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General introduction

Research background

1. Li-ion batteries

Secondary batteries, such as alkaline, Ni—Cd, lead acid, and Li-ion batteries (LIBs), are
essential as energy storage devices. In particular, LIBs have the highest working voltages
(~3.6 V) compared to other batteries (ranging from 1.2 to 2.0 V), higher gravimetric specific
energy (~240 Wh/kg) compared to lead acid batteries (~40 Wh/kg), minimal memory effects,
and fast charging.!? Since LIBs were first commercialized in 1990 by SONY corporation,
they have been widely used in electric devices, such as phones, laptops, and pacemakers. In
addition, their use in electric vehicles (EV) and hybrid electric vehicles (HEV), which require
massive amounts of energy, has attracted considerable research attention.
The replacement of gasoline-powered vehicles with EVs has aided in satisfying the demands
of sustainable development goals, which are aimed at achieving a sustainable society, via the
reduction of greenhouse gas emissions. Furthermore, LIBs demonstrate prospects for the
storage of electricity sourced from renewable energy sources, such as solar and wind-power.
These energy storage devices may be a solution for energy shortages that occur in the
afternoon owing to the hourly electricity load during daytime.

Typically, LIBs mainly consist of four components: an anode, a cathode, a separator, and an
electrolyte (Figure 1). During the charging process, Li" and an electron (¢7) move from the
cathode to the anode through the electrolyte and are intercalated into layered graphite.®* The

discharging process is the inverse of the charging process. Because Li is present as an ion



during both the charging and discharging processes in the battery, it is called an LIB and can

be distinguished from Li-metal batteries.
(-) xLit + xe” + 6C — LixCs

(+) LiCoO, — Lil—xCo00, + xLi" + xe

Recently, carbon materials such as graphite have been used as active materials for the anode
owing to their low working potentials (0.25 V). By contrast, transition metal oxides have
been mainly employed as the cathode, and herein, LiCoO,° LiMn,O4 and LiFePO.? are the
most commonly used materials.

The most widely used electrolytes comprise a mixture of an organic solvent and Li salt; for
instance, they may contain ethylene carbonate (EC) or dimethyl carbonate (DMC) as the
organic solvent and LiPFs as the Li salt.” Polyolefin films are used as separators to prevent

direct contact between the two electrodes, which is known as an internal short-circuit.!”

Figure 1. Schematic of the working principle of an LIB during the charging process.



2. Roadblocks in the realization of better LIBs (1)

2.1 Safety concerns associated with LIBs

One of the most significant problems associated with LIBs is their safety concern, i.e., fires
and explosions. The number of accidents caused by LIBs has recently increased owing to the
thermal runaway of LIBs (Figure 2).""»'? The fire and explosion risks of LIBs can often be
attributed to the use of flammable organic electrolytes, the rate of charge and discharge, and
failure of battery packaging.'®!3 The foregoing risks may lead to catastrophic accidents when
LIBs are used in large-scale devices, such as EVs and HEVs. In particular, the thermal
runaway of LIBs occurs when the internal reaction is out of control; this increases the cell
temperature and accelerates the reaction, which further increases the cell temperature and
may result in potential cell explosions.!*!> Such thermal runaway can occur at >80 °C owing
to the break-up of solid electrolyte interphase (SEI) films.'® To suppress the overheating of
batteries, current LIBs have a self-clogging polyolefin separator, which melts at ~130 °C.!7-!8
Typically, commonly used cathode materials can be broken down and can emit oxygen gas,
which cause of both the electrolyte and other gases in the battery. In particular, charged
cathode active materials can breakdown at elevated temperatures; for example, an LiCoO.
electrode may breakdown as described below.!®2%2! The involved reaction emits a large
amount of heat, reaching ~1000 J g! based on the cathode weight.?? This reaction occurs at
~120 °C and increases the cell temperature up to 230 °C. Furthermore, the liberated oxygen

gas further reacts with the solvent, such as EC, as follows:!>2?



LixCoO; — xLiCoO2 +1/3 (1-x)Co0304 + 1/3 (1—x) O2

C0304 — 3C00 + 1/207

2.502 + C3H405 (EC) — 3CO; + 2H0

Under these circumstances, several researchers have devoted considerable efforts to reduce

the danger of fire and explosions by devising various strategies, such as using flame retardant

24,25 26,27

additives in the electrolyte, coating the cathode with non-reactive materials, and
modifying the anode surface via mid oxidation or polymer coating.?®?° However, a
completely safe electrolyte containing an organic solvent is yet to be discovered. Thus, the

most reliable material for the safe operation of LIBs is a solid based electrolyte.
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Figure 2. Number of accidents caused by LIBs used in mobile devices reported over the past

few years.



3. Roadblocks in the realization of better LIBs (2)

3.1 Electrochemical reaction at the electrode/electrolyte interface

Notably, recent studies on LIBs have focused on understanding and controlling the
electrochemical reaction occurring at the electrode/electrolyte interface. Here, one of the
most important interfacial reactions is the formation of an SEI film on the anode. Dey et al.
first reported the formation of a passivation layer on Li in an organic electrolyte in 1970,
which was followed by the SEI concept proposed by Peled et al.' In LIBs, the SEI film
formed during the first charging process is the result of a reduction reaction involving the
solvent, anion, and impurities, which provide an electrically insulating and ionically
conductive interface (the SEI image is shown in Figure 3).>? The formation of the SEI layer
occurs when the redox potential of the electrode used in the electrolyte exceeds the
electrochemical window of the electrolyte itself, which is shown schematically in Figure 4.3
When the lowest unoccupied molecular orbital (LUMO) of the electrolyte is lower than the
Fermi energy level of the anode, the electrolyte can be reduced. As the LUMOs of most
organic solvents lie beyond the Fermi energy level of graphite, organic solvents are reduced
to form the SEI layer and passivate the graphite surface. On the contrary, if the highest
occupied molecular orbital of the electrolyte is higher than the Fermi energy level of the
cathode, the electrolyte can be expected to undergo oxidation. In this scenario, the resulting
decomposition products settle on the cathode and create an interface known as the cathode—
electrolyte interphase (CEI). An ideal SEI hinders further degradation reactions of the

electrolyte, such as the Li-ion consuming reaction.*3-* Therefore, the SEI is considered a key



factor in improving battery performance not only in terms of its safety but also in terms of
other crucial properties, such as the capacity and cycle life.>>-3

Owing to the importance of the components and surface morphology of the SEI to the battery
performance, significant research efforts have been devoted toward the analysis of the SEI
formed at the anode/conventional organic electrolyte (such as EC, DMC, and EMC) interface.
Correspondingly, various techniques have been used to analyze the SEI components; these
include X-ray photoelectron spectroscopy (XPS), nuclear magnetic (NMR) spectroscopy,
Fourier transform infrared (FT-IR) spectroscopy, and gas chromatography. The
corresponding results reveal that the SEI is composed of mosaic structures, such as Li alkyl

carbonate, ROLi, Li2COs3, and LiF, with a thickness of several tens of nanometers.37-38 3%:40:41

3.2 Electrode/solid polymer electrolyte interface

The reaction occurring at the electrode/electrolyte interface in solid polymer electrolytes
(SPEs), which are an alternative to conventional organic electrolytes owing to their higher
electrochemical stability and non-flammability, is also important for battery performance.
The details of SPEs will be discussed in the following section. Some research efforts have
also been dedicated to reveal the morphology and components of the SEI at the anode/SPE
interface. Peled et al. confirmed the formation of an SEI layer on the Li surface in a PEO-
based composite electrolyte using electrochemical impedance spectroscopy (EIS); and this
was found to be stable at 120 °C.*? Their subsequent research revealed that the SEI resistance
approaches the range of 10 to 100 Q cm™ at 30 °C.*3 Kong et al. performed ellipsometry

measurements on an Li/PEO-LiTFSA interface, which detected a resistive SEI with a

10



thickness of ~12 nm prior to cycling and ~37 nm after the discharging process.** One of the
most widely used methods to reveal the components of the SEI in SPEs is ex-situ XPS owing
to its high surface sensitivity. Several studies using ex-situ XPS have detected the
components of the SEI formed on the anode surface; these include Li>O, LiF, and LiOH,
which are produced by the reduction of the Li salt and impurities.

However, ex-situ measurements cannot detect the soluble species and intermediates on the
clectrode surface, limiting their precise characterization and our understanding of the SEI
formation mechanism.

Operando measurements are ideal to probe the reactions occurring at the electrode surface
during operation. In particular, operando attenuated total reflection—infrared (ATR-IR)
measurements have been considered effective for the analysis of surface reactions owing to
their high sensitivity toward covalent bonds and the inherent non-destructive character of
infrared irradiation, which enables one to capture the degradation of the electrolyte within
the vicinity of the electrode.*>*¢ Scherson ef al. detected some reduction products, such as
ROLIi, during the cathodic process on an Au/PEO-based electrolyte surface using operando
ATR-IR measurements.*”* However, the reduction mechanism of PEO on the electrode still

remains unclear.
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Polyolephines

Figure 3. Schematic of the SEI formed on the anode (Li or carbon) surface in an organic

electrolyte.
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Figure 4. Schematic of the energy diagram of an electrolyte. Here, ®A, ®C, Eg, pa, and pc
denote the anode and cathode work functions, the electrolyte’s electrochemical stability

window, and the redox potential of the anode and cathode, respectively.'
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4. Roadblocks in the realization of better LIBs (3)

4.1 Insufficient energy density for EVs

For better performing secondary batteries, several approaches can be adopted to improve
the battery performance, particularly in terms of the energy density and specific energy.
Although LIBs have relatively high energy densities when compared to conventional lead
acid, Ni-MH, and Ni—Cd batteries, their energy densities are not sufficient to cover long-
driving distances, as shown in Figure 5.%° Figure 6 presents the energy densities of various

next-generation batteries.>

Figures 5 and 6 indicate the need for the development of next-generation secondary batteries

with high energy densities.
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Figure 5. Comparison of the specific energies of several batteries in terms of the estimated

driving distance of an EV.
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5. Next-generation secondary batteries (beyond LIBs)
5.1 Li-air (Li—O3) batteries

Typically, Li-O; batteries consist of an Li-metal anode and catalyst (for the electrochemical
reduction of the active material under a flow of oxygen) with porous carbon, as shown in
Figure 7. Oxygen is electrochemically reduced to LiO2 and Li2O: via the cathodic reaction
in a non-aqueous electrolyte, which proceeds via the following reactions. Considering the

mass of Li, Li-Ox batteries have an exceptionally high energy density of 11586 Wh kg™!.

O+e — Oy
0O, +Li* — LiO;

2Li10; — LiO2+ 02

However, the applications of Li-O; batteries encounter several challenges (Figure 8): (i)
The unexpected reduction reaction of CO; and H>O in ambient air on the cathode, resulting
in the formation of Li»CO3 and LiOH instead of LiO», and (ii) the degradation of the
electrolyte components, such as propylene carbonate in the presence of O, forming
(C3He(OCO:Li),), LixCO3, HCOsLi, CH3CO:Li, CO», and H20.>! These challenges prevent
the commercialization of Li-O; batteries with organic carbonate electrolytes and sustainable
cycling (up to 100 cycles) performance.’? In this context, the design of Li-O> batteries is
primarily focused on the following aspects: (i) covering the outer surface of the cathode to
block CO; and H,0% and (ii) designing a stable electrolyte to ensure the solubility and

diffusion of O, while avoiding evaporation at the cathode.’*33-%
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Figure 7. Schematic of the working principle of Li-O> batteries during the discharge process.
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Figure 8. Schematic of the challenges associated with Li-O; batteries during the

charge/discharge process.

5.2 Li—sulfide (Li—S) batteries

Li-S batteries are composed of an Li anode and porous carbon-based cathode containing
Sg, as shown in Figure 9. Li-S batteries present several advantages owing to the abundance
of sulfide in nature and their exceptionally high theorical energy density. These features of
Li-S batteries are necessary for manufacturing inexpensive and long-driving distance EVs.

During Li-S battery operation, Ss undergoes multiple electrochemical reactions as follows:>’

17



Sg+2Li"+2e¢ 2 LixSg >2.3 Vvs. Li/Li"

LisSg + 2Li" +2e” 2 4Li2S¢  >2.3 Vvs. Li/Li"
LixS¢ +2Li" +2¢” 2 3LixSs 2.3 Vto2.1 Vs, Li/Li"
LixS4+2Li" +2e” 22LixS2 2.1 Vto 1.9 Vvs. Li/Li*
Li»Ss + 6Li* + 6e” 2 4Li2S2 2.1 Vto 1.9 Vvs. Li/Li*

LixS; + 2Li* +2e 2 2LixS < 1.9 Vvs. Li/Li*

In the entire reaction during the charging process, 16 electrons can be obtained, which
contribute to the high theorical capacity (1675 mAh g'). Despite their great potential as
alternatives to LIBs, Li-S batteries have yet to be commercialized as power sources for EVs.
This is because several problems still remain unresolved, as shown in Figure 10. For example,
(i) the low-rate capability and poor rechargeability resulting from the low electronic
conductivity of Sg, Li2S, and Li,S», (i) capacity fading during initial cycles owing to the high
solubility of the polysulfide intermediates in the electrolyte, and (iii) the uncontrolled reaction
of polysulphide intermediates.>¥>%% Typically, electrochemically reduced polysulphides at
the cathode are transported to the Li anode, after which they are reduced to shorter
polysulphides at the Li anode and reoxidized on the cathode, which is known as the redox
shuttle; on the anode surface, if the polysulphides are reduced to Li>S and Li>S; on the Li
anode or elsewhere during the redox shuttle, these compounds with low electronic
conductivity lead to a highly resistive surface, and (iv) the significant volume change of
sulfur during the charge/discharge process causes the destruction of the electrode and low

capacity, which is a significant problem.6!:62.63.64
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Extensive efforts have been dedicated to solve the above-mentioned issues associated with

65,66,67,68 and

Li-S batteries; these involve using a solid electrolyte or ionic liquid electrolyte
designing new carbon materials. In particular, the use of porous carbon materials is
considered the most efficient method owing to the high electric conductivities®® and large
surface areas of such materials. Various carbon materials, including carbon nanotubes,®’

7071 graphene,572 and hollow carbon,”® exhibit high specific capacities

mesoporous carbon,
of >1000 mAh g!. However, maintaining the high initial discharge capacity remains a pivotal
challenge for such carbon materials. An ideal carbon material that not only has a large surface

area but also presents tolerance to the volume expansion of sulfur during the charge/discharge

process to achieve excellent cycle life has not been found to date.
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Li metal Electrolyte carbon/ sulfur

Figure 9. Schematic of the working principle of Li-S batteries during the discharging

process.
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Figure 10. Summary of the disadvantages of Li—S batteries during the charge/discharge
process.
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6. Polymeric materials in LIBs

Polymeric materials play a vital role in current LIBs owing to their inherent mechanical and
electrochemical stability and flexibility.”* Moreover, polymeric materials with ions present
ionic conductivity, which does not allow electrical conduction. These features have attracted
considerable research attention aimed at improving battery performance by using polymers

in LIBs.

6.1 Electrode binders

In conventional LIBs, both electrodes usually contain a polymeric binder, conductive
additive, and active material, as shown in Figure 11.7° The polymeric binder is used to retain
the structure of the electrode and ensure cohesion between the active material and conductive
additive.”®”7 Therefore, the characteristics of the polymeric binder affect the electrode
properties, including the cycling performance, tolerance to volume expansion, rate capability,
and morphology.”® Thus, owing to the impact of polymeric binders on the battery

performance, the following criteria must be satisfied.”

e Good adhesion to the current collector.
e High wettability to the electrolyte.
e High thermal and electrochemical stability (from 0 to 5 V).

e  Superior mechanical properties

Polymeric binders can be divided into three types of polymers: Synthetic polymers, natural

polymers, and conductive polymers.

21



Polyvinylidene fluoride (PVDF) is the most widely used synthetic polymeric binder on
both the laboratory and industrial scales, and it can be used with various active materials
owing to its high electrochemical stability (0 to 5 Vii) and high adhesion to the current
collector.”>7>8% Various synthetic polymers have been studied to further improve the
electrode properties; these include the styrene butadiene block copolymer (SBR),}!
poly(vinylidenefluoride-co-hexafluoropropylene)  (PVDF-HFP),*> and  poly(styrene-
butene/ethylene-styrene) polymer binder (SEBS).%* However, these polymeric binders are
often prepared using N-methyl-2-pyrrolidone (NMP), which is highly toxic.3*
Carboxymethyl cellulose (CMC) and cellulose are the most commonly known natural
polymeric binders.” Natural polymers are considered as environmentally friendly binders.
Moreover, they do not require NMP during their preparation.
Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) is a conductive
polymer, which can improve electron transfer and prevent polysulfide dissolution in Li-S
batteries.” Owing to its high electronic conductivity, the conductive materials can be

replaced, leading to cheaper and lighter electrodes.”
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" Binder

Figure 11. Schematic of the construction of electrodes.

6.2 Separators

Solid polymers are used as separators in current LIBs. The major roles of the separators in
LIBs are shown in Figure 12. The separator physically separates the two electrodes to
prevent their direct contact while permitting Li-ion diffusion. In addition, the separator can
physically retard dendrite growth, which often results in catastrophic accidents.®> Although
separators do not electrochemically react in the battery, their characteristics, such as ionic
conductivity, physical properties, and morphology, determine the battery performance. For
example, their thickness is also a crucial factor determining the safety and volumetric energy
density. A thicker separator can protect the battery from puncture and/or dendrite growth
while increasing the total volume of battery and thus decrease the volumetric energy density.

Other factors that impact the battery performance are shown below:”

23



e Porosity.

e Tortuosity.

e  Structural stability.

e Mechanical stability.

e  Wettability of the electrolyte.
e Thermal/chemical stability.

e lonic conductivity.

e Electrical resistivity.

/ Separator

ly separate electrodes

(i1) Li-ion conduction

(iii ) Delays dendrite formation

Electrode Electrolyte Electrode

Figure 12. Schematic of the basic role of the separator in LIB
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6.3 Polymer electrolytes (PEs)

Polymers are expected to be commercialized as solid-state electrolytes (known as PEs)
owing to their high mechanical stability for retarding dendrite growth and low flammability,
which contribute to the safe operation of LIBs.”>#%87 Owing to their high mechanical stability,
PEs can also act as separators, which contribute to lighter and cheaper LIBs. Furthermore,
PEs can be used in various shaped batteries because of their high flexibility. Typically, PEs
can be divided into two types of electrolytes: Gel polymer electrolytes (GPEs) containing

non-aqueous solvents and SPEs.

6.3.1 Gel PEs

Various polymer materials have been employed as the host polymers of GPEs since
Feuillade and Perch first prepared a GPE using the combination of poly(acrylonitrile) (PAN)
with an aprotic solution containing an alkali metal salt in 1975.88 Their construction is shown
in Figure 13. It is accepted that the mechanical stability of GPEs is highly related to the
nature of the host polymer used.? However, the properties of GPEs, including Li* transport,
thermal stability, and electrochemical stability, depend on the solvent and Li salt used.®-*°
Li-ions diffuse through the liquid electrolyte, not through the polymer phase in GPEs.
Although GPEs exhibit relatively high conductivities, some safety issues may arise owing to
the use of flammable and volatile non-aqueous electrolytes. The absence of a non-aqueous

electrolyte is the ultimate goal for achieving highly safe batteries.
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Figure 13. Schematic of a gel polymer electrolyte.

6.3.2 Solid polymer electrolyte

The replacement of conventional flammable electrolytes by SPEs has contributed to the
completely safe operation of LIBs owing to their low flammability and solid nature. Thus,
they are considered as next-generation electrolytes. The most widely studied polymeric
material used for SPEs is poly(ethylene oxide) (PEO) (Figure 14), which was first proposed
by Wright in 1975.°! However, the ionic conductivity of SPEs is two orders of magnitude
lower than that of a non-aqueous electrolyte at room temperature; the PEO and Li
bis(trifluoromethane-sulfonyl)amide system (PEO/LiTFSA) has an ionic conductivity of
~0.05 mS cm™1.2% An improvement in the ionic conductivity of SPEs is urgently required
for their commercialization.

It is accepted that the ionic conductivity is determined by the number of dissociated ions

and their mobility within the polymer, as follows:**

C=nXp
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where o, n, and p are the ionic conductivity, number of ions, and ion mobility, respectively.
To prepare an electrolyte with high ionic conductivity, (i) high salt dissociability and (ii)
fast ion conduction are necessary. Slow ion exchange and hindered ionic conduction in the
crystalline phase are typically responsible for the low ionic conductivity of SPEs.”> Most ions
flow through the conductive non-crystalline phase of the polymer. The Li* conduction
mechanism in the non-crystalline phase of SPEs, such as PEO:LiX, is shown in Figure 15.
The ether group in PEO initially interacts with Li*, followed by separate Li* and X~, forming
an Li" solvating structure composed of four or five ether oxygens with one Li". The solvated
Li" is then transported via an intra-chain/inter-chain ion exchange mechanism, which is
induced by the segmental motion of the polymer chain. The segmental mobility of the
polymer chain is represented by the glass transition temperature (7), at which the segmental
motion is initiated. Considering the Li" conduction mechanism, the high dielectric constant
of the polymer for high salt dissociability and high segmental mobility of the polymer for
fast ion conduction are crucial for the high ionic conductivity of SPEs. SPEs suffer from the
dilemma between salt dissociability and segmental mobility. Although a polymer with a high
dielectric constant can dissolve a decent amount of the salt, its polar group is prone to form
strong intramolecular/intermolecular interactions, hindering the segmental mobility of the
polymer (lower Tg). For instance, PAN is expected to exhibit high salt dissociability due to
the relatively high dielectric constant of the nitrile group, while it has a high 7 of 87 °C when
compared to —130 °C for polyethylene without nitrile group in its polymer structure.®"’
Consequently, many approaches have been employed for the past three decades to achieve
comparable ionic conductivity to a non-aqueous electrolyte and sufficient mechanical

strength.**

27



0 CN
\[O/\/]; \MOJ\OK \{\)ﬂﬁ
N
PEO PEC PAN PCEO
go y iz
bt~-0f ) )
| n m 057" | 0=57" |
N Li N Li
i b’{'\/o oy =a
—fsT. o I 0850 0geq
CF3 CF3
Poly(siloxane)-b-poly(ethylene oxide)  Poly(styrene)-b-poly(ethylene oxide) P(STFSILi)
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(1) Dissolve Li via ether group

Figure 15. Schematic of the Li-ion transport mechanism in ether-based polymers.
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Addition of an inorganic filler

Inorganic fillers such as TiO2, Al2Os, and SiO: are added into the polymer to not only
improve the ionic conductivity but also facilitate the mechanical stability of the

98,99,100,101,102,103,104 1t jg known that >6 GPa stability in terms of the rigidity is

polymer.
necessary to suppress Li dendrite growth, which is far from that of PEO (~200
MPa).105:106.107 A PEO-based SPE exhibited improved mechanical stability above 100 °C
when 10 vol% of Al,O3 was added.' The composite polymer prepared with 10 wt.% acidic
Al03 nanoparticles showed an improved ionic conductivity of 5.61 x 10> S cm™! when
compared to that of without filler (7.03 x 107¢ S cm™") at room temperature.'% The improved
ionic conductivity has been attributed to the increased amorphous phase of PEO formed
after adding the inorganic filler and/or the ion conduction pathways formed on the filler
surface, as shown in Figure 16.'%1%° Furthermore, the interfacial properties were also
improved upon the addition of an inorganic filler. Composite SPEs composed of an PEO-
based SPE and LiAlO> exhibit a lower interfacial resistance on the Li/SPEs interface than
those without filler.!'” The evolution of the interfacial resistance of filler composite SPEs
and pure SPEs was compared and the inorganic filler found to clearly suppresses the growth

of the SEI, which was attributed to the scavenging effect of the inorganic filler against

residual water and other impurities.
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Figure 16. Schematic of the Li-ion transport mechanism in a composite polymer

electrolyte.!08:109

Block copolymers

Designing a block copolymer is an ideal approach to improve the electrolytic properties of
SPEs since it can tune the properties by combining more than two polymers with different
characteristics.!"" For example, combining PEO with poly(siloxane), which has high
flexibility (Ty: —123 °C) and good thermal and mechanical stability, presents 3.0 x 10 S
cm™! at room temperature together with high cathodic stability up to 5.0 Vii.''>!!3 To improve
the mechanical stability, PEO and polystyrene block copolymers have been studied and found
to improve the mechanical strength; however, the resulting ionic conductivity is low due to
the introduction of a non-ionic conductive polystyrene phase.!'* Furthermore, single ion
conducting SPEs have been developed by combining a single ion conducting polymer with
PEO to improve the Li" transfer number of conventional PEO-based electrolytes (~0.2).'!3
For example, the combination of Li poly(4-styrenesulfonyl(trifluoromethyl sulfonyl)imide)

(P(STFSIL1)) leads to single ion conduction due to the incorporated Li*. The Li" transfer

number is high (>0.85), as expected, while the ionic conductivity is very low (1.3 x 107 S
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cm! at 60 °C) due to the strong interaction between Li* and the polyanion backbone as well
as the reduction in the contribution from the anion to the overall conductivity.!'®!'” The

structure of these block copolymers are shown in Figure 14.

Designing host polymer structures

Several studies utilizing alternative polymers to PEO have been reported to date.
Polycarbonate is a promising polymer owing to its large number of dissociated ions.
Polyethylene carbonate (PEC) (Figure 14) accommodates an extremely large number of salts
(up to 180 wt.%).!'® Moreover, the segmental mobility of PEC increases upon the addition
of an Li salt, in contrast to PEO, where the segmental mobility decreases with the addition
of Li salt. This is because the intermolecular interactions in PEC are released by alternating
the interaction between the polar group and Li" after adding Li salt. This is opposite to the
case for PEO, where a strong interaction between the ether group and Li* occurs. PEC-based
SPEs display a high Li" transfer number of 0.4 when compared to PEO. Similar trends with
PEC-based SPEs were observed for PAN-based SPEs (Figure 14). The interaction between
the nitrile groups relax after adding the Li salt, increasing segmental mobility.''” PAN-based
SPEs can transport Li" at around the 7§, where segmental mobility does not occur, which is

considered as decoupled ion transportation.!2’
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Tuning the sidechains of polymers

Tuning the sidechain structure of the polymer potentially allows the precise tuning of key
factors to improve the ionic conductivity, including the polymer segmental mobility and salt
dissociability.

One of the most well-known sidechain modifications the preparation of comb-like polymers,
which has a functional sidechain along its backbone.!2!:122:123.124.125 ‘Watanabe et al. first
implemented a comb-like polymer electrolyte bearing an EO sidechain, which revealed the
introduction of the sidechain effectively inhibited the crystallization of the polymer,
improving the ionic conductivity.'?! The longer sidechain in the peptoid polymer backbone
showed high polymer mobility and ionic conductivity when compared to the shorter
sidechain.!?¢

Our group previously reported poly(3-(2-cyanoethoxymethyl)-3-ethyloxetane) (PCEO)
(Figure 14) bearing ether and nitrile groups on the sidechain, which exhibits a high ionic
conductivity of 7.3 x 10 S cm™ at 70 °C and high salt concentration.!?” The high ionic
conductivity of PCEO can be attributed to the moderate interaction of Li with the ether and
nitrile groups.!?*!2 Although a non-polar alkyl sidechain does not directly contribute to Li*
conduction, the existence of an alkyl sidechain clearly changes the ionic conductivity. In
addition, the length of the alkyl sidechain also has an impact on Li" conduction by altering
the Li* solvated structure.!** However, the complicated synthesis procedure used to prepare

the polymer limits the variety and tunability of the sidechain used.
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Research purpose

The aim of this work is to overcome the obstacles to improving LIBs using polymers and
evaluate the effects of polymeric materials on the battery performance. In chapter 1, we
prepare polymers using an amidation reaction, which can simply modify the sidechain, to
improve the ionic conductivity of SPEs. As a characteristic sidechain we chose a multiple
cyanoethoxy sidechain, which is expected to exhibit high ionic conductivity, and analyzed
the effect of the amide group and cyanoethoxy sidechain on the mobility and ionic
transportation. In chapter 2, we have focused on revealing the electrochemical reaction of a
PEO-based electrolyte against the anode (the formation of the SEI) by combining operando
ATR-IR and ex-situ XPS measurements. Moreover, the correlation between the obtained
decomposed products and surface resistance was also investigated using EIS
measurements. In chapter 3, for good rechargeability and the enhanced cycle life of Li-S
batteries, we prepared new polymer-anchored carbon materials bearing diftferent flexible
polymers (PEG or PPG), which aim to accommodate the volume expansion of sulfur during
the charge/discharge process. The contribution from the anchored polymer was evaluated
upon comparison with some conventional carbon materials, which confirmed the anchored

polymer plays an important role to improve the battery performance.
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Research outline

Chapter 1

To verify the effect of the amide group with the cyanoethoxy group on ionic transportation,
we synthesized a series of poly(oxetane)-based polymers bearing different branched
sidechains [i.e., methyl (PtBuOA) and bulky cyanoethoxy group (P3CEOA)] via an
amidation reaction. Spectro(electro)chemical analysis verified that the large steric hindrance
of the cyanoethoxy sidechain effectively breaks the hydrogen bond network and dipole
interactions within the polymer, both of which decrease the polymer segmental mobility,
leading to better long-range Li* conduction. Furthermore, the unique Li" coordination
structure consists of a cyano group, ether/carboxyl oxygen, and TFSA anion in the P3CEOA
electrolyte, which has moderate stability and effectively promotes the short-range Li*
conduction. The amide group with a relatively high dielectric constant improves the
dissociability of the Li salt. We confirmed that over three orders of magnitude improvement
in the ionic conductivity was observed upon introducing the cyanoethoxy sidechain when
compared to the PtBuOA electrolyte bearing a methyl sidechain. This study provides a
holistic picture of the effect of the sidechain structure on the intermolecular interactions and
establishes a new design strategy for PEs, which enables the precise tuning of the molecular

interactions using the sidechain structure.

Chapter 2
This paper describes studies on the SEI formed by SPEs using a combination of operando-
IR, ex-situ XPS, and EIS measurements. We have studied the electrochemical reaction

occurring between the Cu electrode and most common SPEs containing poly(ethylene oxide)
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with bis(trifluoromethanesulfonyl)amide (LiTFSA) as a function of the potential. We reveal
that the SEI at Cu/PEO-LiTFSA was formed via several reduction reactions, i.e., the
reduction of PEO, LiTFSA, and impurities. The most resistive SEI is observed at 0.8 Vi,
which consists of ROLi, alkyl vinyl ether, LiOH, Li,CO3, and a small amount of LiF.
Moreover, alkyl vinyl ether is further reduced to form other alkyl ethers via radical

propagation, which leads to a relatively low SEI resistance.

Chapter 3

We propose sulfur-inserted polymer-anchored edge exfoliated graphite as a positive
electrode to accommodate the conflicting requirement of physically restraining sulfur
dissolution, while maintaining structural flexibility to cope with the volume expansion
observed upon charging/discharging. The introduction of sulfur between the flexible
polymer-anchored graphene layers was achieved using a simple chemical reaction at ambient
temperature. The obtained sulfur—carbon composite demonstrates superior sulfur efficiency
and cyclability when compared to its mesoporous carbon-based counterparts. The strong
interfacial attraction between sulfur and the highly conductive graphene sheets at the
confined interlayer space enables rapid charge transfer and effectively inhibits polysulfide
dissolution, resulting in improved redox reaction reversibility and sulfur efficiency. More
importantly, the structural flexibility of the layered structure derived from the polymer-
anchor guarantees stable cycling by accommodating the significant volume expansion of

sulfur active materials.
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Chapter 1

Improved ionic conductivity for amide-containing electrolytes by tuning
intermolecular interaction: the effect of branched side-chains with

cyanoethoxy groups
1.1 Introduction

An ideal polymer structure for SPE has been explored for several decades, in order
to achieve the safety operation of LIBs. Although side-chain modification of polymer
is considered as one of the most effective ways to find ideal polymer, the synthesis of
side-chain modified polymer is complicated and limits the tunability of side-chain. In
this context, we focus on the amidation reaction enabling easy modification of side-
chain due to one step reaction process. The high dielectric constant of amide group
can facilitate the salt dissociation, improving ionic conductivity. However, the
hydrogen-bonding network among the amide group suppresses the polymer mobility,
leading low ionic conductivity. Motivated this advantage and disadvantage of amide
group, two polymers with and without bulky sidechain next to the amide group were
synthesized to clarify the effect of bulky side chain next to amide group on the
performance of electrolyte. The segmental mobility of the polymer (7:) of each
polymer and electrolyte was evaluated by differential scanning calorimetry (DSC)
measurement. Infrared spectroscopy was conducted to reveal the detailed
intermolecular interaction occurring in both polymers and corresponding electrolytes.

The ionic conductivity of both electrolytes was determined by the AC impedance

48



spectroscopy, and VTF fitting provides the detail information of ion transportation

mechanism in both electrolytes.

1.2 Experimental
Monomer synthesis

The monomer of poly(3-ethyl-3-cyanoethoxymethyloxetaneamide) (P3CEOA), 3-ethyl-3-
cyanoethoxymethyloxetaneamide (3CEOA) was synthesized through the condensation
reaction of 3-ethyl-3-cyanoethoxymethyloxetanecarbonyl (EOC) and 3,3'-((2-amino-2-((2-
cyanoethoxy)methyl)propane-1,3-diyl)bis(oxy))dipropanenitrile ~ (3CE) by following
procedure.
Jones reagent was prepared by mixing chromium oxide VI (Wako Pure Chemical Co., 53.45
g), sulfuric acid (Sigma-Aldrich Co. LLC, 46 mL) and water (so as total volume to 200 mL).
3-ethyl-3oxetanemethanol (EHO, Tokyo Chemical Industry Co., Ltd, 24.84 g) acetone
solution was added dropwise over a period of 30 min to Jones reagent (200 mL) dissolved in
acetone (Wako Pure Chemical Co., 700 mL), subsequently stirred at 0°C for 2 h. The reaction
mixture was quenched by adding isopropyl alcohol (Wako Pure Chemical Co.). After
extracting the solution with dichloromethane (Wako Pure Chemical Co.) and water, volatile
dichloromethane was removed using a rotary evaporator. The EOC was obtained by distilling
the residue under reduced pressure (160°C, 0.02 mmHg), Yield: 40 %.

"H NMR (3, ppm from trimethylsilane (TMS) in CDCls): 0.89 (t, 3H, —-CH>CH3), 2.02 (q,
2H, -CH»CH3), 4.44, 4.90 (dd, 4H, -CH>—O—CH>-) 9.09 (s, 1H, -COOH)
40 wt% KOH (Wako Pure Chemical Co.) aqueous solution, tris(hydroxymethyl)

aminomethane (THAM, Tokyo Chemical Industry Co., Ltd, 12.2 g), dioxane (Wako Pure
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Chemical Co., 100 mL) and acrylonitrile (Wako Pure Chemical Co., 39.3 mL) was mixed
and stirred for 24 h at room temperature, then the solution was neutralized with 1 M HCl
(Wako Pure Chemical Co., 100 mL). After extracting the solution with dichloromethane and
water, volatile dichloromethane was removed using a rotary evaporator, subsequently
purified via column chromatography (methanol (Wako Pure Chemical Co.): ethyl acetate
(Wako Pure Chemical Co.) = 1: 4). Yield: 31%

"H NMR (3, ppm from trimethylsilane (TMS) in CDCls): 2.62 (t, 2H, -CH>CN), 3.46 (s,
2H, C-CH>-0), 3.70 (t, 2H, -CH>CH2CN)
3CEOA was synthesized by following procedure. EOC (6.72 g), 3CE (14.46 g), 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCI, Tokyo Chemical Industry
Co., Ltd, 11.87 g), and 4-dimethylaminopyridine (DMAP, Wako Pure Chemical Co., 25.90
g) was dissolved into dichloromethane (250 mL), subsequently stirred at room temperature
for 24 h. After condensation reaction, the solution was neutralized with 1 M HCI (100 mL)
then washed with saturated NaHCO3 (Wako Pure Chemical Co.) aqueous solution. Remained
dichloromethane was removed with a rotary evaporator. The obtained solution was purified
via re-crystallization. Yield: 58 %

"H NMR (3, ppm from trimethylsilane (TMS) in CDCls): 0.93 (t, 3H, -CH>CH3), 2.02 (q,
2H, -CH»CH3), 2.61 (t, 6H, -CH2CH2CN), 3.70 (t, 6H, -CH2CH2CN), 3.88 (s, 6H, C—CH>—
0), 4.43, 4.84 (dd, 4H, -CH>—O-CH>-)

The monomer of poly(3-ethyl-3-tert-butyloxetaneamide) (PtBuOA), 3-ethyl-3-fert-
butyloxetaneamide (tBuOA) was synthesized through the condensation reaction of EOC and
tert-butylamine (Tokyo Chemical Industry Co., Ltd).

ECO (8.07 g), tert-butylamine (6.91 g), EDC-HCI (15.45 g), and DMAP (3.28 g) was
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dissolved into dichloromethane (200 mL), then stirred at room temperature for 24 h. The
solution was neutralized and purified following the same procedure as 3CEOA. Yield: 51 %

"H NMR (3, ppm from trimethylsilane (TMS) in CDCl3): 0.91 (t, 3H, -CH>CH3), 1.38 (s,
9H, -C—(CHs)3), 1.99 (q, 2H, —-CH:CH3), 4.40, 4.83 (dd, 4H, -CH>—O-CH>-), 5.21 (s, 1H, —

NH)

Polymer synthesis

poly(N-(tri((2-cyanoethoxy)methyl)methyl)-3-ethyloxetane-3-carboxamide)
(P3CEOA) and poly(N-(tert-butyl)-3-ethyloxetane-3-carboxamide) (PtBuOA) were

synthesized via ring-opening cationic polymerization using boron trifluoride diethyl
etherate (BF3*Et20, Wako Pure Chemical Co.) as an initiator. The molar ratio of the

monomer to the initiator was adjusted to 20:1. Corresponding monomer, N-(tri((2-
cyanoethoxy)methyl)methyl)-3-ethyloxetane-3-carboxamide (3CEOA) for P3CEOA
and N-(tert-butyl)-3-ethyloxetane-3-carboxamide (tBuOA) for PtBuOA were
synthesized through the condensation reaction of 3-ethyloxetane-3-carboxylic acid
(EOC) with 3,3'-((2-amino-2-((2-cyanoethoxy)methyl)propane-1,3-
diyl)bis(oxy))dipropanenitrile (3CE) and tert-butylamine (Tokyo Chemical Industry
Co., Ltd), respectively, following reported procedure' (see Supporting Information).

The initiator was added to the solution of monomer (1.0 g for tBuOA and 4.0 g for

3CEOA) dissolved in dichloroethane (6.0 mL for tBuOA and 4 mL for 3CEOA) and
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stirred for 72 h. The polymerization was performed under Ar atmosphere at room
temperature. The reaction was quenched using 4 M NaCl/ 1 M NaOH (Wako Pure
Chemical Co.) aqueous solution. The solution was extracted with dichloromethane
and water, and volatile dichloromethane was removed using a rotary evaporator. The
residual viscous solution was dissolved into 10 mL of dichloromethane for each
polymer and the solution was slowly poured into 500 mL of hexane for PtBuOA and
ethanol for P3CEOA to precipitate the polymerized tBuOA and 3CEOA. The final
products were obtained after dried at 100°C under vacuum for over 48 h (Yield: 21 %
for PtBuOA and 22 % for P3ACEOA). The chemical structures and '"H NMR spectra of
PtBuOA and P3CEOA are shown in Figures 1.1 and 1.2, respectively. The molecular
weight of PtBuOA and P3CEOA were obtained by a gel permeation chromatography,

confirming comparable molecular weight for these two polymers (Table 1.1).
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Figure 1.2 '"H NMR spectra of PCEOA in deuterated dichloromethane.
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Table 1.1 Molecular weights (Mn and Mw) and polydispersity index (Mw/Mn) of PtBuOA
and P3CEOA.

Molecular weight

M, M, MM,
Flolyfonick fkg mol-" fkg mol-" /-
PtBUOA 12.6 23.0 1.83
P3CEOA 10.1 23.6 2.34

Electrolyte preparation

Polymer electrolytes were prepared by mixing PtBuOA or P3CEOA and 1 M lithium
bis(trifluoromethanesulfonyl)amide (LiTFSA, Tokyo Chemical Industry Co., Ltd.) in
tetrahydrofuran (THF). The mixtures were subsequently heated under a vacuum to
remove the THF. The molar ratio of LiITFSA to the number of polar groups per unit is
represented as x (x = 64, 32, 16, 8, 2.4, and 0.8) for PtBuOA,LiTFSA and

P3CEOA,LiTFSA.

Characterization Methods

Proton nuclear magnetic resonance ('H NMR) spectra of the synthesized polymers
were obtained by a Fourier transform NMR spectrophotometer (JNM-LAS500, JEOL).
The molecular weight of the polymer was identified by a gel permeation
chromatography (GPC) system (CBM-20A, LC-20AD, DGU-20A, CTO-20A, and
RID-10A, Shimadzu) using THF as the elution solvent and polystyrene standards to

calibrate the columns. A differential scanning calorimeter (DSC7020, HITACHI) was
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used to obtain the glass transition temperature (7y) of pure polymers and
corresponding electrolytes. Approximately 10 mg of polymer materials were
hermetically sealed in an aluminum DSC pan inside an Ar-filled glovebox. The
samples were first heated to 100°C, and then cooled to —50 °C, and re-heated to 100°C
at a rate of 10°C min~!. The second heating scan was recorded as the DSC thermogram
of the samples.

Attenuated total reflection infrared (ATR-IR) spectra of the pure polymers and the
corresponding electrolytes were obtained using a Nicolet iS50 (Thermo Fisher
Scientific) spectrometer equipped with a single-reflection ATR accessory (Smart iTX,
Thermo Fisher Scientific) with a ZnSe prism at an incident angle of 45°. Samples were
dropped on the ZnSe prism and hermetically sealed by a glass plate with a rubber
spacer (thickness, 5 mm) in an Ar-filled glovebox to avoid moisture absorption. The
measurements were performed in the 4000 — 600 cm™' spectral range at a 4 cm™'

resolution; 32 scans were averaged. The obtained spectra were deconvoluted by

PeakFit software (version 4.12, SYSTAT) using a pseudo-Voigt function.

Electrochemical Measurements

The ionic conductivity of the polymer electrolytes was obtained by electrochemical
impedance spectroscopy (EIS) using a potentio-galvanostat (SP-150, Bio-Logic) in
the frequency range of 1 Hz to 500 kHz. The conductivity cell (Swagelok two-
electrode cell) was consisted of polymer electrolyte inserted between two stainless

steel electrodes, separated by a poly(tetrafluoroethylene) ring spacer. The cell was
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thermally equilibrated in the temperature cabinet at each temperature (50 — 150°C) for

at least 1 h before the measurements. The conductivity was calculated by equation (1).
c=1/(Rx+4) (1)

Here, / is the thickness of the electrolyte, R> is the bulk resistance obtained from the
Nyquist plot, and 4 is the surface area of the electrolyte calculated from the inner

diameter of the ring spacer.
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1.3 Results and discussion

Segmental mobility

Heat flow / W g’

Temperature /°C

Figure 1.3 Differential scanning calorimetry (DSC) curves for PtBuOA and P3CEOA
and the corresponding electrolyte, PtBuOALiTFSA and P3CEOA,LiTFSA (x = 0.8
— 64), obtained from —50 to 100°C at a heating rate of 10°C min™!.

To reveal the effect of sterically hindered cyanoethoxy group on segmental mobility of the
pure polymer and the corresponding electrolytes (x = 0.8 — 64), glass transition temperature
(Ty) of PtBuOA, P3CEOA, and corresponding electrolytes were determined by the
differential scanning calorimetry (DSC) (Figure 1.3 The T analysis suggests that the (1)
hydrogen bond network and (2) dipole interaction within the polymer act as a pseudo-

crosslinking and dictates the polymer segmental mobility, which can be significantly
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reduced by the introduction of sterically hindered cyanoethoxy groups as well as the
addition of Li salt into the system.

The glass transition temperature (7y) is tied to the polymer segmental mobility, which
is one of the critical descriptors to determine the ion transport property for polymer
electrolyte®. Glass transition temperature of PtBuOA and P3CEOA, obtained from the
inflection point of the DSC curve, was 48.4°C and 9.4°C, respectively, both of which
were higher than that of polyethylene oxide (—64°C)? reported previously. Notably
high 7, for PtBuOA and P3CEOA indicates the existence of strong
intra/intermolecular interaction, which effectively restricts the polymer bond rotation
required for the smooth segmental motion*. We here propose that the hydrogen bond
network plays a significant role in determining the polymer segmental mobility for
PtBuOA and P3CEOA having secondary amide within the structure. The C=0/COC
and NH dipoles within the polymer structure act as hydrogen bond acceptors and
donors, respectively, which allows it to form a hydrogen bonding network; the oxygen
atom can accept, and the NH hydrogen atoms can donate hydrogen bonds®. The
considerably low 7, for P3CEOA compared to PtBuOA thus suggests the inhibition
of the hydrogen bond network formation, probably due to the large steric hindrance of
the cyanoethoxy group. Glass transition temperature decreased by adding Li salt in
both systems (until x = 32 and x = 2.4 for PtBuOA and P3CEOA systems,
respectively); the opposite is usually the case for most of the polymer electrolyte®. We
here propose that the observed improvement in segmental mobility may arise from the
breakage of the hydrogen bond network by Li salt, due to the interaction between polar

group and Li/anion. Similar phenomenon was found in the H-bonding SPE systems’.
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Furthermore, considerable 7y difference between polymer and the corresponding
electrolyte (ATy) (e.g., ATy = 7.8°C and 26.9°C for PtBuOA and P3CEOA systems,
respectively, under x = 16 condition) as well as the continuous decrease of 7 until
higher salt concentration (e.g., 7, started to increase at x = 16 for PtBuOA while 7, of
P3CEOA electrolyte continued to decrease until x = 2.4) for P3CEOA systems
indicates the existence of additional factor improving the segmental mobility. We
propose that the relaxation of the dipole interaction, namely CN...CN, by Li salt
significantly improves the segmental mobility for the P3CEOA electrolyte. A similar
phenomenon has been reported for the polyacrylonitrile (PAN)® and polyethylene
carbonate (PEC)-based electrolyte’, where the replacement of the dipole interaction
with the relatively loose dipole...Li" interaction contributes to the improved segmental
mobility of the polymer®. Therefore, the introduction of the sterically hindered
cyanoethoxy group improves the segmental mobility of polymer electrolyte by
inhibiting hydrogen bonding and forming a loosely bound cyano-Li" network within

the structure.
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Intermolecular interaction in pure polymer
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Figure 1.4 Infrared (IR) spectra and typical curve-fitting results of pure PtBuOA (top)
and pure P3CEOA (bottom) at room temperature. Peak deconvolution was performed
by PeakFit software using pseudo-Voigt functions with a fixed full-width at half-
maximum; free peak (Blue), COC...NH (Gray), C=0...NH (Black).

Infrared spectroscopy revealed the intermolecular interaction within pure PtBuOA and
P3CEOA, which confirms that the secondary amide group in the side-chain is
responsible for forming a hydrogen bond network. The NH group in the PtBuOA side-
chain comprises two types of hydrogen bonds (C=0...NH and COC...NH), while the
introduction of the cyanoethoxy group selectively inhibits the C=0O...NH formation
(Figure 1.4).

Infrared (IR) spectra of PtBuOA showed a broad peak at ca. 3375 cm™!, which can be

assigned to the NH stretching vibration (v(NH)) of PtBuOA?>. A broad feature indicates
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the existence of the multiple intermolecular interactions involving the NH group,
which can be deconvoluted into two peaks. We assigned those deconvoluted peaks to
the NH group interact with ether oxygen (3357 cm™) and with carbonyl oxygen (3375
cm1)!% Because of the greater electronegativity of an oxygen atom, hydrogen bonds
donated from the NH group preferably accepted by the oxygen atom within the ether
and carbonyl group. The larger donor number of the ether group than that of the
carbonyl group leads to the stronger COC...NH interaction, which may shift the
v(NH) involved in COC...NH interaction to lower wavenumber. An intense peak was
observed at the v(COC) region, which can be assigned to the free ether group and/or
ether group interacting with NH, based on the assignment of the v(NH) region.

The assignment of C=0...NH peak was further supported by the analysis of the peak
observed at around 1650 cm™!, which was originated from the C=O stretching
vibration (v(C=0)) of PtBuOA. The C=0 stretching peak can be deconvoluted into
two peaks, which can be assigned to the free carbonyl group (1670 cm™!) and carbonyl
group interact with NH (1648 cm™'). The assignment was supported by analyzing the
infrared spectra of PtBuOA dissolved in THF, a condition where most of the
intermolecular interaction within the polymer can be relaxed (Figure 1.5). The
disappearance of the peak at 1648 cm™! was confirmed for PtBuOA dissolved in THF,
while the free carbonyl peak at 1670 cm™' remained unchanged (Figure 1.5(a)). The
selective disappearance of the peak at 1648 cm™! strongly indicates the relaxation of
C=0...NH interaction by dissolving PtBuOA in THF. The IR peak analysis confirmed

that two types of hydrogen bonds (C=0O...NH and COC...NH) were responsible for
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the hydrogen bonding network in PtBuOA, which can be the reason for the high 7 of

pure PtBuOA.

Wavenumber / cm-! ber /cm'!

Figure 1.5 Infrared (IR) spectra of C=O stretching for (a) PtBuOA and (b) P3CEOA where

the polymer dissolved into THF at room temperature. Each polymer was first completely
dissolved into THF (bottom peak), then dried for 1 h under ambient pressure during IR
measurement (in order from the bottom to top). IR spectra for THF (green line) is also shown

for comparison.

A shouldered peak was observed at ca. 3375 cm™! for P3CEOA, which can be
originated from the NH stretching vibration (v(NH)) of P3CEOA (Figure 1.4). The
deconvoluted peak at 3360 cm™' is ascribable to the NH group interact with the ether
group, consistent with the assignment of pure PtBuOA. The deconvoluted peak at a
notably high wavenumber of 3423 ¢cm™' was not observed for PtBuOA, and can be
assigned to free NH group next to the free C=0!%!!. A shouldered peak was observed
at the v(COC) region, indicating the existence of both free ether group and ether group

interacting with NH (COC...NH). A sharp peak was observed at 1662 cm™' for
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P3CEOA, which can be originated from the C=0O stretching vibration (v(C=0)) of the
free carbonyl group in P3CEOA. The assignment was further confirmed by the (i)
small full-width at half-maximum (FWHM) value (24 cm™) as well as (ii) no visible
change observed by dissolving P3CEOA in THF (Figure 1.5(b)). The observation of
free carbonyl (1662 cm™) and free NH (3423 cm™') for P3CEOA strongly indicates
the effective inhibition of the hydrogen bond formation between C=0 and NH by the
introduction of bulky cyanoethoxy groups. The improved segmental mobility
observed for pure P3CEOA compared to pure PtBuOA (Figure 1.3) thus attributable
to the partial breakage of the hydrogen bond network by the existence of bulky

cyanoethoxy groups.

Intermolecular interaction in polymer electrolytes

Infrared spectra analysis revealed that the addition of Li salt effectively relaxes the
intermolecular interactions responsible for the formation of the hydrogen bond
network (C=0...NH and COC...NH for PtBuOA and COC...NH for P3CEOA).
Furthermore, in the case of the P3CEOA system, dipole interaction between two CN
groups was also replaced by the CN...Li" interaction, which contributed to the further

improvement in the segmental mobility of P3CEOA electrolyte (Figures 1.6, 1.7)
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Figure 1.6 Infrared (IR) spectra and typical curve-fitting results of (a) N-H stretching,
(b) C=0O stretching, and (c) C-O-C stretching region for pure PtBuOA and
PtBuOA,LiITFSA (x = 8 — 64) at room temperature. Peak deconvolution was
performed by PeakFit software using pseudo-Voigt functions with a fixed half-width
at half-maximum; free peak (Blue), COC...NH (Gray), C=0...NH (Black),
C=0...Li" (Yellow).

A broad-shouldered feature at ca. 3375cm™' was observed for PtBuOA sLiTFSA,
which can be deconvoluted into four major peaks (Figure 1.6(a)). The peak at ca.
3350 cm!and 3370 cm™! agrees well with the peak observed for pure PtBuOA, which
corresponds to the NH interacting with carbonyl oxygen and ether oxygen,
respectively. The additional peak at a notably large wavenumber of ca. 3400 cm™! can
be assigned to free NH next to C=O interact with Li", since (i) the corresponding peak
did not appear in the pure P3CEOA and (ii) the intensity increased with the salt
concentration. The small peak at ca. 3425 cm™! can be assigned to free NH next to free

C=0, which is consistent with the assignment of pure P3CEOA (Figure 1.4). The
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relative intensity of the free NH peak increased with increasing salt concentration,
which implies a partial breakage of the hydrogen bond network (e.g., C=0...NH and
COC...NH) by the addition of Li salt.

The breakage of the hydrogen bond network for PtBuOA electrolyte was further
supported by the analysis of the C=0 stretching region (Figure 1.6(b)). The C=0
stretching feature of PtBuOA electrolyte showed a shouldered peak consist of three
peaks; two of which are ascribable to free carbonyl group (1670 cm™') and carbonyl
group interact with NH (1655 c¢m™') based on the assignment of pure PtBuOA. An
intense new peak at 1636 cm™! was assigned to carbonyl group bound with Li*, since
oxygen atom with large electronegativity preferably interacts with positively charged
Li" than non-coordinative TFSA~'2, The 1636 c¢cm™' peak became the dominant
component under high salt concentration conditions (x < 16), which agrees well with
our assignment. Negligible change in the v(COC) feature of ether oxygen at ca. 1090
cm™! by the addition of Li salt indicated no COC...Li" interaction, which confirms the
strong preference of Li" interacting with carbonyl oxygen instead of ecther oxygen
(Figure 1.6(c)). The GC-MS measurement further supports the existence of
C=0...Li" interaction (Figure 1.7). Thermal stability of the polar group is greatly
affected by the interaction with Li* due to the weakening of the bond caused by the
electron deficiency of the polar group'?. The decomposition temperature of the amide
group indeed decreased for ca. 70°C by the addition of Li salt, which confirms the
existence of C=0...Li" interaction (Figure 1.7). We propose that carbonyl oxygen
preferably interacts with Li* than hydrogen atom in the NH group, decreasing the

number of carbonyl group involved in the hydrogen bond network. The breakage of
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hydrogen bond network by substituting C=0O...NH interaction with C=0O...Li" thus
contributed to the remarkable improvement in the segmental mobility of PtBuOA by

the addition of Li salt.

Temperarure / °C

(b) PtBUOA,,LiTFSA

200 250 300 350 400

Temperarure / °C

Figure 1.7 Gas chromatography—mass spectrometry (GC-MS) analysis for pristine (a)
PtBuOA and (b) PtBuOA sLiTFSA electrolytes. GC-MS curve was obtained by heating from
100°C to 500°C at a heating rate of 20°C min~' under air. A gas chromatography—mass
spectrometry (GC-MS) spectra were obtained by a gas chromatograph—mass spectrometer
(GCMS-QP2010 Ultra, Shimadzu). A small amount of polymer electrolytes (~5 mg) was put
in an aluminum pan. The samples were then pre-heated to 150 °C and held for 10 min to

remove the residual water.
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Figure 1.8 Infrared (IR) spectra and typical curve-fitting results of (a) N-H stretching,
(b) C=N stretching, (¢) C=0 stretching, and (d) C-O-C stretching region for pure
P3CEOA and P3CEOA,LiTFSA (x = 0.8 — 32) at room temperature. Peak
deconvolution was performed by PeakFit software using pseudo-Voigt functions with
a fixed half-width at half-maximum; free peak (Blue), COC...NH (Gray), C=0...NH
(Black), C=0O/CN...Li" (Yellow).

The broad v(NH) peak at ca. 3375c¢cm™! for P3CEOA electrolyte can be deconvoluted
into three major components at 3350cm™', 3390 cm™', and 3425 cm™! (Figure 1.8(a)).
The peak at 3350 cm~' and 3425 cm™! corresponds to NH interact with ether group and
free NH next to free C=0, respectively, which is consistent with the assignment of
pure P3CEOA. The peak at 3390 cm™' can be assigned to the free NH attached to C=0
interacting with Li*, which is in agreement with the assignment of PtBuOA e¢lectrolyte
(Figure 1.6). The notable increase in the intensities of the peaks of the free NH and
the NH interact with Li” especially at a high salt concentration (x < 16) suggest the
breakage of hydrogen bonding network by the addition of LiTFSA in P3CEOA

electrolyte, similar to that of PtBuOA. The v(C=0) peak for P3CEOA electrolyte can
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be deconvoluted into two peaks, 1648 cm™! and 1665 cm™!, and the latter agrees well
with the free carbonyl peak observed for pure P3CEOA (Figure 1.8(c)). The intense
peak at ca. 1648 cm™! ascribable to the carbonyl group interacting with Li”, since (i)
the intensity of the corresponding peak showed salt concentration dependency as well
as (i1) the decrease in the thermal stability was confirmed for P3CEOA csLiTFSA by
GC-MS analysis (Figure 1.9). The existence of carbonyl group interacting with Li"
further validates the assignment of v(NH) region. The analysis of the COC stretching
region indicates the breakage of the hydrogen bond network for the P3CEOA
electrolyte by substituting COC...NH interaction (ca. 1075 e¢cm™') with COC...Li*

interaction (ca. 1170 cm™) (Figure 1.8(d)).
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Figure 1.9 Gas chromatography—mass spectrometry (GC-MS) analysis for pristine (a)
P3CEOA and (b) P3CEOAsLiTFSA. GC-MS curve was obtained by heating from 100°C to
500°C at a heating rate of 20°C min~! under air. A gas chromatography—mass spectrometry
(GC-MS) spectra were obtained by a gas chromatograph—mass spectrometer (GCMS-
QP2010 Ultra, Shimadzu). A small amount of polymer electrolytes (~5 mg) was put in an
aluminum pan. The samples were then pre-heated to 150 °C and held for 10 min to remove

the residual water.
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A sharp peak at ca. 2250 cm™! corresponds to the CN stretching vibration (v(CN)) of
pure P3CEOA'4(Figure 1.8(b)). We here assigned the peak at 2250 ¢cm™' to CN
interact with CN, based on the previous findings suggesting that the functional group
with large dipole moment (e.g., CN) tend to interact with each other, via so-called
dipole interaction!>!6. The substitution of dipole interaction between two cyano
groups with CN...Li" interaction was suggested by observing a new peak at 2270 and
2278 cm™! for P3CEOA electrolyte, which is originated from CN interacted with Li*!7.
The assignment was further supported by the GC-MS measurement, where the thermal
stability of the cyano group was decreased by the addition of Li salt (Figure 1.9).
We propose that the dipole interaction between the polar cyano groups play a
significant role in the unique salt concentration dependence of 7, due to the following
reasons: The dipole interaction increase the cohesive energy of P3CEOA!'S,
consistent with its relatively high 7, compared to PEO-counterparts®. The replacement
of the structurally restricted dipole interaction by more flexible interaction, e.g.,
CN...Li" interaction, can increase the segmental mobility under the existence of Li
salt. Our hypothesis is further confirmed by comparing the 7y of P3CEOA with that
of the polymer having two cyanoethoxy groups (Table 1.2). The 7, for P3CEOA
(9.4°C) was higher than that of P2CEOA (0.2°C), suggesting dipole interaction
between two cyano groups act as a pseudo-crosslinking, which effectively decreases
the segmental mobility of the polymer with a large amount of cyano group within the
structure.

We thus conclude that the breakage of the hydrogen bonding network is one of the

keys for the characteristic improvement of the segmental mobility under the existence
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of Li salt for PtBuOA and P3CEOA systems. The relaxation of dipole interaction
between two polar cyano groups by Li” contributes to the further improvement in the

segmental mobility for PZCEOA electrolytes.

Table 1.2 The T, value of PtBuOAXLiTFSA, P2CEOAXLITFSA and P3CEOAXLIiTFSA (x =
64-0.8).

T,/°C
* PtBuOA P2CEOA P3CEOA

(pure) 418.4 0.2 9.4

X =64 31.2 - -

x =32 26.2 04 -156.9
x=16 40.6 -15.8 -17.5
Xx=8 57.8 -12.9 -20.9
x=24 - -24.6 -24.4
x=0.8 - 2.3
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Ion transport properties

The ionic conductivity of PtBuOA and P3CEOA celectrolytes was obtained by
electrochemical impedance spectroscopy (EIS), confirming the introduction of the
cyanoethoxy group improved the ionic conductivity (Figure 1.10). The improved
ionic conductivity can be rationalized by the high segmental mobility (better long-
range Li* conduction) and optimized stability of the Li* coordination structure (better

short-range Li* conduction) for P3CEOA electrolyte.

—_—

1000 T

Figure 1.10 Arrhenius plots of the ionic conductivity for PtBuOAsLiTFSA and
P3CEOA,LIiTFSA (x = 0.8 — 32). The clectrochemical impedance spectroscopy was
performed at 110 — 150°C and 50 — 100°C for PtBuOA and P3CEOA systems,
respectively, due to the low ionic conductivity of PtBuOA. The solid line represents
the Vogel-Tammann-Fulcher (VTF) fitting curves.
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The Arrhenius plots of the ionic conductivity for PtBuOA electrolytes confirmed the
significantly low ionic conductivity of PtBuOA electrolyte, mainly due to the low
segmental mobility (high 7 value 0f 40.6°C) derived from the hydrogen bond network
within the electrolyte (Figure 1.4). The ionic conductivity of the P3CEOA electrolyte
was much higher than that of PtBuOAsLiTFSA throughout the temperature range
tested. The salt concentration dependency of the ionic conductivity of P3CEOA
electrolyte followed the order of the 7 value (Tg: x =32>x=16>x =8> x =2.4),
suggesting that the segmental mobility (7%) dictates the ionic conductivity of those
electrolyte. The Arrhenius plots of each electrolyte indeed well-fitted with Vogel-
Tammann- Fulcher (VTF) equation (equation (1)), further indicates that the ionic
conductivity in both electrolytes heavily depends on their segmental mobility. The

VTF equation can be described as follows.

06=AT—-1/2exp{(—B)/R(T—To)} ...Equation (1)

where 4 is a parameter of the number of charge carriers, B is the pseudo activation
energy of ionic transportation, R is the gas constant, and 79 is an ideal glass transition

temperature (7o = Ty — 50 K 1%-29),

Table 1.3 The parameters of Vogel-Tammann-Fulcher (VTF) equation (4 and B) for
PtBuOA sLiTFSA and P3CEOA sLiTFSA obtained from Figure 1.10.
PtBuOA16LiTFSA  P3CEOA+6LITFSA
A[S cm™ K2 478.7 184.1
B [kJ mol™] 20.1 16.6
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Figure 1.11 Arrhenius plots of the ionic conductivity for PEO1oLiTFSA. The electrochemical
impedance spectroscopy was performed at 10 — 110°C. The solid line represents the Vogel-
Tammann-Fulcher (VTF) fitting curves and the fitting parameters (4 and B) for
PEO1oLiTFSA were shown in the inset.

The number of charge carriers (4 values) for PtBuOA sLiTFSA (478.7 S cm™' K'?)
and P3CEOA cLiTFSA (184.1 S cm™ K'?) was higher than that of widely studied
PEO electrolytes (17.6 S cm™! K'?) (Figure 1.11), suggesting better dissociation of
the Li salt in both PtBuOA and P3CEOA electrolytes. The improved salt dissociation
for PtBuOA and P3CEOA clectrolytes could be originated from the higher dielectric
constant of the polymer, which is mainly arisen from the existence of the hydrogen
bond network in PtBuOA and P3CEOA. The dielectric constant of the polymer tends

to become higher along with the increase of the hydrogen bond network?!. The number
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of charge carriers (4 values), a simple measure of the salt dissociability, indeed
decreased for P3CEOAcLiTFSA (184.1 S cm™' K!'?) compared to that of
PtBuOA cLiTFSA (478.7 S cm™! K!?). Relatively low salt dissociation for
P3CEOA6LiTFSA can be further confirmed by IR measurement, where C-S
stretching peaks of P3CEOA started to blueshift at x = 16, suggesting the coordination
of Li* with TFSA (Figure 1.12). The above observation suggests the small dielectric
constant of P3CEOA compared to that of PtBuOA, which is consistent with the

breakage of the hydrogen bond network by the bulky cyanoethoxy group.

Figure 1.12 Infrared (IR) spectra and typical curve-fitting results of C-S stretching region
for (a) pure PtBuOA and PtBuOA,LiTFSA (x = 8 — 64) and (b) pure P3CEOA and
P3CEOALIiTFSA (x = 0.8 — 32) at room temperature. IR spectra for LITFSA dissolved in
THF (bottom) and pure LiTFSA powder (top) is also shown for comparison.
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Although the salt dissociability decreased by the introduction of cyanoethoxy side-
chain, the pseudo activation energy of ionic transportation (B value) of the
P3CEOA 6LiTFSA (16.6 kJ mol™") was lower than that of PtBuOAcLiTFSA (20.1 kJ
mol™"), suggesting the improved ion transport in P3CEOA system. According to our
previous work, a characteristic co-interaction of the three components (cyano group,
ether oxygen, and TFSA anion) with Li" play a significant role in accelerating the
inter-chain Li" transfer (short-range Li" conduction)?? due to the following reasons;
The Li* coordination structure can be relaxed by a characteristic co-interaction of the
cyano group, ether oxygen, and TFSA anion, which stops overly holding onto the Li",
promoting the inter-chain Li* transfer. Furthermore, the characteristic linear structure
of the cyano group provide large free volume in the direct vicinity of the Li*
coordination site, which accelerates intermolecular coordination of Li", eventually
accelerates Li" transfer from one coordination site to another in the presence of an
electric field. We confirmed that the Li* in P3CEOA system interact with cyano group,
cther/carbonyl oxygen, and TFSA anion, which satisfies the aforementioned
requirement of accelerating inter-chain Li" transfer, resulting in the improved ionic
conductivity for P3CEOA electrolytes. Therefore, we confirmed that the introduction
of the cyanoethoxy group indeed improves the ionic conductivity due to the high
segmental mobility and the optimized Li* coordination structure, which contributes to
the improved long-range and short-range Li* conduction, respectively.

Figure 1.13 summarizes the proposed intermolecular interaction based on the
infrared spectra analysis. The hydrogen bond network (consist of C=0...NH and

COC...NH interaction) was formed in pure PtBuOA, which strongly inhibit the
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segmental motion of the PtBuOA (Figure 1.13(a)). The selective substitution of
C=0...NH by C=0...Li", due to the large dipole of the carbonyl group, partially
breaks the hydrogen bond network, leading to improve the segmental motion of the

PtBuOA by the addition of Li salt (Figure 1.13(b)).

Figure 1.13 Proposed inter/intramolecular interaction within (a) pure PtBuOA, (b)
PtBuOA electrolyte, (¢) pure P3CEOA, and (d) P3CEOA electrolyte. The large steric
hindrance of the cyanoethoxy side-chain effectively suppresses the formation of the
hydrogen bond network, by selectively inhibiting the approach of the NH group
towards the carbonyl group. The addition of Li salt substitutes both COC...NH and
CN...CN interactions (shown in shaded area) by COC... Li* and CN... Li",

respectively, which result in the significant decrease in the 7.
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Two interactions can inhibit the segmental motion of pure P3CEOA; hydrogen bond
network via COC...NH interaction and dipole interaction between two polar cyano
groups (Figure 1.13(c)). The large steric hindrance of the cyanoethoxy side-chain
effectively suppresses the formation of C=0...NH, by selectively inhibiting the
approach of the NH group towards the carbonyl group. The addition of Li salt
substitutes both COC...NH and CN...CN interactions by COC...Li" and CN...Li",
respectively, which result in the significant improvement of the segmental motion
(Figure 1.13(d)). Furthermore, the Li* coordination structure involving cyano group,
ether/carbonyl oxygen, and TFSA anion moderately stabilizes the Li", which enables
smooth transfer of Li" between neighboring coordination sites. Therefore, the
introduction of the bulky cyanoethoxy group improves the segmental mobility of the
polymer by sterically inhibiting the hydrogen bond formation and optimizes the
coordination structure of Li*, both of which contribute to the better ionic conductivity

of P3CEOA electrolyte having amide group.

1.4 Conclusions

The effect of introducing branched side-chains with methyl (PtBuOA) and bulky
cyanoethoxy group (P3CEOA) on the (electro)chemical properties of polyether-based
electrolyte with amide group was elucidated by spectro(electro)chemical analysis. The
(1) hydrogen bond network and (2) dipole interaction within the polymer act as a
pseudo-crosslinking and dictates the polymer segmental mobility (7), which is one of

the key descriptors for the ionic conductivity. Infrared spectroscopy revealed that two
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types of hydrogen bonds (C=0...NH and COC...NH) were responsible for the high 7,
of pure PtBuOA. The introduction of the cyanoethoxy group sterically inhibits the
C=0...NH interaction while evoking dipole interaction between two CN groups in
pure P3CEOA. Li ion breaks the hydrogen bonding network in PtBuOA and P3CEOA
by substituting C=0O...NH and/or COC...NH with Li"-involved interaction
(C=0...Li" and/or COC...Li"), which effectively decreases 7, along with the addition
of Li salt. Furthermore, the relaxation of CN...CN interaction by Li* contributes to
further improvement in the segmental mobility of the P3CEOA electrolyte. The ionic
conductivity of P3CEOA electrolytes significantly improved compared to that of
PtBuOA, which can be fulfilled by the high segmental mobility (better long-range Li*
conduction) and optimized stability of the Li* coordination structure (better short-
range Li" conduction) derived from the cyanoethoxy group. This work elucidates the
effect of the intermolecular interaction network within the polymer on the polymer
segmental mobility and the ion transfer properties. Furthermore, the P3CEOA
electrolytes achieved unprecedented high conductivity of 10# S/ cm™' at 100°C for
polymers with an amide group, by effectively controlling the intermolecular
interaction network via optimizing steric hindrance and selecting the polar group for
the side-chains. Therefore, this work emphasizes the importance and the potential of
polymers with an amide group as a new class of easy-to-modify electrolyte materials,

facilitating the implementation of all-solid lithium-ion batteries.
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Chapter 2

(Electro)chemical processes of poly (ethylene oxide)-based electrolyte on

Cu surface during lithium secondary battery operation

2.1 Introduction

The reaction at the electrode and eclectrolyte interface heavily affects the overall battery
performance, including rate capability, cycle life, and safety. The reaction mechanism at the
electrode and SPE still remains unclear although its component was partially clarified.

Operando ATR-IR provided the information at the vicinity of the electrode under operating
condition, which is considered as the promising tool for understanding the reaction
mechanism of electrode/SPE interface. In this work, the reaction of widely used SPE, PEO-
LiTFSA electrolyte on the Cu electrode was revealed by combining operando ATR-IR and
ex-situ XPS. The obtained spectra distinctively showed the decomposed products of not only
PEO but also LiTFSA. Furthermore, the correlation between the decomposed species and the
surface resistance, the LSV and electrochemical impedance spectroscopy was used. The
growth and component change of SEI was confirmed by Nyquist plots obtained at several

potential.

2.2 Experimental

Electrolyte preparation

Polymer electrolytes were prepared by mixing poly(ethylene oxide) (PEO, Mn=20,000,
Wako Pure Chemical) and 1 M lithium bis(trifluoromethanesulfonyl)amide (LiTFSA, Tokyo
Chemical Industry Co., Ltd.) in tetrahydrofuran (THF, Tokyo Chemical Industry Co., Ltd.)

at 80°C. The molar ratio of LiTFSA to ether oxygen unit was 1:10 and is represented as
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PEO1oLiTFSA. The mixtures were subsequently heated at 80°C under a vacuum to remove

the THF for over 24 h.

IR spectroscopy

Attenuated total reflection infrared (ATR-IR) spectra of PEOoLiTFSA were obtained on a
Nicolet iS50 (Thermo Fisher Scientific) spectrometer with a single-reflection ATR accessory
(Smart iTX, Thermo Fisher Scientific). The spectra were acquired in the single-reflection
mode equipped with deuterated triglycine sulfate (DTGS) detector at an incident angle of 45

degrees. The spectral resolution was 4 cm™!

and 32 scans were averaged. Samples were
dropped on the Ge ATR prism and hermetically sealed by a glass plate with a rubber spacer
(thickness, 5 mm) in an Ar-filled glovebox.

Operando ATR-IR measurements were conducted during liner sweep voltammetry. The
operando ATR-IR spectra were obtained at an incident angle of 67 degrees with a Mercury-
Cadmium-Telluride (MCT) detector. The spectral resolution was 4 cm™' and 128 scans were
averaged. All spectra were presented in the form of absorbance according to log(Zo//1), where
Ip and [ are the spectrum of background (Cu surface without electrolytes) and operando
spectrum, respectively. Ge hemisphere (922 mm, Pier Optics) was used as the optical prism.
Cu thin film (thickness ~ 30 nm) was formed on the flat surface of the Ge hemisphere by
vacuum sputtering at ~0.6 nm s™!, and was used as both the working electrode and the current

collector. Lithium metal foil was used as a counter electrode. PEO1oLiTFSA were dropped

on the Cu surface, and separated by a poly(propylene) ring spacer (inner diameter, 5.3 mm).

Electrochemical measurement

The electrochemical behavior of the electrodes was confirmed by cyclic voltammetry (CV)
in CR2032-type coin cells. All electrochemical measurements were performed on a
potentiogalvanostat (SP-150, Bio-Logic). Sputtered Cu (thickness, 100 nm) film and lithium
foil (@10 mm) were used as working electrodes and reference/counter electrodes, respectively.
Assembled cells except for operando ATR-IR measurements in this work were thermally

annealed for 12 h at 70°C to obtain good contact with electrolyte and electrodes before each
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electrochemical measurement. All electrochemical cells were assembled in an argon-filled
glovebox (<0.1 ppm of H>O). CV measurements were performed between 2.8 Vi; and -1.0
Vi at a rate of 1 mV/s at 25°C. The formation and growth of the SEI-like layer on the Cu
surface were confirmed by LSV and electrochemical impedance spectroscopy. The EIS
spectra were collected with an AC amplitude of 10 mV and frequency range of 1 MHz — 1
Hz in two electrode coin-cell (Cu/SPE/Li).

XPS measurements

The X-ray photoelectron spectroscopy (XPS) of the electrode before and after the
electrochemical measurement was performed on K-Alpha (Thermo Scientific). A pass
energy of 23.5 eV was used, and adventitious carbon at 284.8 eV (Cls spectra) was used to
calibrate all XPS spectra. After subtracting a Shirley-type background, the photoemission
lines were fitted using combined Gaussian-Lorentzian functions.

To form a decent amount of SEI on the Cu surface, chronoamperometry measurement was
carried out in the same cell configuration and procedure as CV measurement. Each cell was
heldat 1.9, 1.0, 0.8, and 0 Vi, for 12 h. The samples were prepared by carefully disassembling
the cells in an Ar-filled glove box and then transferring them to the XPS spectrometer with a
transfer vessel to avoid contact with moisture and air. Residual electrolytes were washed off

from the Cu electrode.

2.3 Results and discussion

Electrochemical reaction of PEO10LiTFSA on Cu electrode

We performed cyclic voltammetry coupled with electrochemical impedance spectroscopy to
clarify the reduction behavior of the PEO1oLiTFSA and corresponding SEI growth on the Cu
surface (Figure 2.1). A large reduction and oxidation current observed at around 0 Vi; in
both 1%t and 3™ cycle corresponds to the reversible lithium deposition/dissolution reaction

(Figure 2.1a)."> 2 The three reduction current were observed at around 2.1-1.9 Vi; (peak at
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ca. 2.0 Vy; first peak), 1.9-0.8 Vi (peak at ca. 1.3 Vy;; second peak), and 0.8-0 Vi (peak at
ca. 0.3 Vi;; third peak), which can be corresponded to the reduction of electrolytes, e.g. PEO
and/or LiTFSA. Note that the first and second reduction peaks (peaks at 2.0 and 1.3 Vi)
disappeared at the second and third cycles, suggesting the corresponding reduction reaction
was completely suppressed after 1st cycle. Based on the previous findings®, we hypothesize
that the SEI-like film was formed on the Cu surface via multiple reduction reactions of the
electrolyte, preventing the subsequent reduction reaction (2.0 and 1.3 VL;). On the other hand,
the reduction peak at 0.3 Vi; was not completely suppressed after 1st cycle, suggesting a

different origin of the reaction, which proceeds even after the formation of the SEI-like film.

Figure 2.1 (a) Cyclic voltammetry of Cu electrode in PEO1oLiTFSA using 2032-type coin
cell at a scanning rate of 1 mV/s. Distinct reduction peaks were observed at 2.0 Vi, 1.3 Vi,
and 0.4 Vi; in the Ist cycle, which is derived from the decomposition of PEOocLiTFSA
electrolyte. (b) Nyquist plot of Cu/PEO10LiTFSA/Li cell (area of each electrode: 0.21 cm?)
recorded from OCV (~2.6 Vii) to 0.2 Vi during an initial cathodic sweep of the LSV. The
LSV curve obtained for the electrochemical impedance spectroscopy is shown in Figure 2.2,
observing the comparable reduction peak. All the measurements were conducted at room
temperature. Li foil was used as a reference and counter electrode.
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Figure 2.2 LSV curve for PEOoLiTFSA on Cu electrode at room temperature for EIS
measurement. EIS measurements were performed at 2.6 Vi, 2.0 Vi, 1.4 Vi, 0.8 Vi, and 0.2
Vii.

The formation of the SEI-like film on the Cu surface was confirmed by electrochemical
impedance spectroscopy (Figure 2.1b). The Nyquist plots at an open circuit voltage (OCV
~2.6 Vii) consist of a semicircle at high frequencies (>1 kHz) and a slanted line at low
frequencies, which corresponds to the lithium-ion migration in the electrolyte and the transfer
reactions and diffusion of the lithium-ion occurs within the electrode, respectively. The
diameter of a semicircle at a high-frequency region was almost the same throughout the
potential range tested, further validating the assignment. A slanted line at the low-frequency
region of OCV (~2.6 VL) and 2.0 Vi looks almost the same, suggesting no change in the
interfacial resistance. The shape of the low-frequency region slightly changed at 1.4 Vi,
where the first reduction process was completed. At 0.8 Vi, a new semicircle was observed
at the low-frequency region, which can be attributed to the charge transfer and surface layer
resistance (Rint).* The increase of Rin observed at 0.8 Vi can be correlated with the reduction
products from the first (2.1-1.9 Vi) and second (1.9-0.8 Vi) reduction reactions, which
likely formed a resistive layer on the Cu surface, passivating the surface and impeding charge
transfer. The diameter of the low-frequency semicircle at 0.2 Vi; was smaller than that at 0.8
Vi, suggesting the decrease in the Rin after the third reduction reaction at 0.8-0 Vii. We
hypothesize that the decreased Rin is attributed to the change in the SEI-like layer component
and/or partial dissolution of the SEI-like layer into the electrolyte.
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Cyclic voltammetry and impedance spectroscopy revealed that the three reduction peaks
observed during the initial cathodic scan sequentially formed a resistive SEI-like layer on the
Cu surface, affecting the charge transfer and surface layer resistance. Furthermore, we found
that the surface resistance reached its maximum value at 0.8 Vi; and decreased at a further
reductive condition, such as 0.2 Vi, indicating the characteristics of the SEI-like layer
depend on the potential. To understand the detail of the reduction mechanism of
PEO1oLiTFSA electrolyte and the potential-dependent SEI component, we performed the
operando attenuated total reflection infrared (ATR-IR) spectroscopy and ex situ XPS

measurement.

Surface analysis on Cu electrode

Operando ATR-IR spectroscopy coupled with ex-situ XPS measurement successfully
revealed the surface (electro)chemistry on the Cu surface during the lithium secondary
battery operation, where LiTFSA reduced at ca. 2.0 Vi to form LiF on the surface, followed
by the PEO reduction reaction below 1.9 Vi; (Figures 2.3).

The CF;3 bending region (1160 cm™' to 1240 cm™) of the operando ATR-IR spectra shows
distinct peaks at 1199 cm™! throughout the potential range tested (Figure 2.3a). We assigned
the peak to the CF3 bending of the TFSA anion®, supported by the observation of a similar
feature at 1188 cm™' for bulk PEO;oLiTFSA electrolyte (Green). Note that the CF3 bending
peak of operando ATR-IR spectra was slightly (~11 cm™) shifted to the lower wavenumber
than that of bulk spectra. The observed peak shift might suggest the weak interaction between
the Cu surface and TFSA anion. To further understand the TFSA-related components in the
SEI-like layer, we performed ex-situ XPS for the Cu surface after maintaining the potential
atOCV, 19V, 1.0 V,and 0 V (vs. Li/Li*) for 12 h (Figure 2.3b).

The CF3 bending region (1160 cm™' to 1240 cm!) of the operando ATR-IR spectra shows
distinct peaks at 1199 cm™! throughout the potential range tested (Figure 2.3a). We assigned
the peak to the CF3 bending of the TFSA anion®, supported by the observation of a similar
feature at 1188 cm! for bulk PEOoLiTFSA electrolyte (Green). Note that the CF3 bending
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peak of operando ATR-IR spectra was slightly (~11 cm™) shifted to the lower wavenumber
than that of bulk spectra. The observed peak shift might suggest the weak interaction between
the Cu surface and TFSA anion. To further understand the TFSA-related components in the
SEI-like layer, we performed ex-situ XPS for the Cu surface after maintaining the potential

at OCV, 1.9V, 1.0V,and 0V (vs. Li/Li") for 12 h (Figure 2.3b).

695 69

Binding

Figure 2.3 (a) CF; bending region of the operando ATR-IR spectra for Cu electrode surface
in PEO1oLiTFSA electrolyte at a potential range from 2.7 Vi to 0 Vii. ATR spectra (green)
for PEOoLiTFSA electrolytes were shown for comparison. LSV curve obtained using the
operando cell (shown in Figure 2.4) shows almost the same irreversible reduction peaks at
2.0 Vi, 1.3 Vi, and 0.4 Vi, observed in Figure 2.1a, confirming that the reaction that
occurred in these cells are comparable. (b) XPS spectra of the F1s photoemission lines of Cu
electrode maintained at OCV, 1.9V, 1.0V, and 0 V (vs. Li/Li") for 12 h in PEOoLiTFSA.
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Figure 2.4 Liner sweep voltammetry of Cu electrodes in PEOcLiTFSA using operando
ATR-IR cell at room temperature.

A sharp peak was observed at 688.4 eV at OCV, originating from the fluorine of the CF3 of
LiTFSA.%7 In addition to CF3, a new peak was observed at 684.8 eV in the spectra obtained
at 1.9 Vi, 1.0 Vi, and 0 Vi, which can be assigned to LiF formed via the reduction reaction
of LITFSA®° The observation suggests that the cathodic peak at around 2.0 Vi (Figure 2.1a)
corresponds to the reduction of LiTFSA, forming LiF on the Cu electrode. Our hypothesis
was supported by the following arguments: Negligible change was observed in Cls and Ols
regions at 1.9 Vi; compared to the OCV (Figure 2.6b), suggesting negligible decomposition
of the PEO component was involved at 1.9 Vi;. To further validate our assignment, we
conducted CV measurement in PEO;oLiClO4 electrolyte on Cu electrode instead of
PEOoLiTFSA (Figure 2.5). Although we found the same reduction peaks at 1.2 Vi; and 0.4
Vi as for PEO1oLiTFSA, the distinctive reduction peak at around 2.0 Vi; disappeared for
PEO1oLiClO4. The result confirms that LiTFSA started to reduce at 2.0 Vi to form LiF on
the Cu electrode.
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Figure 2.5 CV curve for PEOoLiClO4 on Cu electrode measured at 70°C. The peaks at
around 1.3 Vi and 0.5 Vi, which is consistent with the reduction peaks observed for PEO-
LiTFSA (1.3 Vi and 0.3 Vi;). The peak at around 0.8 Vi, which was not confirmed for the
PEO-LiTFSA, is thought to be originated from the reaction of LiClOa.
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Figure 2.6 (a) CH; bending and CO stretching region of the operando ATR-IR spectra for
Cu electrode surface in PEO1oLiTFSA electrolyte at a potential range from 2.7 Vi to 0 VLi.
ATR spectra (green) for PEO1oLiTFSA electrolytes were shown for comparison. (b) XPS
spectra of the Cls and Ols photoemission lines of the Cu electrode maintained at OCV, 1.9
V, 1.0 V,and 0 V (vs. Li/Li") for 12 h in PEO;oLiTFSA.

CH: bending and CO stretching region of the operando ATR-IR spectra and Cls and Ols
region of the XPS spectra can capture characteristic peaks from PEO (Figure 2.6). The
operando ATR-IR spectra collected at OCV (2.7 Vi) show almost the same feature as the
bulk PEOoLiTFSA spectra (shown in green line), where we observe peaks at ca. 1092 cm’!
and ca. 1460 cm!, which can be assigned to C-O stretching and CH> bending mode,
respectively.!® - 12 The only difference between the OCV and bulk spectra is the shift in the
TFSA-related peaks, e.g., 1060 cm™ and 1137 cm’!, attributed to SNS stretching and SO

symmetric stretching mode, respectively.!® '* 15 The observed slight peak shift for TFSA-
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related peaks is consistent with the aforementioned interaction between the Cu surface and
TFSA anion, suggested by the CF3 bending mode (Figure 2.3a).

In the Cls region of the XPS spectra at OCV (2.7 VLi), we observed one strong feature at
around 285 eV and a small feature at 292.8 eV; the former feature can be interpreted as the
adventitious electrolyte, including hydrocarbon (284.8 ¢V), C-O in PEO (286.4 ¢V).> 1
Although the peak at 287.5 eV is usually assigned to C=0'7 18, we assigned the peak to the
native layer on the Cu electrode since the same feature was also found in the bare Cu
electrode (Figure 2.7). The latter feature can be assigned to the CF3 in TFSA anion (292.6
eV), which agrees well with the observation in the Fls region in Figure 2.3b. The
observation in Ols spectra at OCV (2.7 V1) was in line with that for Cls, where we observed
a sharp peak at 532.4 eV assigned to C-O in PEO.% '* 2° Therefore, we conclude that
negligible chemical processes occurred at OCV, and PEO1oLiTFSA can stably exist on the

Cu surface.
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Figure 2.7 XPS spectra of the C1s photoemission line of the bare Cu electrode surface.
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Operando ATR-IR spectra collected from 2.7 Vi to 1.9 Vi; showed negligible change in
all wavenumber ranges, suggesting PEO is electrochemically stable in this potential region.
We observed several new peaks at 531.1 eV in the Ols region of the XPS spectra at 1.9 Vi,
which corresponds to the Li»CO3/LiOH , respectively. 21222324 The observation of Li,COj3 is
in good agreement with the Cls spectra, strengthening our proposed assignment. Although
LiOH is considered not a major product in the SEI formed in a carbonate-based electrolyte,
a small amount of LiOH was formed in the PEO1oLiTFSA electrolyte. The observation may
be due to the relatively high concentration of H>O contamination in the polymer electrolytes
compared to liquid electrolytes, promoting LiOH formation via the reduction of H2O.° The
slight difference in the observed component in operando ATR-IR and ex situ XPS can be
due to the different electrochemical procedures (LSV for operando ATR-IR and
chronoamperometry for 12 h for ex situ XPS) to obtain the sample, which may affect the
amount of surface species formed on the electrode (more surface species accumulated on ex
situ XPS sample).

In the potential region from 1.9 Vi to 1.0 Vi, growth of peaks at around 1113 cm™ and
1610 cm! was observed in operando ATR-IR spectra, which were assigned to C-O stretching
mode of Li alkoxide and C=C stretching mode of PEO-decomposed species, respectively.
25,26.27.28.29 The consistent observation was seen in ex situ XPS spectra, where a significant
decrease in the CO-related peaks (286.4 eV and 532.4 eV) from PEO structure together with
the increase in the C=C/C-C (284.8 e¢V), Li2CO3/LiOH (289.9 eV and 531.2 eV), and
RCOOQLi (288.7 eV). The observation indicates that the decomposition of PEO at 1.9 Vy; -
1.0 Vi, leads to forming Li alkoxide and PEO-decomposed species with C=C components.

In operando ATR-IR spectra, the intensity of the C=C stretching peak (1610 cm™) reached
a maximum value at 0.6 Vi; and decreased with the potential decreasing below 0.6 Vii.
Meanwhile, a new peak at ca. 1520 cm™!, assigned to CH bending, started to grow from 0.6
Vi in accordance with the decrease in the intensity of the C=C stretching peak at 1610 cm™.
Therefore, we propose a further reduction of C=C containing surface species and/or breakage

of C=C bond to form various alkyl species occurring in the potentials 1.0-0.7 V..
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At 0 Vi, C=C stretching peak (1610 cm™) and CO stretching peak from PEO (1092 cm™)
almost disappeared while the Li alkoxide peak (1113 cm™) and alkyl peaks (around 1520 cm-
1) became more dominant, suggesting the further reduction of PEO and C=C components to
LiOR and saturated hydrocarbon species. The ex-situ XPS supports our hypothesis, where
the CO-related peaks from PEO (286.4 eV and 532.4 e¢V) became significantly small, and
the intensity of hydrocarbon peaks (284.8 eV) gradually increased at 0 Vi; compared to 1.0
Vi, suggesting the decomposition of PEO structure as well as the increased amount of
saturated hydrocarbon on Cu surface potential at 0 Vi;. Furthermore, the increase in the
Li2COs peak intensity at 531.1 eV was observed at 0 Vi, suggesting the formation of Li2CO3
at around 1.0-0 Vi;.

Reduction mechanism of PEO1 LiTFSA and the correlation between SEI components

and its resistance

We here summarize a surface (electro)chemical process on the Cu electrode in PEO1oLiTFSA
based on the operando ATR-IR and ex-situ XPS, as well as its effect on the characteristics
of the SEI-like layer probed by the electrochemical impedance spectroscopy (Figure 2.8).
The negligible chemical processes occurred at OCV (~2.7 Vii), and PEO1oLiTFSA can stably
exist on the Cu surface. Ataround 1.9 Vi, LiTFSA is started to reduce and form the inorganic
SEI-like layer with LiF component. The experimental observation also suggested the
existence of residual H>O and CO,, which could also be reduced at around 1.9 Vi;, and was
responsible for forming a trace amount of LiOH and Li»COs, respectively.® 3> 3% 33 The
inorganic SEI-like layer did not increase the interfacial resistance as seen in the Nyquist plots
at 1.4 Vi, suggesting that the SEI-like layer originated from the TFSA anion has a negligible

effect on the surface charge transfer kinetics.
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Figure 2.8 Proposed surface (electro)chemical process on the Cu electrode in PEO1oLiTFSA.
Almost no (electro)chemical reaction occurred at OCV (~2.7 Vii)-2.1 Vii; LiTFSA and
residual H>O and CO> reduced and formed an inorganic SEI-like layer at 2.1-1.9 Vi;; PEO
matrix reduced and form lithium alkoxide (LiOR), PEO-decomposed species with C=C
components (vinyl ether), and RCOOLi via radical formation at 1.9-1.0 Vii; PEO-
decomposed species with C=C components (vinyl ether) further reduced to short-chain
polymer with low molecular weight at 1.0-0 V.

After forming the TFSA-related SEI-like layer at 1.9 Vi, the PEO matrix reduced in the
potential range from 1.9 Vi to 1.0 Vi, in the following mechanism. The C-O bond in PEO
broke and became several components, including an alkoxide fragment (lithium alkoxide,
LiOR) and an alkyl radical. It should be noted that the formation of radicals can hardly be
observed in this work since radical species are highly-reactive intermediates with a
significantly short lifetime than the experimental time resolution. The alkyl radical with an
electron on the carbon atom undergoes subsequent reaction resulting in the formation of the
PEO-decomposed species with C=C components (vinyl ether) and RCOOLi, which we
confirmed in both operando ATR-IR and XPS. The Riy became significantly larger from 1.4
Vi to 0.8 Vi, which may attribute to the existence of non-polar vinyl ether in the SEI-like

layer and/or the thickened SEI-like layer.
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Operando ATR-IR measurement revealed that PEO-decomposed species with C=C
components (vinyl ether) in the SEI were further reduced below 0.6 Vii. Although the exact
reaction is still unclear, we propose that the PEO-decomposed species with C=C components
can be further reduced to radical fragment, and breaks the PEO chain into various alkyl
species via propagation of radicals. The Riy at around 0.2 Vi; became considerably smaller
than that of 0.8 V1;. The significant decrease of Rin emphasizes the negative impact of having
unsaturated hydrocarbons in the SEI as well as the formation of a short-chain polymer with

low molecular weight via the reduction of C=C components.?* 3

2.4 Conclusions

The surface (electro)chemical process of the PEO1oLiTFSA electrolyte on the Cu electrode
and its effects on the interfacial resistance were elucidated using operando ATR-IR and ex-
situ XPS techniques. At the Cu electrode and PEO1oLiTFSA electrolyte interface, the SEI-
like layer formation involves three reduction steps at around 2.1-1.9 Vi, 1.9-0.8 Vi, and 0.8-
0 Vii. LiTFSA is first reduced at ca. 2.0 Vi, forming an inorganic SEI-like layer with LiF
component. Furthermore, in the same potential range, residual H.O and CO> were reduced
to form a trace amount of LiOH and Li>COs;. Electrochemical impedance spectroscopy
revealed that the inorganic SEI-like layer did not affect the interfacial resistance. In the
potential below 1.9 Vi;, the C-O bond of PEO is broken, and forms decomposed products,
such as lithium alkoxide, PEO-decomposed species with C=C components, and RCOOLI.
The most resistive SEI-like layer was found at 0.8 Vi, when the SEI consists of LiOH,
LiCO3, RCOOLi, ROLi, and PEO-decomposed species with C=C components, suggesting
the large negative effect of having non-polar unsaturated hydrocarbons in the SEI-like layer
and/or the thickened SEI-like layer on the interfacial resistance. At potentials below 0.8 Vi,
the PEO-decomposed species with C=C components were further reduced into various alkyl-
related species. The observed change in the component of the SEI-like layer coincides with
the significant reduction of the interfacial resistance value, suggesting that the component of

the SEI-like layer dictates its resistance. This study not only sheds light on the surface
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(electro)chemical process at the polymer electrolyte-Cu electrode interface but also
emphasizes the importance of tuning the components of the SEI-like layer formed in a

polymer electrolyte system.
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Chapter 3

Sulfur-inserted polymer-anchored edge exfoliated graphite for durable

positive electrodes for lithium—sulfur batteries
3.1 Introduction

Among researchers in recent years are attracted by Li-S battery , which have extremely high
specific capacity and natural abundance. The main obstacle for commercialization of Li-S
battery is capacity fading during early cycle, caused by the destruction of carbon material the
volume expansion of sulfur during charge/ discharge. To address the obstacle, we propose a
new carbon material anchored flexible polymer within the interlayer of carbon, aiming to
accommodate the significant volume expansion of sulfur. The polymer-anchored edge-
exfoliated graphite (PPG-EExG) was prepared by radical reaction and evaluated their
electrochemical performance by comparing conventional carbon-sulfur cathodes, i.e.,
graphite (G-S) with layered structure, expanded graphite (ExG-S), ketjen black (KB-S) with
hollow structure, and PEG-anchored edge-exfoliated graphite (PEG-EExG-S). To confirm
the introduction of sulfur into carbon material, thermo gravimetry (TG), scanning electron
microscopy (SEM) and X-ray diffraction (XRD) were performed. The galvanostatic charge—
discharge measurement was used to compare the electrochemical performance of various
carbon-sulfur cathodes. The Gas chromatography—mass spectrometry was performed to
measure the cyclability of sulfur on the carbon-sulfur cathode after galvanostatic
measurement. Finally, the mechanism of the capacity loss for each cathode was revealed and

illustrated.
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3.2 Experimental

Electrocatalyst preparation

Polymer-anchored Edge-exfoliated graphite (Polymer-EExG) was synthesized following the
previously reported method.! Polypropylene glycol (PPG, Sanyo Chemical) and
Polyethylene glycol (PEG, Sanyo Chemical) were selected as an anchoring polymer and
decorated at the edge portion of the expanded graphite (PF8, Toyo Tanso) by radical trapping
and subsequent heat treatment. The excess polymer was removed by treated the resultant
composite at 500°C for 120 min.

The mechanically mixed carbon-sulfur composite (denoted as G-S(mix), ExG-S(mix), and
PPG-EExG(mix)) was obtained by mixing carbon (Graphite (G, Wako Pure Chemicals),
exfoliated graphite (ExG, Toyo Carbon), and Polymer-EExG) with Sg (Kishida) in a 1: 2
weight ratios using a mortar for 10 min.

The simple acid-base reaction between sodium thiosulfate (Wako Pure Chemical) and
hydrochloric acid (Wako Pure Chemical) was employed to obtain carbon-sulfur composite.?
The solution containing 0.1 g of carbon (G and ExG), 1.7 g of sodium thiosulfate, and 20 mL
of deionized water was mixed with 1.2 mL of hydrochloric acid dropwise at 60°C and stirred
for 5 min. The resulting solid product is then filtered and rinsed with deionized water and
dried in vacuum at 60°C for 12 h. The corresponding polymer-EExG-sulfur composite was
synthesized in a similar manner, except for having a pre-dispersion process of ultrasonic
dispersion in 10 mL of tetrahydrofuran (THF, Wako Pure Chemical) for 3 h. The dispersed
liquid added to the solution consists of 1.6 g of sodium thiosulfate and 10 mL of deionized

water. The acid-base reaction was carried out following the procedure described above.
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Characterization methods

The microstructure of the electrocatalysts was analysed by a scanning electron microscope
(SEM, JSM-7600F, JEOL Ltd.) equipped with an energy dispersive X-ray spectrometer
(EDS, JMS-7600F, JEOL Ltd.). SEM was performed on an accelerating voltage of 5 kV.
The X-ray diffraction (XRD) patterns of the electrocatalysts were obtained using an X-ray
diffractometer (Rigaku Ultima I'V) with Cu Ka radiation. Thermogravimetric analysis (TGA)
was performed using a Thermo Plus EVO II (Rigaku) from room temperature to 500 °C, at a
heating rate of 20 °C min™! under helium atmosphere. Thermal decomposition temperature
(Tq) was defined as the temperature at which 5% weight loss took place in TGA. The gas
chromatography-mass spectroscopy (GC-MS) of the electrode before and after the
galvanostatic measurement was performed on GCMS-QP2010Ultra (Shimadzu). After
reaching the end-of-charge potential, the CR2032-type coin cell was immediately

disassembled in Ar-filled glovebox and dried in the Ar atmosphere before the measurement.

Electrochemical methods

The electrochemical behaviour of the electrodes was confirmed by galvanostatic
measurements and cyclic voltammetry (CV) in two-electrodes cells (CR2032-type coin cells).
Cells were assembled in an Ar-filled glovebox and comprised of a Li metal foil (Honjo Metal)
as the negative electrode, separated by glass filter separator (Advantec). The positive
electrode was obtained by mixing carbon-sulfur composite and sodium alginate (Kishida) in
a 10: 1 weight ratio with ultrapure water. The slurry was further stirred for 15 mins, followed

by deforming for 3 mins by electric mixer (AR-100, Thinky). The resultant slurry was
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deposited on the carbon paper (TGP-H-060, Toray) and dried at 60°C for 24 h. Subsequently,
positive electrodes were cut into a round with a diameter of 10 mm. 100 pL of electrolyte (1
M lithium bis(trifluoromethanesulfonyl)imide (LiTFSA, Kishida) in a 1:1 volume ratio 1,2-
dimethoxyethane (DME, Kishida) : 1,3-dioxolane (DOL, Kishida) with 0.1 M LiNOs; (Wako
pure Chemicals) additive) was impregnated to the glass filter separator.

Galvanostatic charge-discharge measurements were performed in the potential range of
1.7-3.3 V at 30°C using an automatic charge/discharge instrument (HJ1001SD8, Hokuto
Denko). Cells were charged at a rate of 0.05 C (around 0.065 mA cm) for all the electrodes,
based on the theoretical capacity calculated based on the mass of sulfur obtained by TG
measurement. Specific capacity was calculated based on the mass of sulfur (mAh gsusur?)
unless otherwise noted. An SP-150 Potentiostat (Bio-Logic) was employed to conduct the
cyclic voltammetry (CV) with the CR2032-type coin cell. Lithium metals were used as a
counter electrode as well as a quasi-reference electrode. Potential is converted to Li/Li" scale

(Vi) unless otherwise noted.
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3.3 Results and discussion

Effect of sulfur at the graphene interlayer on Li-S battery performances

Figure 3.1 Characterization of the G-S(chem), ExG-S(chem), and PPG-EExG-S(chem)
synthesized via chemical incorporation of sulfur. (a) SEM images (left) and corresponding
EDS mapping (right) for G-S(chem), ExG-S(chem), and PPG-EExG-S(chem) electrodes. (b)
Thermogravimetric curves for G-S(chem), ExG-S(chem), and PPG-EExG-S(chem) obtained
under He atmosphere at a heating rate of 20°C min~!. Thermogravimetric curve for
chemically synthesized Sg powder is also shown for comparison. (c) X-ray diffraction
patterns of G-S(chem), ExG-S(chem), and PPG-EExG-S(chem). X-ray diffraction patterns

of chemically synthesized Sg powder is also shown for comparison.

Chemical incorporation of sulfur to the polymer-anchored Edge-exfoliated graphite
(Polymer-EExQG), based on a simple acid-base reaction, introduces sulfur uniformly into the

interlayer space of graphene sheets without bulk sulfur formation (Figure 3.1).
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Scanning electron microscopy (SEM) image (Figure 3.1a) and the corresponding elemental
mapping of sulfur (Figure 3.1a) from energy dispersive spectrometer (EDS) analysis
confirmed that the sulfur uniformly dispersed on the graphene surface with negligible bulk
sulfur for all the electrodes tested in this study. The significantly improved dispersion of
sulfur was observed for the PPG-EExG-S(chem), reflecting the excellent dispersibility of
PPG-EEXG in the THF-contained aqueous solution for the sulfur deposition reaction.

The amount of sulfur in G-S(chem), ExG-S(chem), and PPG-EExG-S(chem) electrodes
were almost the same (~65 wt.%), according to the TG analysis (Figure 3.1b). All the
electrode showed the weight loss at ca. 150°C, which corresponds to the evaporation of Sg*.
The onset temperature of the weight loss for PPG-EExG-S(chem) was slightly higher (ca.
200°C) than bare Ss particle (ca. 180°C) synthesized by the same method (noted as Sg(chem)),
which indicates the stabilization of sulfur by the strong interaction with support materials®.
The slight shift of the evaporation temperature for PPG-EExG-S(chem) thus suggests the
introduction of Sg into more confined spaces, e.g., interlayer space of graphene sheets, where
Sg can strongly interact with graphene due to a short contact distance between the S atoms to
the graphene sheet. Our hypothesis was supported by the XRD analysis (Figure 3.1¢), where
the diffraction peak corresponds to graphite (002) peak negatively shifted for PPG-EExG-
S(chem) compared to G-S(chem) and ExG-S(chem). The decrease in the 26 value
corresponds to the expansion of the average graphene layer distance (calculated from 26 of
(002) peaks by Bragg’s equation)’, indicating the introduction of Ss into the interlayer space

of graphene sheets.
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Figure 3.2 Electrochemical performance of G-S(chem), ExG-S(chem), and PPG-EExG-
S(chem) synthesized via chemical incorporation of sulfur. (a) Galvanostatic charge-discharge
curves at a rate of 0.05 C. Specific capacity was calculated according to the mass of Sg
obtained by TG analysis. (b) Cycle dependence of the specific discharge capacity for G-
S(chem), ExG-S(chem), and PPG-EExG-S(chem) electrode calculated from galvanostatic

charge-discharge measurement at a rate of 0.05 C.

We then evaluated the electrochemical Li storage capability of these carbon-sulfur
composites as potential positive electrode materials for Li-S batteries. The PPG-EExG-
S(chem) electrode exhibits higher initial capacity as well as cyclability compared with the
G-S(chem) and ExG-S(chem), suggesting high sulfur efficiency and less dissolution of
intermediates (e.g., polysulfides) for PPG-EExG-S(chem) electrode (Figure 3.2). The
notable improvement of overall electrochemical performance for the PPG-EExG-S(chem)

electrode suggests the critical role of sulfur at the interlayer space of graphene sheets.
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Discharge and charge voltage profiles for the carbon-sulfur composites (G-S(chem), ExG-
S(chem), and PPG-EExG-S(chem)) containing ~65 wt.% sulfur confirms the same pattern of
discharge and charge plateaus for all the carbon-sulfur composites at various cycles (Figure
3.2a). The discharge curves exhibited typical two-plateau behaviour of a sulfur positive
electrode, corresponding to the formation of long-chain polysulfides (Li>S,, x > 4) at 2.3 V
and short-chain polysulfides (Li.S> and Li>S) at 2.1 V9. Flat plateau for the latter process
suggests a uniform deposition of Li>S with small kinetic barriers. The initial specific capacity
(calculated according to the mass of sulfur) was in the order of PPG-EExG-S(chem) (1154
mAh gaifr) > G-S(chem) (876 mAh gsusn') = EXG-S(chem) (870 mAh guifur!), suggesting
improved sulfur efficiency for PPG-EExG-S(chem). Furthermore, superior cyclability was
confirmed for PPG-EExG-S(chem) electrode compared to the G-S(chem) and ExG-S(chem)
electrodes (Figure 3.2b). PPG-EExG-S(chem) electrode delivers a reversible capacity of 517
mA h geun! after 20 cycles with the capacity retention of 45%. The G-S(chem) and ExG-
S(chem) electrodes, on the contrary, exhibits a reversible capacity of only 382 mA h geusur
and 374 mA h gefu!, respectively, after 20 cycles. Based on the above experimental findings,
we hypothesize that the introduction of sulfur into the interlayer space of graphene sheets
plays a pivotal role in the improved initial capacity and cyclability of the PPG-EExG-
S(chem) electrode.

Our hypothesis was supported by the evaluation of Li-S battery performance for the
corresponding carbon-sulfur composites synthesized via mechanical mixing, where no
improvement on Li-S battery performance was observed for PPG-EExG-derived electrodes

without sulfur at the interlayer space of graphene sheets (Figure 3.3).
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Figure 3.3 Characterization and electrochemical performance of the G-S(mix), ExG-
S(mix), and PPG-EExG-S(mix) electrodes synthesized via mechanical mixing. (a) X-ray
diffraction patterns of G-S(mix), ExG-S(mix), and PPG-EExG-S(mix). X-ray diffraction
patterns of commercially available Sg powder is also shown for comparison. (b)
Thermogravimetric curves for G-S(mix), ExG-S(mix), and PPG-EExG-S(mix) obtained

under He atmosphere at a heating rate of 20°C min™'.

Thermogravimetric curve for
commercially available Sg powder is also shown for comparison. (c) Cycle dependence of
the specific discharge capacity for G-S(mix), ExG-S(mix), and PPG-EExG-S(mix) electrode

calculated from galvanostatic charge-discharge measurement at a rate of 0.05 C.
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The XRD patterns of the mechanically mixed carbon-sulfur composites (denoted as G-
S(mix), ExG-S(mix), and PPG-EExG-S(mix)) showed negligible change in graphite (002)
peak at 26.4 degree, suggesting almost no sulfur was introduced into the interlayer space of
graphene sheets via mechanical mixing, unlike the chemical incorporation of sulfur (Figure
3.3a). Thermogravimetric curves for all the mechanically mixed carbon-sulfur composites
overlapped with the TG curve of sulfur powder, further confirms no introduction of sulfur
into the interlayer space of graphene occurred via mechanical mixing (Figure 3.3b). The
XRD and TG analysis thus confirm that all the mechanically mixed carbon-sulfur composites,
including PPG-EExG-S(mix), have a negligible amount of sulfur at the interlayer space of
graphene sheet. Initial specific capacity and cyclability for the G-S(mix), ExG-S(mix), and
PPG-EExG-S(mix) electrodes were almost the same (Figure 3.3c¢), indicating the distinctive
improvement in initial capacity and cyclability of the PPG-EExG-S(chem) electrode was

mainly achieved by the sulfur at the interlayer space of graphene sheet.
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Sulfur redox at the graphene interlayer

Cycle number

Figure 3.4 Comparison between PPG-EExG-S(chem) and PEG-EExG-S(chem) electrodes.
(a) X-ray diffraction patterns of PPG-EExG-S(chem) (left) and PEG-EExG-S(chem) (right).
X-ray diffraction patterns of chemically synthesized Ss powder is also shown for comparison.
(b) Cyclic voltammograms of PPG-EExG-S(chem) (top) and PEG- EExG-S(chem) (bottom)
at a scan rate of 0.1 mV s, (c) Cycle dependence of the specific discharge capacity for PPG-
EExG-S(chem) and PEG-EExG-S(chem) electrode calculated from galvanostatic charge-
discharge measurement at a rate of 0.05 C. Inset shows the corresponding charge-discharge

curve at 20™ cycle.

In order to understand the details of the sulfur redox reaction at the confined space
between the graphene sheet, we compared the electrochemical behaviour of PPG-
EExG-S(chem) and PEG-EExG-S(chem), having different polymer to anchor the
graphene sheet (Figure 3.4). The result confirms that the sulfur at graphene interlayer
indeed contributes to the high initial capacity, and preserving the layered structure is

the key to the improved cyclability.
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We selected two different polymer anchors, PPG and polyethylene glycol (PEG), having
slightly different chemical structure to highlight the importance of the polymer anchor and
polymer-anchored graphene interlayer on the electrochemical performance. X-ray diffraction
pattern confirms the introduction of sulfur into the graphene interlayer for both PPG-EExG-
S(chem) and PEG-EExG-S(chem) electrode, suggesting the comparable initial state of the
sulfur for those electrodes (Figure 3.4a). The shape of graphene (002) peak of PEG-EExG-
S(chem) electrode changed significantly after soaked in LITFSA-DME/DOL electrolyte for
48 h, suggesting the breakage of stacked graphene structure due to the dissolution of PEG-
anchor (Figure 3.4a). Therefore, PEG-EExG-S(chem) can highlight the effect of the sulfur
at the interlayer space on its redox behaviour, since it has the sulfur at the graphene interlayer
in the beginning but cannot maintain the stacked graphene structure in the electrochemical
condition for a certain time (< 48 h). Initial cycle of the cyclic voltammogram was similar
for those two electrodes (Figure 3.4b); first reduction peak was observed at ca. 2.3 Vi;
followed by the second reduction peak at ca. 2.1 Vi, which correlates with the formation of
long-chain polysulfides and short-chain polysulfides, respectively. The large oxidation peak
corresponds to Sg formation was observed at ca. 2.4 Vi, which gave oxidation current
density of 2.5 mA cm™ for PPG-EExG-S(chem) and 2.3 mA c¢m for PEG-EExG-S(chem).
The equivalent sulfur redox behaviour for PPG-EExG-S(chem) and PEG-EExG-S(chem)
electrode in the initial cycle confirms the participation of sulfur at the graphene interlayer in
the electrochemical processes, at least in the very beginning.

On the other hand, the cycle dependence of the cyclic voltammogram separates the two
clectrodes, and only PEG-EExG-S(chem) electrode showed a significant decrease in sulfur

redox current by potential cycling (Figure 3.4b). Discharge capacity retention, calculated
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from charge-discharge measurement, was consistent with the cyclic voltammetry, which
confirmed the inferior cyclability for PEG-EExG-S(chem) electrode (Figure 3.4¢). The poor
cyclability of the PEG-EExG-S(chem) electrode highlights the crucial role of the graphene
interlayer to maintain high capacity. We propose that the strong interfacial attraction between
sulfur and graphene at the interlayer, suggested by TG (Figure 3.1b), improves the sulfur
efficiency and the trapping of sulfur in the confined space inhibits the dissolution and/or
diffusion of the polysulfide into the electrolyte. The dissolution of the PEG anchor during
the electrochemical measurement gradually ruins the graphene interlayer structure; thus, the
large capacity retention was observed for PEG-EExG-S(chem) compared to PPG-EExG-
S(chem), while showing the similar sulfur redox behaviour in the beginning.

The preferable nature of the polymer-anchored graphene interlayer as a reaction field of a
sulfur redox reaction is further clarified by comparing electrochemical performance with
conventional carbon-sulfur composite electrode using porous/conductive carbon black
(denoted as KB-S(chem)) (Figure 3.5). We here propose that the reaction kinetics, as well
as the reversibility of the sulfur redox reaction, is enhanced at the polymer-anchored
graphene interlayer, due to a short and rapid transport pathway for both electrons and Li ions

derived from the unique layered structure and its superior electrical conductivity.
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Figure 3.5 Comparison between PPG-EExG-S(chem) and KB-S(chem) electrodes. (a) Cycle
dependence of the discharge capacity retention for PPG-EExG-S(chem) and KB-S(chem)
electrode calculated from galvanostatic charge-discharge measurement at a rate of 0.05 C.
(b) Cyclic voltammograms of PPG-EExG-S(chem) (top) and KB-S(chem) (bottom) at the
initial cycle obtained at a scan rate of 0.1 mV s°!. (¢) Gas chromatography-mass spectroscopy
(GC-MS) curves for M/S = 64 of PPG-EExG-S(chem) (top) and KB-S(chem) (bottom) after

5" charge of galvanostatic charge-discharge measurement. The corresponding

thermogravimetric curve is also shown.

The initial discharge capacity of both PPG-EExG-S(chem) and KB-S(chem) showed the
similar value (1153 mAh geune' for PPG-EExG-S(chem) and 1272 mAh geus' for KB-
S(chem)) (Figure 3.5a), suggested the high sulfur efficiency accomplished for both
electrodes by impregnating sulfur into graphene interlayer and mesopore (2 nm < D < 50
nm)’8, respectively, which gave the intimate contact between sulfur and the conductive
carbon substrate. However, the significant capacity retention was observed for KB-S(chem)
with 37 % compared to 45 % for PPG-EExG-S(chem) at 20 cycles. One of the reasons for

the rapid decrease in KB-S(chem) capacity is the destruction of the mesopores for absorbing
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the sulfur, which is essential for limiting polysulfide dissolution, due to the significant
volume change of sulfur during the redox processes’. The PPG-EExG-S(chem), on the other
hand, maintains its unique graphene interlayer structure owing to the flexible nature of
polymer anchor, which can accommodate the volume expansion of sulfur.

Further detailed analysis of cyclic voltammogram revealed that the reaction reversibility,
mainly Li>Sy (x > 4) <> Sg redox, was improved for PPG-EExG-S(chem) electrode (Figure
3.5b). The onset potentials of the first Sg reduction (Ss —LizS, (x > 4)) shifted to more
positive potential (2.4 Vi) for PPG-EExG-S(chem) than KB-S(chem) (2.3 Vi), suggesting
the promotion of the Sg reduction reaction on PPG-EExG-S(chem). The enhancement of the
initial Sg reduction reaction probably relates to the higher electrical conductivity of the
graphene layer (241 S cm! for PPG-EExG, Table 3.1) than the carbon particles (15.2 S cm
! for KB, Table 3.1). No potential shift was observed for the subsequent reduction reaction
at ca. 2.0 Vi, further highlights the contribution of high electrical conductivity on the

electrochemical reduction of insulating Sg particles.

Table 3.1 Electrical conductivity of KB, G, ExG, and PPG-EExG.

Electrical conductivity / S cm™

KB 15.16
G 466.4
ExG 1777
PPG-EExG 240.7
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The surface product analysis of the PPG-EExG-S(chem) and KB-S(chem) electrodes after
a 5th charge, as deduced from GC-MS experiments, further supports the improved reaction
reversibility for PPG-EExG-S(chem) electrode (Figure 3.5¢). The GC-MS curve of M/S =
64 (corresponds to Sz and SO») clearly showed distinctive features at ca. 180 °C, ca. 390 °C,
and > 450 °C, which can be assigned to Ss, short-chain polysulfides, and TFSI anion,
respectively (Figure 3.6). The intensity ratio of Sg peak and the peak for short-chain
polysulfides was notably larger for PPG-EExG-S(chem) than KB-S(chem), which strongly
indicates that more Sg was formed on the PPG-EExG-S(chem) electrode after a 5th charge.
The ex-situ reaction product analysis confirms that the PPG-EExG-S(chem) surface is
capable of completely oxidize sulfur polysulfides to the last oxidation product (namely Ss)
efficiently, even after 5th charge, which can contribute to the improved cyclability of PPG-

EExG-S(chem) electrode.
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Figure 3.6 Gas chromatography-mass spectroscopy (GC-MS) curves for M/S = 64 of pure
electrolyte (1 M LiTFSA in DME/DOL solution with 0.1 M LiNOj; additive), G-S, G-0.3 M
Li»Sg (0.3 M Li2Ssg solution impregnated graphite electrode), and Li>S,. The corresponding

thermogravimetric curve is also shown.
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Mechanistic discussion

(a) G-S, ExG-S, PPG-EEXG-S(mix)

(b) KB-S

(c) PEG-EEXG-S(chem)

(d) PPG-EEXG-S(chem)

Scheme 3.1 Comparison of the proposed mechanisms during Li-S battery operation. (a)
Proposed mechanisms for G-S, ExG-S, and PPG-EExG-S(mix) electrodes, showing the
dissolution and/or diffusion of the lithium polysulfide to the electrolyte. (b) Proposed
mechanisms for KB-S(chem) electrode, illustrating the gradual change in the electrode
morphology due to the volume expansion of sulfur during charge-discharge. Proposed
mechanisms for (¢) PEG-EExG-S(chem) and (d) PPG-EExG-S(chem) electrode, where
chemically stable and flexible PPG-anchor help maintaining the unique layered structure
throughout the Li-S battery operation, resulting the improved initial capacity and cyclability

for electrode.

We propose that the introduction of sulfur into the interlayer space of graphene sheets plays
a pivotal role in the improved initial capacity and cyclability of the PPG-EExG-S(chem)

electrode (Scheme 3.1).
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For G-S, ExG-S, and PPG-EExG-S(mix) electrodes, elemental sulfur is mainly deposited
on the surface, not in the graphene interlayer, which cannot promise rapid charge transfer
and prevent sulfur being dissolved into the electrolyte (Scheme 3.1a). Although KB-S(chem)
efficiently utilizes the sulfur in the initial discharge owing to its porous structure!?, the
electrode morphology gradually ruins by the significant volume change of sulfur active
materials, leading to a considerable decrease in capacity after several cycles (Scheme 3.1b).

The unique structure of PPG-EExG-S(chem) with superior electrical conductivity of
graphene sheets provides a short and rapid transport pathway for both electrons and Li ions
to achieve improved reaction kinetics (Scheme 3.1d). The large surface area (Table 3.2),
provided by the efficient use of the graphene interlayer, contributes to the intimate contact
between sulfur and graphene. Furthermore, sulfur at the interlayer space may possess a strong
interfacial attraction between sulfur and graphene due to a short contact distance from the S
atoms to the graphene sheet. The strong sulfur-support interaction promises rapid charge
transfer and prevents sulfur from being dissolved into the electrolyte. Besides, the polymer
anchor, which holds the graphene sheet, provides structural flexibility to accommodate the
significant volume changes for sulfur during the redox processes and helps to preserve the
morphology of the electrodes. PEG-EExG-S(chem), with chemically unstable PEG-anchor,
showed high initial capacity but failed to show the excellent cyclability, mainly due to the
destruction of the unique layered structure upon further charge-discharge cycle (Scheme

3.1¢).
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Table 3.2 Brunauer-Emmett-Teller (BET) surface area of KB, G, ExG, and PPG-EEXG.

BET surface area / m” g”!

KB 1226

G 7.256

ExG 27.34
PPG-EExG 151.5
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3.4 Conclusions

In summary, a sulfur-inserted polymer-anchored edge exfoliated graphite material (PPG-
EExG-S(chem)) was introduced as a positive electrode for lithium-sulfur battery with high
discharge capacity as well as improved cyclability. The chemical incorporation based on a
simple acid-base reaction enables the insertion of elemental sulfur in the graphene interlayer,
anchored by PPG polymer. The strong interfacial attraction between sulfur and highly
conductive graphene sheet at the confined interlayer space enables rapid charge transfer and
limits the dissolution of sulfur into the electrolyte, which improves the redox reaction
reversibility and sulfur efficiency. The structural flexibility derived from PPG-anchor is a key
to maintain the initial capacity over the cycles, by accommodating the significant volume
changes of sulfur during the redox processes without destroying the unique structure. The
substantial improvement in lithium-sulfur battery performance by PPG-EExG-S(chem) is
thus achieved by the characteristic consistency of sulfur trapping within the confined and
rigid structure while having certain structural flexibility to deal with the volume change
during the reaction. This work proposes one of the promising design strategies of electrode
materials for the next-generation lithium-sulfur batteries, which enables further improvement

in the initial capacity as well as the cyclability.
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General conclusions

In this work, in order to improve the battery performance of LIBs, i.e., safety, controlling
interfacial reaction, and capacity, we focused on adapting polyether-based materials with
high electrochemical stability, sufficient mechanical strength, and flexibility to the electrolyte

and the electrode. Our findings are as follows.

® The amide group, with a relatively high dielectric constant, improves the dissociability
of lithium salt. We confirmed more than three orders of magnitude improvement in
ionic conductivity by introducing cyanoethoxy side-chain, compared to that of

PtBuOA electrolyte with a methyl side-chain.

® Operando ATR-IR revealed that the SEI at Cu/ PEO-LiTFSA was formed via several
reduction reactions, i.e., reduction reaction of PEO, LiTFSA, and impurities. Most
resistive SEI is observed at 0.8 Vi, which consists of ROLI, alkyl vinyl ether, RCOOLI,
LiOH, Li,COs3, and a small amount of LiF. Moreover, alkyl vinyl ether is further
reduced to form other alkyl ether via radical propagation, which leads to relatively low

SEI resistance.

® The strong interfacial attraction between sulfur and highly-conductive graphene sheets
at the confined interlayer space enables rapid charge transfer and effectively inhibits
the polysulfide dissolution, resulting in improved redox reaction reversibility and
sulfur efficiency. More importantly, the structural flexibility of layered structure,
derived from polymer-anchor, guarantees the stable cycling by accommodating the

significant volume expansion of sulfur active materials.

Those knowledges will hopefully help the improvement of battery performance of lithium-

ion battery and/ or future battery with polymer materials, including polyether.
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