure 7-3c.

al b
(a) 5.0 (b)
104, — c-Alg-g-PAAmM
—— c-Pec-g-PAAM
— —— ¢-CMC-g-PAAM
B 84
o \ ©
5 - g
=3 £
2 2.5 N @
z o
£ ' ZEE
©
k5] N
m} \
0.0 T T T 0 T T
c-Alg-g-PAAm  c-Pec-g-PAAmM c-CMC-g-PAAmM 0 1 2
Binder film Strain
() (d)
120000 %
= c-Alg-g-PAAm dry
» o c-Alg-g-PAAM wet
—_ " ® c-Pecg-PAAM dry
= Al o c-Pec-g-PAAM wet
< A% 4 ¢-CMC-g-PAAm dry
ks . 80000+ A ¢-CMC-g-PAAM wet
< £ e
g £ .
@ ¢ s
2 = -~
< ol 400004 A%
2
¢-Alg-g-PAAM PR AAMMBNN S A
c-Pec-g-PAAM W ”"’%}%‘/
¢-CMC-g-PAAM ‘ar-%‘ %
0 T T T T 0 T T
0 20 40 60 80 0 40000 80000 120000

Machine Extension (mm) Re(Z) (ohm)

Figure 7-1 Physical characterization of various dual crosslinked copolymers

(a) Electrolyte uptake properties, (b) the stress-strain curve of three dual crosslinked polymer films; (c)
adhesion strength of Si/C electrodes with different binders, and (d) Nyquist diagrams of polymer films at
dry and wet with electrolyte state from 100 kHz to 10 Hz at OCV

In other to study the effect of polymer binders on the ionic conductivity through electrodes, the dual
crosslinked membrane film was replaced between two stainless steel electrodes in 2032 coin cell.

Nyquist plot of pure binder membrane film was recoded the impedance analysis at the frequency range
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100 kHz-10 Hz, and 10 mV amplitude voltage as shown in Figure 7-1d. Herein, all impedance
measurements were measured before and after electrolyte uptake of the membranes. All crosslinked
membranes in dry form displayed a strength line as like the conductor at high frequency and
continuously we calculated the ionic conductivities by Equation 3-2. As the resulted, the all dried
samples are founded the similar values that are ranged between 2.08 and 2.18 uS cm™. After swelling
into electrolyte, Nyquist plot illustrated one semicircle. The dual crosslinked polysaccharide-g-PAAmM
exhibited the ionic conductive in 2.72, 4.55, and 2.68 uS cm* for c-Alg-g-PAAm, c-Pec-g-PAAmM, and
c-CMC-g-PAAm, respectively. To comparison of ionic conductivity of Alg and CMC based polymer
binder system, c-Pec-g-PAAmM membrane could be enabled the high ionic conductivity through electrode
due to enhanced swelling ability.

7.2.2 Electrochemical characterization

The electrochemical performance of Si/C anodes was examined using galvanostatic cycling at room
temperature using the coin-half cell which was contracted Si/C as the anode, Li foil as the counter and
reference electrode, and polymer as the separator. Cyclic voltammetry measurement shows two anodic
peaks at 0.37 and 0.1 V and two cathodic peaks at 0.19 and 0.02 V. Si/C electrode with c-Pec-g-PAAmM

has higher anodic current peaks compared to other two c-PS-g-PAAM binders.
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Figure 7-2 CV and Nyquist plots of Si/C electrode with various c-Ps-g-PAAm binders

(a) CV curve of fresh Si/C electrode, Nyquist plots (b) after 2th and (c) after 20th full charge/discharge cycled Si/C
electrode with c-Alg-g-PAAm, c-Pec-g-PAAmM and c-CMC-g-PAAmM at 0.5 C

For furthermore, Li storage was carried out by impedance analysis to compare the Nyquist plot of Si/C
electrode with c-Alg-g-PAAm, c-Pec-g-PAAmM and c-CMC-g-PAAm after the second and the 20th full

charge/discharge cycles at 0.5 C as seen in Figure 7.2 a and b, respectively. The Nyquist plot has two
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depressed semicircles containing the high frequency semicircles and low frequency semicircle and the
Warburg impedance of Li* diffusion in solid material, respectively. The equivalent circuit was drawn in
Figure 3-4. The increase cycle numbers increase values of solution resistance (R;) and charge transfer
resistance (R.,) for three electrodes in Figure 7-2b-c and the all value are reported in Table 7-1.
Unfortunately, Si/C anode with c-Pec-g-PAAm is not much increased Ry, value from 10.51 to 17.2 O
compared to same electrodes with c-Alg-g-PAAmM (13.42 to 34.35 Q) and c-CMC-g-PAAm (from 13.77
to 35.28), which means the lower loss electric conductivity inside electrode integrate after 20th
charge/discharge cycles at 0.5 C. For future calculating the Li-ion diffusion coefficient, the relationship

-1/2

between the real impedance (Z,.) and the reciprocal square root of the angular frequency (o) is plotted

inside of Figure 7-2.

Table 7-1 Impedance parameters of Si/C anodes with various c-PS-g-PAAm binders
Investigation samples  Cycle number R Rn 1Ry D (x10™%) cm?s?

2nd 231 1342 0.075 2.39
c-Alg-g-PAAM 20th 324 3435 0.029 0.99
2nd 154 1051 0.095 2.39
c-Pec-g-PAAM 20th 412 17.27 0.058 2.46
2nd 265 13.77 0073 163
¢-CMC-g-PAAM 20th 260 3528 0.028 133

After the 20th, the lithium ion diffusion coefficients of Si/C-c-Alg-g-PAAmM and Si/C-c-Alg-g-PAAmM
was decreased from 2.39 to 0.99 cm? s™ and from1.63 to 1.33 cm? s, respectively. In contrary, Si/C-c-
Pec-g-PAAM electrode has not changed much compared 2th diffusion coefficient among all the anodes,

demonsrating that dual-crosslinked c-Pec-g-PAAmM was more stable in the charge/discharge process.

Charge-discharge cycling performance of Si/C electrode contained with tree dual-crosslinked binders
showed stable anode performance for more than 200 cycles when measurement two percycles at 0.1 C
and then continuously scanned 200 cycles at 0.5 C as seen in Figure 7-3a. The specific capacity of Si/C
electrode contained with c-CMC-g-PAAm started at 947 mA g™ in the first cycles at 0.5C and after 200
cycles its specific capacity was decreased to 567 mA g™ which corresponding to 60% capacity retention.
In compared to Si/C electrode with c-CMC-g-PAAm, another two saccharide based binders show several
drops but the specific capacity of the Si/C-c-Alg-g-PAAm and Si/C-c-Pec-g-PAAmM anodes remained
746 and 842 mA g, respectively, after the 200 cycle. The poor performance of Si/C-c-CMC-g-PAAM
anode can be explained higher stiffness and slight lower adhesion ability between binder and active
material that cannot accommodate huge volume change of Si during lithium insertion and extraction.
Even between Alg and Pec that function more elastic and high adhere, c-Pec-g-PAAmM binder led to

superior cyclic capacity to c-Alg-g-PAAm binder.

Furthermore, rate performance of Si/C electrode with c-Alg-g-PAAm, c-Pec-g-PAAmM and c-CMC-g-
PAAmM were investigated at different scan rate from 0.1 C to 10 C and then current rate return back to 0.1
C from 10 C as displayed in Figure 7-3b. The Si/C electrode with c-Pec-g-PAAmM shows a favorable high

performance at all scan rate because of the high adhesion and better electrolyte uptake of pectin based
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dual-crosslinked polymer. The specific capacity of Si/C-c-Pec-g-PAAm can reach from 1390.2 to 594.8
mA g™ at current rate from 0.1 to 10 C. After scanning at high rate, the capacity retention to its initial
value at 0.1C was 73.8%, 71.74%, 69.54% for c-Alg-g-PAAm, c-CMC-g-PAAmM, and for c-Pec-g-
PAAmM, respectively.
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Figure 7-3 Electrochemical performance of Si/C with various c-Ps-g-PAAm binders anodes
(a) cyclic performance, and (b) rate capability of Si/C elecrodes with c-Alg-g-PAAm, c-Pec-g-PAAmM and c-
CMC-g-PAAM.

7.3 Conclusion

Herein, a comparative study of improving cyclic performance of high capacity Si/C electrodes was
conducted with three c-PS-g-PAAm binders such as: c-Alg-g-PAAm, c-Pec-g-PAAmM, and c-CMC-g-
PAAM. At firstly, we examined the various characterizations of all three dual-crosslinked copolymer
binders on physical and electrochemical performance of Si/C anode. Continuously, compared to highly
stiffness CMC based dual-crosslinked binder, both ¢c-Pec-g-PAAm and c-Alg-g-PAAm obtain a suitable
electrolyte uptake, high ionic conductive and better mechanical ability after swollen in the electrolyte
solvents for application as the binder for Si-based anode, resulting in the improvement of the cycling
performance. In conclusion, c-Pec-g-PAAmM can be potentially be utilized as a sustainable binder

material to realize high-capacity and huge volume exchange Si-based materials.
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8 Sulfonated alginate-graft-polyacrylamide

In this chapter, | focus on preparation of high ionic conductivity and adhesion binder based on
polysaccharide through substitution reaction with various small sulfonated conjunction group and graft
copolymerization with acrylamide monomer. Water-treated binders of sulfonated alginate-graft-
polyacrylamide copolymer (SAlg-g-PAAm) with various sulfonate content have been synthesized and
applied as a new candidate binder system for the stabilization of Si/C anodes. The structure and
properties of Si/C-SAlg-g-PAAmM-75 and Si/C-SAlg-g-PAAmM-100 anodes were comparatively

characterized by using pure alginate and Alg-g-PAAm without as reference binders.
8.1 Introduction

A number of recent papers have demonstrated the importance in the selection of the polymer binder to

high capacity anodes experiencing huge volume changes such as silicon and their composites. 2?4128

2931 sodium alginate (Alg),*® and other

71,129-131
d,

Polysaccharide binders such as carboxymethyl cellulose (CMC),
modified polysaccharides including their copolymerization and blen showed excellent binder
performance for silicon-based anodes, when compared to commercial polyvinylidene fluoride (PVDF)
binder. But, their insulating nature on electronic and ionic conduction still suffers the high-power
performance of Si electrodes, even though some progress was achieved by modifying the polysaccharide

matrices through blending and grafting with electroactive oligomers or small molecular groups.*****

The blending of polysaccharide-based binders with a polymer containing ionically conductive groups
provides a leap of lithium ion transport in electrode and ultimately improves cycling behavior of Si-
based anodes. Recent works demonstrated that the lithium-ion conduction in polymeric binder
significantly improved by the addition of polyethylene glycol (PEG) to polysaccharide and other
polymeric binders, leading to the enhancement in the electrochemical performance of Si-based
anodes™®® Lee et al.’®® reported that blending and crosslinking between CMC and PEG showed stable
cycling performance with a capacity of almost 2000 mAh g™ up to 350 cycles due to strong adhesion
ability from CMC blocks and facile lithium ion movement originated from PEG block. PEG based block
or graft copolymers have been also examined as a high performance binder for Si anodes.'33!341%7
Triblock liner copolymer polydopamine-polyacrylic-polyoxyethylene (PDA-PAA-PEQO) binder
improved the cycle performance and reversible capacity for silicon anodes compared to Si/PVDF

electrode due to its strong adhesion and high ion conductivity.'**

As a matter of fact, many works on grafting high adhesive polymer to polysaccharide binder contributed
to improving the electrochemical performance of Si anodes. The polysaccharides grafted with PAA
showed excellent binder properties for Si anodes compared to traditional linear polysaccarides due to the
high binding ability of branched PAA to Si active materials.’?2*%13% Recently, we investigated the
alginate-graft-polyacrylamide (Alg-g-PAAmM) as seen chapter 4 as a binder for Si-based anodes and

showed better cycle life than the Si-based electrode containing Alg binder. It was originated from the
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high adhesion of PAAm block.* Although the graft copolymer binder gives better adhesion to active
material and current collector, it is still required to enhance the ionic conductivity for high powered

electrodes.

The molecular designs of sulfonated polymers have been simulated as an ionic liqguid membrane and an
ionic conductivity binder for LIBs studies due to providing the high conductive with lithium ion from
over sulfonated chain in polymer.”***%2 For example, The sulfonated poly(ether-ether-ketone) (SPEEK)
copolymers with sulfonic aromatic chains as applied the conductive binder in the cathode has great
influence on the electrochemical performance, especially ionic conductivity through electrode compared
with conventional PVDF binder.**** Qin et al.*** developed the SPEEK with lithiated fluorinated
sulfonimide groupsside (PSI) chains copolymer (SPEEK-PSI-Li) binder for Si electrode. The Si/SPEEK-
PSI-Li electrode maintained over 500 mA g* of specific capacity at high current rate compared with
PVDF, CMC and Alg due to the lithium ionic transporting sulfonate groups, however high ionic
conductivity SPEEK based copolymeric binders are still requested a non-ecofriendly 1-methyl-2-
pyrrolidone (NMP) organic solvent for dissolving process and increase adhere.

Very recently, our group developed one-step process to prepare a sulfonated polysaccharide backbone to
provide high ionically conductivity, increase adhere, and the thermal stability compared to its parent
polysaccharide. Herein, the sulfonated alginate with graft polyacrylamide (SAlg-g-PAAmM) which
ionically conductive polymeric binder is constructed to silicon and graphite (Si/C) anode of LIB, leading
to highly stable electrochemical performance compared to natural Alg and non-sulfonated graft

copolymer.
8.2 Result and Discussion
8.2.1 Confirmation of sulfonated functionalized copolymer binder

Two-step synthetic procedure of sulfonated alginate-graft-polyacrylamide (SAlg-g-PAAmM or SAGA) is
illustrated Figure 8-1.
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Figure 8-1 Synthesis schema of sulfoanted graft copolymer
(a) Synthesis of Sulfonated Alg (SAlg backbone and (b) In-situ copolymerization of SAlg-g-PAAmM
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At first, we recently prepared the sulfonated polysaccharide backbone which 3APS conjugated onto the
carboxylate functional groups in saccharide such as Alg using EDC (see Figure 8-1a) and characterized
by FT-IR and TGA. In FTIR of sulfonated alginate (SAlg), the peak at 1082 cm™ is attributed to a
symmetric-stretching vibration of the sulfonic group, while the peaks at 1092 and 1033 cm™ are designed
to ester and hydroxyl group in alginate. After sulfonic group conjugated onto alginate backbone, thermal
degradation yield is much over 50 wt% that than pure Alg that is indicated higher thermal stability is
coming from percentage of sulfonated group onto alginate backbone. FTIR and TGA results show
carboxyl group onto alginate backbone has replaced by sulfonated conjunction groups to produce SAlg
(Figure 8-2a, b).

After preparation of sulfonated alginate source, we synthesized polyacrylamide grafted into the
sulfonated alginate with different weight ratio of pure Alg and SAlg using as in-situ graft
copolymerization method with radical initiator system for 3 h at 50 °C as seen in Figure 8-1b and Table
8-1. Finally, the synthesis product was washed by solvent mixture of ethanol and distillation water and
was dried convection oven and vacuum oven to form SAlg-g-PAAmM-75 as denoting as SAGA-75 and
SAlg-g-PAAmM-100 as denoting as SAGA-100.

Table 8-1 Ingredient of graft copolymerization (g)

Sample Note Alg,g SAlg.g Acrylamide monomer,g APS,g TEMED,g
Alg-g-PAAmM AGA 2.8 0.0 10 0.06 0.055
SAlg-g--PAAM-75 SAGA-75 0.7 2.1 10 0.06 0.055
SAlg-g-PAAM-100 SAGA-100 0.0 2.8 10 0.06 0.055

FTIR spectrum of pure saccharide and modified saccharide through as PAAm grafting on pure alginate
and sulfonated alginate backbone is shown in Figure 8-2c. Compared to the FTIR spectra of pure Alg
with highly observation peaks in the range of 1150 to 1100 cm™, a characteristic peak intensity at 1092
and 1033 cm™ is reality weakened in Alg-g-PAAmM (AGA) samples that corresponds to the chemical
bond between hydroxyl group in Alg and p band in PAAmM.**% In addition, the adsorption four new
peaks indicated to PAAmM (Figure 8-2a), were displayed in the spectrum of all PAAm graft copolymer
samples as seen Figure 8-2c. In comparison the non-sulfonated conjugate group AGA sample, a
distinguishing characteristic of sulfonated graft copolymer samples (SAGA-75 and SAGA-100) were a
presence of new observation peaks at 1075 and 1160 cm™ in spectra that assigned as sulfonic acid
group.514 In addition, S-O and C-S stretching bands were observed at the range of 700-500 cm™ on
FTIR spectrum of all sulfonated copolymer (Figure 8-2c). As increase the ratio of SAlg backbone in
PAAmM grafted copolymer increased the sulfonate group peaks intensity in FTIR spectrum of SAGA-100

as seen Figure 8-2c.

Thermal characterization analysis as TGA was used characterization of degree of sulfonated group in
graft copolymer. Figure 8-2d shows the TGA curve of SAGA typed samples compared to pure Alg and
non-sulfonated group AGA. The pure Alg exhibit higher thermal stability than the all modified Alg
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based samples until 750°C due to loss of the conjugating sulfonate groups and graft PAAm onto
backbone.****" In moreover, the thermal stability was slightly increased with the high amount of sulfonic
acid group on graft copolymer shown in Figure 8-2 b and d.**® Those both of two results indicated that
sulfonated alginate-graft-polyacrylamide was successfully prepared by radical imitator. It might be
achieved that the sulfonated polymeric binder shows small effect in the improvement of thermal stability
whereas it makes a big improvement for mechanical stability and ionic conductivity as the increase
content of sulfonic acid group in the graft copolymer.
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Figure 8-2 Spectrometer and thermal analysis of sulfonated graft copolymer

(a) FT-IR spectrometry and (b) TGA curve of pure Alg, conjugated sulfonated Alg, and a synthetic
PAAm ; and (c) FT-IR spectra, (b) TGA curve of pure Alg and modified Alg through conjugating
sulfonic acid group and grafting PAAm polymers

8.2.2 Physical characterization of polymer

The mechanical properties of the modified alginate-based film which cast from water with 30 wt.% of
glycerol as plasticizer, was performed the tensile strength testing. The brittle Alg sample with low
elongation, when modification through sulfonated and grafted PAAmM onto backbone, was found to be
enhanced mechanical ability with elongation at break of over 2 strains as shown in Figure 8-3a. Our
target samples with increasing content of sulfonic acid group in the graft copolymer films exhibited
relatively 4.5 mPA of mechanical strength with an elongation up to 3.2 strains due to formation of highly

cohesion between polymers by ionic groups.*#147149

The ionic conductivity of the polymer membranes, where placed between two parallel stainless-steel
(SS) electrodes with and without electrolyte was determined by EIS at room temperature (as seen Figure

8-3b) and that measurement was detailed well by Chauque et.al.**® At the first, the resistance value of the
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membrane can be estimated from an extrapolation of real impedance at high frequency range in Nyquist
plot as seen the left side-top inside of Figure 8-3b and the ionic conductivity are calculated using
equation 3.2. As the result, the ionic conductivity value of dry membrane determined to be 1.16x10° for
Alg, 2.06x10° for AGA, 2.31x10° for SAGA-75, and 6.09 x10° S cm™ for SAGA-100, respectively.
Continuously, the ionic conductive values of wet state polymer membranes are improved with
presentence of carbonate electrolyte and there founded that 2.08x10° for Alg, 2.033x10° for AGA,
2.47x10° for SAGA-75, and 1.13 x10° S cm™ for SAGA-100, respectively. The high ionic conductivity
of sulfonated membranes is mainly contributed by high content of sulfonic acid group in graft

copolymer 1415t
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Figure 8-3 Mechanical and ionic conductivity properties of binder films.

(a) Stress-Straing curve of pure Alg and modified Alg through conjugating sulfonic acid group and
grafting PAAm polymers (b) Nyquist plot SS/various polymer half-cell without and with electrolyte, (c)
ionic conductivity of the polymeric binder in solvent by conductivity-meter and (d) cyclic voltammetry
of four binder/Supper-P films

That result are also confirmed by the ionic conductivity of binder solution after adding electrolyte as
seen in Figure 8-3d In addition, to determine the electrochemical stability of binder, we prepared a
composite electrode of binder/SupP with 50/50 wt.% and tested CV measurement at range of 0.0-3.0V
vs. Li/Li*. As the result, all binder/SupP composite electrodes showed electrochemical inactivity at this
current area due to its only appearance of electrolyte decomposing layer and the lithium
insertion/extraction (Figure 8-3d). As all the result, modified alginate trough conjugating sulfonic group
and PAAm graft, which is mechanically and electrochemical stabile, is provided as the ionic conductive

binder for high-volume exchange Si-based composed anodes.

The adhesion strength between active materials and current collector, however, a critical characterization
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on huge volume exchange Si electrode during charge/discharge process, can be clearly depended upon
mechanical properties and the electrolyte-uptake of polymeric binder.*® In Figure 8-4, the peeling
strength of Si/C with pure Alg was extremely improved from ~2 N up to over 10 N, whereas the
electrolyte-uptake into binder films was decreased from 12 wt.% into lower than 5 wt.% due to building
enable cohesion/adhesion in composite electrode by through conjugating sulfonated group and grafting
PAAmM on alginate. The enhanced elastomer and ionic conductivity SAGA-100 sample shows ~15 N of
adhesion strength and 3.5 wt.% swelling ratio, which ensured good mechanical property for Si/C
electrode as shown Figure 8-4. Consistent with the result in slurry, we examined the electronic
conductivity of Si/C slurry films using the sheet resistance measurement by performed four-point prove
instrument (Figure 8-4c).
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Figure 8-4 Adhesion and sheet resistance of Si/C slurry film.

(a) Adhesion strength of the Si/C electrodes containing different binders measured by 180° peel test, (b)
the amount of electrolyte uptake of polymer films immersed in the electrolyte solvent (EC:DMC:EMC)
at 25 °C for 48 h, and (c) Sheet resistance of 25 um thick Si/C slurry films.

Herein, SAlg based copolymer binders were the lower sheet resistance than non-functionalized Alg and
AGA, respectively. In the result, the conjugating sulfonic acid group in copolymer binder could help to
improve the interconnection between electrode composite materials and current collector due to a
decrease the sheet resistance of Si/C electrode, which was good issues on electrochemical performance
for Si based electrode in LIB.

8.2.3 Electrochemical characterization
The electrochemical performance of Si/C electrode with different binders was obtained by CV, EIS,

galvanostatic cycling, and in-situ ECD instruments. CV profiles of Si/C electrode with different binders
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were displayed two anodic peaks around at 0.005 and 0.23 V for lithiation and two cathodic peaks at
nearly to 0.28 and 0.47 V for delithiation (Figure 8-5a). It is clearly seen that the increase ionic
conductivity of polymeric binders was directly affected on electrochemical activity area of Si/C
electrode for lithium insertion and extraction due to showing higher current for SAGA-100 binder than

pure Alg binder.
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Figure 8-5 Voltammeter and impedance curve of Si/C electrode with various binders

(a) Cyclic voltammogram of the fresh Si/C electrodes containing different binders, (b) compassion
study of EIS of the Si/C electrodes with four binders measured at 0.2 V, and (c) Nyquist plot of Si/C
electrode containing four binders with the frequency range from 100 kHz to 0.01 Hz after charge-
discharge at various current rates.

Continuously, the lithium ion storage property of Si/C electrode was evaluated using EIS after two
galvanic cycles at various current densities from 0.1 C to 2.0 C (Figure 8-5 b and c). Herein, the
semicircle behavior on Nyquist plot was decreased for all Si/C electrode with modified Alg binders as
increase C-rate, expect same electrode with pure Alg that implicated to huge Si pulverization might
occurred on pure adhere Alg binder. Figure 8-5b comparatively shows Nyquist plots for all binder with

the applied voltage of 0.2 V vs. Li/Li* at high current rate of 2.0 C, and summarized result of fitting
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analysis and calculation of lithium diffusion coefficient at Table. 8.2. The maodification through
sulfonated and grafted PAAm onto alginate decrease a charge transfer resistance and increase a diffusion
coefficient of Li* into bulk of electrode materials which is assigned to enhanced ionic conductive and

adhere ability.

Table 8-2 Impedance parameters of Si/C anodes with various binder
Capacity rate, C R, ohm Ry, ohm  1/Rg,, ohm™ D (x10%°) cm?s?

Si/C-Alg
0.1 5.35 32.88 0.030 1.75
0.2 5.25 34.04 0.029 1.26
0.5 8.05 35.19 0.028 0.98
1.0 6.79 34.39 0.029 0.88
2.0 7.04 41.81 0.024 0.77
Si/C-AGA
0.1 4.13 34.0 0.029 1.57
0.2 441 21.6 0.046 1.79
0.5 4.32 17.9 0.056 1.82
1.0 4.27 10.8 0.092 1.02
2.0 4.52 12.5 0.080 0.95
Si/C-SAGA-75
0.1 3.34 21.17 0.047 1.88
0.2 3.78 11.75 0.085 2.33
0.5 3.57 10.66 0.094 231
1.0 4.02 8.66 0.115 2.03
2.0 3.42 8.42 0.119 2.18
Si/C-SAGA-100
0.1 6.59 16.3 0.061 2.03
0.2 4.83 11.6 0.086 271
0.5 4.67 8.5 0.118 2.88
1.0 4.84 59 0.171 2.84
2.0 4.83 54 0.185 2.87

The cycling stability of Si/C electrode with various binders at 0.5 C after 200 cycles illustrates in Figure
8-6a. As result, the high content sulfonated in graft copolymer samples, Si/C-SAGA-100 electrode
remains the higher specific capacity of 750 mAh g™* compared to Alg (381 mAh g™), AGA (576 mAh g’
1), and SAGA-75 (651 mAh g™), respectively. To compare both sulfonated copolymer based electrode
with high mass loading samples, Si/C-SAGA-75 electrode shows the slower decay in the capacity since
over 150 cycles and the capacity retention records 66% for SAGA-100 and 49% for SAGA-75 electrode
as shown in Figure 8-6b. This is indicated the increase contents of sulfonic acid group in graft copolymer
binder have achieved high stability and reversibility for Si/C electrode during lithium charge/discharge
cycles. When the high-rate capability of Si/C electrodes test were completely recorded from 0.1 C to 10
C and finally returned to 0.1 C, the specific capacity and capacity retention of all four electrodes restored
to its initial values that leading to be better rate capability of all electrodes as illustrated in Figure 8-6c.
The highest reversible rate capability of 763.0 mAh g™ at 10 C was recorded for Si/C containing SAGA-
100 binder whereas it was determined 86.9 mAh g'l for pure Alg, 432.7 mAh g'l for AGA, and 718.7
mAh g* for SAGA-75 under same condition, respectively. This result is also supported by the charge
transfer resistance values for SAGA-100 binder at high current rate of 2.0 C were lower than that of pure

Alg as seen Figure 8-5c.
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The technique of in-situ ECD is applied to study the volume exchange behavior of Si/C electrode with
different binders during charge and discharge at 0.1 C, as detailed in our pervious study.** Herein, all
electrodes illustrated the expansion by lithium insertion into electrode and a compression upon lithium
extraction as seen Figure 8-6d. Herein, high electrode thickness in the first charging was showed for pure
Alg and AGA with 225.0 and 120.0 um, respectively, but that swelling behavior of Si/C electrodes was
became smaller with the sulfonate group on Alg backbone due to the aggregate amount of ionic group to
form high buffer action on huge volume exchange of Si based electrode.#***
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Figure 8-6 Galvanostatic performance of Si/C electrode

Cyclic performance of Si/C electrodes with difference electrode loadings: (a) 1.1 g cm™ and (b) 1.5 g
cm?, (c) rate capability performance of the Si/C electrodes, and (d) the change in the thickness of
Si/C electrode during charge/discharge cycling at 0.1C.

In order to connect the effect of binder on the electrode performance with surface morphology, Si/C
electrode with four binders were visualized using SEM by disassembling the coin cell in Ar-filled glove
box after 200 cycles at 0.5 C as shown in Figure 8-7. After cycling test, the surface of the pristine Si/C
containing Alg electrode was fully covered a tickly smoother passivation film which is implied by
uncontrolled grown of a solid electrolyte interphase (SEI) layer on the Si/C electrode due to its low
adhesion between electrode integrity and the current collector. While modification of alginate through
sulfonated and graft copolymer, its ionic ability and high adhesion, the surface of Si/C electrodes shows
a preserved porous structure and a relatively stability SEI layer appearance. The increase of sulfonated
content in graft copolymer decreases multiple-cracking on the surface (in Figure 8-7 right-hand column)

thus leading to a significant improvement in the cycle stability and rate performance caused by SAGA
binder.
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Figure 8-7 Top-view SEM analysis of Si/C electrode with four binders
8.3 Conclusion

In this study, we synthesis sulfonated alginate-graft-polyacrylamide (SAlg-g-PAAm) from pure alginate
(Alg) by two in-situ step methods. Herein, sulfonated group propose to increase ionic conductivity and
PAAmM unite in graft copolymer improves an adhesion ability on poor mechanic ability of Alg. At first,
pure Alg was substituted modification that carboxyl groups on alginate backbone replaced by sulfonated
conjugation groups by condensation reactions to produce a sulfonated alginate (SAlg). Then both of Alg
and SAlg with different ratio are in-situ copolymerized with acrylamide monomers with a free radical
initiator at nitrogen atmosphere. Finally, we prepared three graft copolymers from the alginate backbone
including Alg-g-PAAmM (AGA), SAlg-g-PAAmM-75 (SAGA-75), and SAlg-g-PAAmM-100 (SAGA-100).
Herein, all synthetic graft copolymers investigate by efficiency binder systems for high capacity Si/C
anode. Compared to the pure alginate binder, sulfonated graft copolymer binders show benefitting from
the structural advantages to high elongation and ionic conductivity properties for binder film. Thus,
increasing of sulfonated content in graft copolymer increase adhesion ability between Si/C active
materials and current collector, leading to has stable cycling performance after 200 cycles and capacity
retention at high current rate. In addition, the Si/C electrode with SAGA-100 binder exhibits higher
lithium diffusion and lower charge resistance at high current rate while the impedance study made at
various current rates. That is correlated to increase of electronic conductivity and high adhesion ability

provides by high content amount of sulfonic group in graft copolymer.
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Summary

In this thesis, the experimental results on employing modification of polysaccharide through graft and
crosslink progress as a new designed water-treat binder to improve performances of high capacity silicon
based electrode as well as to provide an adhere ability between an active material particles and current

collector and enable electrolyte-uptake, which will be briefly summarized here.

The work started with the design and synthesis for polysaccharide backbone grafted with acrylamide
monomer by in-situ graft copolymerization with thermal initiator systems to product polysaccharide-
graft-polyacrylamide (PS-g-PAAm). Then that graft copolymer was used for preparation of a dual-
crossliniked PS-g-PAAmM (c-PS-g-PAAmM) as our target binder system for silicon/graphite (Si/C) with 1/3
weight ratio anode compared to pure PS and PS-g-PAAmM. We have selected three most popular three
polysaccharides as source backbone materials for graft copolymer such as alginate (seen in Chapter 4),
carboxymethyl cellulose (as seen in Chapter 5), and pectin (as seen in Chapter 6). There are similarly
consist carboxyl- and hydroxyl- functional groups in the molecular structure expect differ solely in their

monomer linkages.

At firstly, all different backbone saccharides are modified through grafting and crosslinking and then
these synthetic polymer products are employed by new candidate binder system for Si-based anode to
compare their pure saccharide, respectively. All comparative examination results separately discussed
into three chapter: alginate-based binder system as seen in Chapter 4, carboxymethyl cellulose-based
binder system as shown in Chapter 5, and pectin-based binder system as seen in Chapter 6. For instance,
I briefly conclude the chapter 4 inside of description above three chapters (from chapter 4 to chapter 6)
in this current situation, because their examinations are systematically tested same procedure for
improvement electrochemical performance of Si/C anode expect compared with various saccharide
source. In chapter 4, the effect of pure alginate and modified alginate-based binders in Si/C anode
investigated in 2032 half-coin cell with lithium foil as a counter and reference electrode. The physical
and electrochemical properties of the dual crosslinked c-Alg-g-PAAmM anode are characterized to
compared with pure Alg, crosslinked Alg, and Alg-g-PAAm anode, It is found that the adhesion strength
and electrolyte uptake of Si/C-c-Alg-g-PAAmM anode is greatest than that other anodes. These properties
of dual crosslinked binder contribute to smaller impedance, high lithium diffusion, and effectively
buffering the volume expansion during lithiation. In summarize, all various dual-crosslinked c-PS-g-
PAAmM binders systems exhibit better specific discharge capacity and cycle performance compared to

pure PS and graft copolymer PS-g-PAAm.

Future more, we demonstrated that a water-treated dual-crosslinked graft copolymer between three
saccharides and PAAm (c-PS-g-PAAmM) was an effective binder for the high-capacity Si/C electrode
compared with pure polysaccharides in chapter 7. Inspired by these resulting, we examine and compare
herein three different c-PS-g-PAAmM binders for Si-based electrode (there are included the Si/C-c-Alg-g-
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PAAmM, Si/C-c-Pec-g-PAAmM, and Si/C-c-CMC-g-PAAmM electrodes, respectively). We examined the
various characterizations of all three dual-crosslinked graft copolymer binders on physical and
electrochemical performance of Si/C anode. Through compression study of various physical
characterizations of three dual-crosslinded c-PS-g-PAAm, both c-Pec-g-PAAmM and c-Alg-g-PAAmM
obtain a suitable electrolyte uptake, high ionic conductive and better mechanical ability after swollen in
the electrolyte solvents that than c-CMC-g-PAAmM due to non-rigide molecular structure for alginate and
pectin. Even between Alg and Pec that function more elastic and higher adhere, c-Pec-g-PAAm binder
led to superior cyclic capacity to c-Alg-g-PAAm binder. Si/C-c-Pec-g-PAAm electrode shows
significantly improved cycling performance with a specific capacity of 842 mAh g™ at 0.5 C after 200
cycles compared to same electrode with c-Alg-g-PAAm (746 mAh g™) and c-CMC-g-PAAm (567 mAh
g™h. In conclusion, c-Pec-g-PAAm can be potentially be utilized as a sustainable binder material to
realize high-capacity and huge volume exchange Si-based materials. Unfortunately, our developing PS-
g-PAAmM copolymer with branching structured has much higher adhesion strength than pure linear
saccharide due to adhere part of polyacrylamide, but it is still limited by the ionic conductive

characterization in high-capacity Si-based anode during lithium insertion.

Finally, these finding render than branching designed PS-g-PAAm polymers are one of the most
promising materials for high-capacity Si based anode. Furthermore, the conjunctivitis of the ionic
conductive functionalized part onto pure saccharide backbone to behave ionic conductive properties,
then that sulfonated saccharide backbone was grafted with the acrylamide monomer to produce a
sulfonate PS-g-PAAmM (SPS-g-PAA). Herein, we significantly examined an ionic conductivity polymeric
binder as sulfonated alginate-g-polyacrylamide (SAlg-g-PAAm) for Si/C electrode. The sulfonated-Alg
based copolymer binders found the higher ionic conductivity from impadence analysis, lower sheet
resistance form four-proof sheet resistance and higher mechanical performance from peel strength test
than non-functionalized Alg and Alg-g-PAAm, respectively. Thus, increase of sulfonated conjunction
content in SAlg-g-PAAmM copolymer binder shows the improvement electrochemical performance of the
Si/C electrode. As seen as in-situ electrochemical dilatometer analysis, high electrode thickness in the
first charging was showed for pure Alg and Alg-g-PAAm with 225.0 and 120.0 pum, respectively, but
that swelling behavior of Si/C electrodes was became smaller with the SAlg-g-PAAm binder due to the
aggregate amount of ionic group to form high buffer action on huge volume exchange of Si based
electrode. Hence, | conclude modification polysaccharides through grafting material are promising
water-treated adhesive binder material for huge volume expansion silicon anode and major interest to

comprehensive number of energy source research field.
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