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Abstract

This thesis reports the utilization of polymeric materials in the improvement of
electrochemical devices. A sodium-ion conducting PVA-based gel electrolyte was first
developed for the application of electric double-layer capacitors (EDLCs). Sodium
triflate (NaTf) was selected as the electrolytic salt and NMP was employed as the
solvent of PVA and NaTf. The composite (PVA with 30% NaTf and 10% EMITY)
showed a high ionic conductivity of 3.8x10~* S cm™ and good thermal stability up to
150 °C. It was thus employed in the fabrication of EDLCs by using a spinning-casting
method, serving as both ion-conducting electrolyte and separator. The capacitor showed
almost 100% coulombic efficiency and stable charge-discharge cyclic property with
almost 100% capacity retention after 1000 cycles, when charging up to 1.6 and 2.0 V
with a capacity of 103.7 and 127.8 F g!, respectively.

The PEDOT-PDMS co-polymer was then synthesized to have good electrical
conductivity from PEDOT and flexibility because of the amorphous nature and
conjugated structure. The synthesis was made through the hydrosilylation and
dehydrocoupling reaction occurred between the h,PDMS and the EDOT monomer. The
Young’s modulus, tensile stress, and the strain of the polymer film at the rupture are
1.1740.10 MPa, 22.4+2.1%, and 0.24 0.03 MPa, respectively.

The PEDOT-PDMS co-polymer was coated onto the prepared high-voltage
NaLiFePO4F electrode to protect the electrode from hydrofluoric (HF) acid attack and
prevent the loss of active material. The resulting PEDOT-PDMS coated NaLiFePO4F
electrode showed a specific capacity of 88.1 mAh g! at 0.5 C after 500 cycles, and
good cycling stability, with about 100% retention of the initial discharge capacity. As
for the NaLiFePOuF control electrode, its specific capacity recorded was 59.5 mAh g’!
only under the same conditions, which is 78% retention of the initial discharge capacity.
The coated electrode shows high chemical diffusion coefficient of Li* (1.89x10” and
1.20x10” cm? s™! during charging and discharging) compared to NaLiFePO4F control

electrode (7.17x1071° and 5.29x107!% cm? s during charging and discharging).
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Furthermore, PEDOT-PDMS was employed as a protection coating layer on the
surface of commercially available Si nanoparticles to provide conducting pathways and
suppress the volume change in cycling. The coated Si was found to show superior
performance as anode of Li-ion battery with a capacity of 1512 mAh g™! obtained after
1000 cycles, which is 69.8% retention of the highest specific capacity around the 160"
cycle (~2166 mAh g') at 0.5 C. As for the Si control electrode, its specific capacity
only was 605 mAh g'! after the 500", which is 29% retention of the highest/initial
discharge capacity. Also, the coated Si electrode shows higher Li-ion diffusion
coefficient (2.47x10'"! cm? s™!) and lower internal resistance than that of the Si control
electrode (5.07x10°" cm? s!). The in-situ TEM results directly confirm that the
polymer coating layer provides conducting pathways and buffers the stress induced by
the lithiation, leading to less retardation effect and less self-limiting lithiation. Hence,
the conducting-flexible polymer has a positive impact on the electrochemical

performances of Si nanoparticles anode.
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Chapter 1 Introduction

1.1 Background

Energy is one of the most challenging problems that people are facing nowadays.
Renewable energy is important in the future. With the development of smartphones,
electric vehicles, portable electronic devices, and other electronics products, the present
supply of energy storage systems cannot meet the increasing demand. Thus, it is
essential to develop effective renewable energy storage technologies, for example,
batteries and supercapacitors (Bhide et al., 2014; Phattharasupakun et al., 2018; Zhang
et al., 2018). They can achieve an effective, and reliable transmission and distribution
of electrical energy (Dunn et al.,, 2011). They are becoming the major flagship
technologies offering a meaningful solution to the electric grid and electric vehicles
(Saha et al., 2014).

A lithium-ion battery (LIB) is mainly composed of two types of electrodes that
show different chemically stable potentials and that are insulated through a separator,
and electrolyte facilitating the Li-ion conduction, showing in Figure 1.1 (Baskoro et al.,
2019). The cathode is usually a Li-intercalation mixture made of transition metal oxides,
and the anode is made of graphite in most commercial products (Flandrois and Simon,
1999; Ellis et al., 2010). Through inserting or extracting of Li* from the active materials,
the redox reactions can occur on the cathode. (Zhao et al., 2015). To date, although the
extensive applications of Li-ion batteries have been seen in the power system for
electric vehicles, their development has only made incremental progress because of the
limitations of electrodes, the challenges of suitable electrolytes development and the
issues of interfacial phenomena between electrodes and electrolyte (Armand and
Tarascon, 2008; Goodenough, 2012). Large numbers of innovation efforts is still
necessary to improve the energy density, safety and cost for EVs-CY 2020 (Xiao and
Sun, 2018). To maximize the efficiency of electrode materials, researchers have
investigated the use of advanced materials and modification of existing materials such
as silicon and lithium as an anode. While these directions always end up with the

concern of the surface of materials where the majority of side reactions resulted from
1



nonequilibrium diffusion reactions occur (Islam and Fisher, 2014).

The isostructural fluorophosphates compound NaLiFePO4F is a promising cathode
candidate. It shows high potential on account of the inductivity of PO4>* group and the
F~ with electron-withdrawing character. In addition, it shows high capacitance and low-
cost. Unfortunately, NaLiFePO4F is significantly sensitive to hydrofluoric (HF) acid.
Its electronic conductivity also should be improved. As for the promising anode
candidates, Si has been considered as one for Li-ion batteries with high energy on
account of the high theoretical capacity (4200 mAh g'), a low charge voltage plateau
(0.2-0.3 V vs. Li/Li"), and good environmental compatibility. However, Si shows a
significant volume expansion of about 420% during the lithiation because of their
intake of large amounts of lithium. This can lead to poor electronic and ionic

conductivity, and thus capacity fading quickly.
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Figure 1.1 Schematic of a conventional Li-ion battery (Reprinted with permission

from (Baskoro et al., 2019), Copyright (2019) American Chemical Society.)

The electric double-layer capacitors (EDLCs) also have been considered as one of
the attractive energy storage devices on account of the fast charging and discharging

performance, high coulombic efficiency, and long service life. Since their first

2



introduction in 2001, lithium-ion conducting capacitors have achieved great progress.
They have been fabricated by using activated carbon (Cao and Zheng, 2012), carbon
nanotubes (Cheng et al., 2018), graphene (Gao et al., 2020), as well as Li4TisO12 (Ye et
al., 2015), Fe3sO4 (Huang et al., 2019), SnS> (Hao et al., 2019) and Li3VOs (Shen et al.,
2017) battery-type electrodes with a liquid electrolyte. Some commercial lithium-ion
capacitors have been developed for the brake energy recovery system from subway
operation in China (Zhang et al., 2018). Although the lithium-ion capacitors will play a
significant role in energy storage in the future, the growing demand for lithium,
however, may eventually result in the shortage of this metal (Xu et al., 2018). Hence,
to fulfil the demand for the next generation of sustainable energy usage, sodium offers
a logical alternative due to its abundance in the earth crust and close relation to lithium.
Sodium has similar physical and chemical performances to lithium (Chen et al., 2018;
Tarascon et al., 2018). Investigation on sodium-ion capacitors started in 2012 (Chen et
al.,2012; Yinetal.,2012; Han et al., 2019). When searching for new electrode materials,
researchers realized that the study of sodium-ion conducting electrolytes is also crucial
because both the interface between electrode and electrolyte and the stability of
electrolyte play some key roles in improving the performances of devices (Zhao et al.,
2018).

Electrodes and electrolyte are two key components of both batteries and
supercapacitors. Interestingly, polymers have been widely used in the making of
electrolytes and electrodes. For example, since (Feuillade and Perche, 1975) found out
that polymers can be plasticized with an aprotic solution, many polymer hosts including
poly (ethylene oxide) (PEO), polyvinyl alcohol (PVA), chitosan (CS), poly (3-
caprolactone) (PCL), poly (methyl methacrylate) (PMMA), poly (vinylidene fluoride)
(PVDF), and their copolymers are used to prepare polymer electrolytes from solid
electrolytes to gel electrolytes that can serve as electrolyte and separator (Thakur et al.,
2012). These polymer-based electrolytes have been paid more and more research
attention on account of their high safety and good thermal property.

In addition, some conductive polymer materials, such as polypyrrole (PPy),

polyaniline (PANi), poly(3,4-ethylenedioxythiophene) (PEDOT) and poly (3.,4-
3



ethylene-dioxythiophene)- poly(styrenesulfonate) (PEDOT-PSS), have been served as
electrode materials for supercapacitors (Ghosh and Inganis, 1999; Snook et al., 2011).
Furthermore, these conducting polymers are also used as protective coating materials
on electrode materials to improve their electrical or ionic conductivity and suppress
surface side reactions (Xiao and Sun, 2018). In addition, some flexible polymers such
as poly(dimethylsiloxane) (PDMS) and poly(ethyl a-cyanoacrylate) have been
designed as an artificial protection layer on electrodes to accommodate volume
expansion and absorb the stress of electrodes during charging and discharging process
(Zhu et al., 2017).

Therefore, it is necessary for researchers to explore polymer materials used in
supercapacitors and batteries to facilitate further progress in electrode and electrolyte

materials development.

1.2 Research Objectives

Herein, this thesis mainly focuses on exploring the effects of polymers on
enhancing the electrochemical performances of electrolytes and electrodes used for
EDLCs and Li-ion batteries. The objectives are as follows:

(1) To improve electrochemical performances of EDLCs by preparing biodegradable
polymer electrolytes;

(2) To enhance the capacity and cycling stability of high-voltage NaLiFePO4F as a
cathode by using a new conductive and flexible polymer coating on its surface;

(3) To prolong the cycling performance of high-capacity Si anode by using the new

polymer coating of Si nanoparticles.



Chapter 2 Literature Review

2.1 Introduction

Polymer materials have been a key constitute of electrical energy storage (EES)
typically batteries and supercapacitors. As the demand for performances of the next-
generation EES increases, functional polymer materials that are designed to have the
desired physical and chemical properties, will be required to satisfy the demands in the
areas of electrolyte and electrode materials. The prior arts in these fields will be

concisely reviewed in this chapter.

2.2 Electrolyte Materials for Supercapacitors and Batteries

2.2.1 Electrolyte basics

The electrolyte is one of the key constitutes of batteries and supercapacitors. To
prepare an electrolyte that can be used in both supercapacitors and batteries, the
electrolyte basics are introduced firstly.

Supercapacitors are classified into three kinds on the basis of the charge storage
mechanism, including EDLCs, pseudocapacitors, and hybrid supercapacitors (see
Figure 2.1) (Pal et al., 2019). In the case of EDLCs, the negative electrode could absorb
the positive ions from the electrolyte, and the negative ions are absorbed on the
positively charged electrode. Thus, energy storage occurs at the electrolyte-electrode
interface via nonfaradaic charge accumulation, which is because of the formation of the
electrical double layer. The EDLCs show excellent cyclic stability and low specific
energy density (<10 wh kg!). As for pseudocapacitors, energy storage occurs via
Faradic reaction in the electrode such as metal oxides and conducting polymers. Hence,
the cyclic stability is not as perfect as that of EDLCs, yet the specific capacity is higher.
The hybrid supercapacitors combine the charge storage mechanism both of EDLCs and
pseudocapacitors. The charge storage occurs not only through the formation of electric
double-layer but also through Faradic reaction in the electrode. As a result, battery-type

hybrid capacitors show the largest specific energy density. It is noticed that the specific
5



energy density is directly related to the specific capacitance and work voltage of the
devices. Hence, many researchers are focusing on the exploitation of electrode

materials for high specific capacitance and electrolyte materials for high voltage.
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Figure 2.1 Schematics of the EDLC, pseudocapacitor and hybrid supercapacitor

(Reproduced with permission from Royal Society of Chemistry) (Pal et al., 2019)

The conventional electrolytes of the supercapacitors are listed in Table 2.1.
Obviously, different kinds of electrolytes have been investigated, mainly including
aqueous and organic electrolyte, ionic liquid electrolyte, ceramic electrolyte, and
polymer electrolyte (solid, gel and composite electrolyte). Their properties are shown
in Figure 2.2. All of these five types of electrolytes can be applied in supercapacitors.
Every type of electrolyte show its natural characteristics. For example, although
aqueous-based electrolytes, such as acid-based H»>SOs, alkaline-based KOH, and
neutral-based KCI, have high ionic conductivity and can be easily handled, they show
narrow voltage windows (~0-1.3 V) on account of the decomposition of water.
Moreover, the organic electrolyte, ionic liquids electrolyte, ceramic electrolyte and the
polymer electrolyte are also usually used in secondary batteries. Organic electrolytes
are dominating the commercial market due to their wide operating voltage window
(~0.01-2.8 V for capacitors, ~0.01-5.0 V for batteries). However, some disadvantages
such as high cost, flammability, toxicity, and volatility should be considered. Ionic
liquids electrolytes exhibit high thermal, chemical durability and electrochemical

stability, but their high cost and high viscosity limit their practical application (Tarascon
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and Armand, 2011). High viscosity could lead to the large internal series resistance of
devices. Ceramic electrolytes show high ionic conductivity and excellent mechanical
performance, but the poor chemical and electrochemical stability cause an unavoidable
side reaction between electrodes and electrolyte (Wang et al., 2018). Polymer-based
electrolytes show different performance due to their states such as solid state and gel
state. Generally, they show some advantages such as a wide voltage window and high
safety. Also, they show some drawbacks typically including poor mechanical properties

and low ionic conductivity.

Table 2.1 The conventional electrolytes for supercapacitors

Supercapacitors Electrolyte Reference

PV A/LiClO4/TiO, (Lim et al., 2014)
PVA/NH4NO3 (Kadir and Arof, 2011)
PVA/NH4l (Aziz et al., 2020)

Double-layer capacitors
PVA/KOH (Ma et al., 2014)
PVA/H2SO4 (Karaman and Bozkurt, 2018)
PVA/H3PO4 (Hashim et al., 2005)
H>SO4/NaxMoO4/KI (Xu et al., 2017)
KOH/K;3Fe(CN)g (Su et al., 2009)
NaxSO4/KBr (Tang et al., 2017)

Pseudo capacitors
PVA/H2SO4 (Xu et al., 2015)
PVA/KOH (Yan et al., 2020)
PVA/LiCl (Wang et al., 2012)
I-buthyl-3-methyl- (Balducci et al., 2004)

imidazolium ionic liquids
(BMIMX, X=BF4, PF¢")

NaxSOys electrolyte (El-Kady et al., 2015)

Hybrid supercapacitors
XOH(X=Li, Na, K) (Maet al., 2015)

LiPFs¢ in EC/EMC/DMC (Naoi et al., 2010)

PVA/KOH (Yuan et al., 2006)
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Figure 2.2 Classification and properties of various electrolytes

For the typical batteries, the conventional electrolytes are listed in Table 2.2.
Obviously, organic electrolyte, ionic liquid electrolyte, and ceramic electrolyte, and
polymer electrolyte (solid, gel and composite electrolyte) are widely used in batteries.
Polymer electrolytes are responsible for containing and shuttling the charge carriers
such as Li*, Na*, Mg?", etc. between anode and cathode. In addition, they are the
substitute of the separator to isolate the electrodes, avoiding short circuit. They are
majorly composed of polymer host providing the high mechanical integrity, electrolytic
salt providing the sources of charge carriers and other additives such as plasticizers and
inorganic oxides. If a polymer electrolyte is used for the application in electrical energy
storage devices, it must satisfy several requirements as listed in Table 2.3. Clearly,
meeting all the requirements in Table 2.3 should be a formidable challenge. However,
it is necessary to optimize the above requirements because they are general and not
given with respect to the specific optimal. A polymer electrolyte optimization is
primarily conducted through varying constitutes, polymer hosts, salts and additives, and
their respective ratios (Kumar and Hashmi, 2010; Chen et al., 2015; Singh and Singh,
2015; Giffin et al., 2017). Moreover, it can be optimized by changing its microscopic
structure (Kim et al., 2005; Xi et al., 2006; Idris et al., 2012; Kalami et al., 2019).
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Polymer electrolytes have been deployed in the progress of various batteries with high

energy density (Muldoon et al., 2015).

Table 2.2 The conventional electrolytes for batteries

Batteries Electrolyte Reference
Organic electrolytes, (Li(ClO4, BF4, PF¢,
Tf, TFSI') in solvent (EC, PC, DEC, (Fan et al., 2018)

Li-ion batteries

DMC, DME)

Polymer electrolytes

(PVDF-HFP/PVA/LiTFSI/MMT)

(Maet al., 2016)

Ceramic electrolytes

(Li6.4Gao2laz75Y 0.25Z1r2012)

(Luo et al., 2019)

Ionic liquid-based electrolyte

(Francis et al., 2020)

Li-S batteries

Organic electrolytes, (Li(ClO47, BF4, PFs,
Tf, TFSI') in solvent (EC, PC, DEC,

(Fan et al., 2018)
DMC, or DME) with additives such as VC,
butyl sultone, and LiNO3)
Polymer electrolytes

(Zhang et al., 2014)

(PVDF-HFP/PMMA/MMT)

Ionic liquid-based electrolyte

(PP13TFSI/DOL/DME/LiTFSI/LiNO3)

(Wang et al., 2016)

MoS2/Li2S-P2Ss glass-ceramic electrolyte

(Xuetal., 2017)

Na-1on batteries

Organic electrolytes, Na(ClO4, BF4", PF¢,
Tf, TFST) in solvent (EC, PC, DMC,

(Ponrouch et al.,

DEC, EMC, DME, Diglyme, Triglyme) 2015)
with additives (FEC, VC, ES, DFEC)
Ionic liquid-based electrolyte (NaFSI in (Ding et al., 2013;

Pyr13FSI;NaTFSI in Pyr14TFSI)

Noor et al., 2013)

Na-1on batteries

Polymer electrolytes

(solid, gel, composite)

(Ponrouch et al.,
2015; Zhao et al.,
2018)

Ceramic electrolytes, (NaijoGeP2S12)

(Tsuji et al., 2018)




Table 2.3 The requirements of a polymer electrolyte for applications in EES

Key properties Reference
1 Chemical stability (Quartarone and Mustarelli, 2011)
2 Mechanical stability (Quartarone and Mustarelli, 2011)
3 Thermal stability (Quartarone and Mustarelli, 2011)
4 High ionic conductivity (Quartarone and Mustarelli, 2011)
5 Low toxicity (Aziz et al., 2018)
6 Low cost (Aziz et al., 2018)

2.2.2 Criteria for polymer and electrolytic salt in polymer electrolytes

There are several important factors that could impact the interactions between the
polymer and metal ion. For polymer hosts, it includes the functional groups and the
distance between them, compositions, branching degree, and molecular weight. For
salts, they include cationic nature and charge, and anionic nature (Rivas et al., 2003).
Accordingly, preparing a polymer electrolyte with good performances, it is important
to choose the kinds of both polymer hosts and electrolytic salts.

Typically, the choice of polymer largely lies in the following criteria (Table 2.4).
Basically, polymers have good film-forming and have polar groups for providing the
ability to coordinate cation. In addition, polymers show low hindrance to bond rotation

and low glass transition temperature for satisfactory high ionic conductivity.

Table 2.4 Typical criteria of a polymer host prepared for polymer electrolytes

Criteria Reference

low hindrance to bond rotation and
1 Aziz, 2013)
the existence of polar groups

2 high molecular weight and ease of forming a thin film Rivas et al., 2003)

3 high dielectric constant and low glass transition temperature  (Cui et al., 2017)
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The basic information of several widely used polymers that serve as host polymers
are listed in Table 2.5 (Aziz et al., 2018). Following the discovery of PEO host polymer,
various polymer materials such as PMMA, poly(vinylidene fluoride -
hexafluoropropylene) (PVDF-HFP), polyacrylonitrile (PAN), and PVA have been
attempted for the promising host material of polymer electrolyte membranes (Aziz et

al., 2018). Among them, only PVA is biodegradable.

Table 2.5 The common host polymers in polymer electrolyte

Name Polar groups Key properties Reference

High solvating power for

electrolyte salts

Ether
PEO Excellent compatibility with (Zhu et al., 2019)
(-0-)
electrode
Poor mechanical strength
Good affinity to liquid (Zhu et al., 2019)
Carbonyl
PMMA electrolyte (Cheng et al.,
(C=0)
Poor mechanical strength 2015)
High dielectric permittivity
Fluorine
PVDF-HFP Poor compatibility with (Zhu et al., 2019)
(-F)
liquid electrolyte
Amorphous polymer
Outstanding physical and (Zhu et al., 2019)
PAN Cyano chemical properties (Baskoro et al.
(C=N) o
Severe passivation upon contact 2019)
with Li metal anodes
Abundant
Hydroxyl  Biodegradable (Zhu et al., 2019)
PVA

Good affinity to liquid
(-OH) ood attinity to fiqui (Aziz et al., 2018)

electrolyte
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As for the electrolytic salts, the choice largely depends on the following criteria in
Table 2.6. For the sake of achieving high ionic conductivity, the electrolytic salt has
large-sized anion and low dissociation energy in solvent. Furthermore, the excellent
chemical stability is critical to electrolytic salt, which finally has a positive influence
on the whole properties of electrolytes. Non-toxicity and safety should also be
considered. Actually, many resulting properties including advantages and

disadvantages often mainly depend on the anion other than cation.

Table 2.6 The criteria of an electrolytic salt used for polymer electrolytes

Criteria Reference

Large-sized anion and low dissociation energy in
(Cheng et al., 2018)
the solvent

Chemical stability vs. oxidation and reduction (Ponrouch et al., 2015)

Non-toxicity and safety (Ponrouch et al., 2015)

Table 2.7 summarizes the mostly used sodium salts with physical-chemical
properties for Na-ion conducting polymer electrolytes (Ponrouch et al., 2015). The
anions in sodium salts have been applied in the area of electrolytes. ClO4 anion is the
most commonly used one for sodium salt, but it is forbidden to a certain extent for some
practical cell application due to its strong oxidation power. BF4 anion has a strong
interaction with cation, leading to less available charge carriers. PF¢ anion is the most
commonly used one for lithium salt due to its high safety even at high temperature, but
it can yield PFs, POF3, and HF under the existence of moisture. As for Tf" and TFST
anions, both of them show the large size that is easy to create mobile ions, and they are
non-toxic, thermally stable. Unfortunately, they corrode the aluminium current
collector (Krause et al., 1997). All problems of the above anions also can be observed
in lithium-ion conducting electrolytes (Hong et al., 2013). Generally, lithium salts have
lower melting points than that of the sodium salts, making them relatively poor thermal

stability.
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Table 2.7 Basic performances of the typically applied sodium salts

(Ponrouch et al., 2015).

Salt Anion structure My, (g mol ™)

T (°C) (Li-salt)

NaClOq N 122.4
0
F -

NaBE I 1 109.8
a 4 F//\F .
F

-
F | F—I
NaPF F>T<F 167.9
F
O -
F \ _-0
NaTf IS 172.1
7\ O

F 0\\ N “//o F

NaTFSI \ A3 S/ 303.1
F/C\F \\0 0// /C\F
o) o—l -
N
NaFSI *%” “gy 203.3

-~ ~
! \\oo// f

468 (236)

384 (293)

300 (200)

248 (>300)

257 (234)

118 (130)

For the dissolution of both polymer host and metal salts, a good solvent is required
to serve as the medium for ions movement. It should show large dielectric constant
(e>15) for facilitating the dissociation of electrolytic salts and limiting ion pairing

(Ponrouch et al., 2015), good chemical and electrochemical stability (Cheng et al.,

2018).

2.2.3 Classifications of polymer electrolytes

Polymer electrolyte films have been considered promising electrolyte candidates
in the development of EESs with massive research efforts made. They have been

typically categorized into solid polymer electrolytes (SPEs), gel polymer electrolytes

(GPEs), and composite polymer electrolytes (CPEs) (Di Noto et al., 2011).

A solid polymer electrolyte (SPE) is created through dissolving inorganic salt in
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the polymer as an ionic conducting solid electrolyte (Edman et al., 2000). In the case
of the SPEs, the interactions between cation and functional groups are electrostatic
forces and the formation of coordinating bonds (Rivas et al., 2003; Kumar and
Srivastava, 2015). The schematic illustration of the ionic transport mechanism in SPE
are shown in Figure 2.3. The ions can be transferred via the segmental transport because
of the weak coordinate of ions to sites along polymer chains, i.e., from one coordinated
position to another, under a condition of electric field. Hence, the conduction in solid
polymer electrolyte depends on the amount of mobile ions and temperature. In addition,
the amorphous region of the polymer host can accelerate ions transfer, i.e., the lower
the degree of crystallinity, the higher ionic conductivity in SPEs. PEO is one of the
popular polymer hosts because of the admirable stability, good mechanical
performances, low crystallinity and ability to dissolve various types of electrolytic salts.
However, the ionic conductivity is low (10°-107 S cm™!) at ambient temperature. Thus,
PEO-based solid electrolytes operating at 60-80 °C can increase ionic conductivity
(Ponrouch et al., 2015). Conductivity in several PEO-based SPE with different kinds of
sodium salts has been studied (Wang et al., 2019). Some anions such as FSI and TFSI
in sodium salts can facilitate Na* conduction, because these large-sized anions could
interact with chain segments, decreasing the crystallinity and improving the amount of

mobile Na" ions (Boschin and Johansson, 2015).

Polymer backbone Polymer,segment Cation Anion Cation anion pair

e ¢ o ° o

Figure 2.3 Schematic representations of ion conducting mechanism in SPE: (a) with
low salt content and (b) with high salt content (Reproduced with permission from

Springer Nature and Copyright Clearance Center) (Kumar and Srivastava, 2015)
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Unlike SPEs, gel polymer electrolyte (GPE) exhibits a quite attractive ionic
conductivity (103 S cm!) even at ambient temperature (Kumar and Hashmi, 2010).
This is because GPEs is formed by mixing a certain amount of organic solvents or
plasticizer. The incorporated organic solvent and plasticizer decrease the amount of
active sites of polymer chains and thus reduce their intermolecular and intramolecular
force, forming a widely connected network that provides fast ion-conducting pathways,
and then facilitates ions transportation and finally enhances ionic conductivity (Honary
and Orafai, 2002). The influence of plasticizer on the ion transportation is shown in
Figure 2.4 (Patel et al., 2010). One can see that the portion of the amorphous phase in
polymer host is smaller in the left of the figure, leading to the lower ionic conductivity.
In contrast, the plasticized polymer electrolyte shows a larger amount of amorphous

regions (the right one of Figure 2.4), resulting in the higher ionic conductivity.

Amorphous polymer

regions (i, high) Solvent swollen amorphous

polymer regions (u, high)

Crystalline polymer
regions(u, low)_

Mobile ion

Non-percolation Percolation
(o, small) (0, high)

Figure 2.4 Transformation from non-percolation to percolation in gel electrolytes
(Reproduced with permission from Elsevier and Copyright Clearance Center) (Patel et

al., 2010)

For gel polymer electrolyte, some kinds of ions could transport under the external
electric field so the metal ion transference number could be small (Wang et al., 2019).
For example, Table 2.8 shows the ionic conductivity and transference number in various
Na ion conduction GPEs. Also, it can be seen that PVDF is a popular polymer matrix
because of its high electrochemical stability. Its derivative PVDF-HFP opens a new

market for gel polymer electrolytes. PVDF-HFP is semi-crystalline and has high
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flexibility because of the addition of hexafluoropropylene (HFP) unit (Kumar and
Hashmi, 2010; Kumar et al., 2011; Gao et al., 2015; Yang et al., 2015; Isa et al., 2017).
In addition, PMMA and PAN have been used as sodium ions conduction gel polymer
hosts, which also have good capability of conducting ions even at ambient temperature
(Kumar and Hashmi, 2010; Vignarooban et al., 2017).

Although gel polymer electrolytes exhibit some advantages of a liquid electrolyte
such as high room-temperature conductivity, and solid electrolyte such as high safety,
they still show some disadvantages such as the release of liquid solvent, poor
mechanical strength and undesired high reactivity with the metal electrode (Stephan et

al., 2009; Liao et al., 2010; Saikia et al., 2011).
Table 2.8 Some electrochemical properties of different gel electrolytes

(Wang et al., 2019)

GPEs o, S cm’! Tri:ls::];zlce Reference
PVDF-HFP/NaClO4/
4.6x107 - (Gao et al., 2015)
Glass fiber/PC
PVDF-HFP+NaCF3S0s3- (Kumar et al.,
4.1x1073 0.43
EC-PC+Si0O> 2011)
PVDF-HFP/EC/NaClO4 6x10 0.3 (Yang et al., 2015)
PVDF-
(Kumar and
HFP+EMltriflate+NaCF3 5.74x1073 0.23
Hashmi, 2010)
SO;
PVDF-HFP+NaCF;SOs3+
2.5x1073 0.62 (Isa et al., 2017)
EC-PC
PMMAPC/EC+SiO,/ (Kumar and
3.4x107° 0.23
NaClO4 Hashmi, 2010)
(Vignarooban et
PAN+EC/PC/NaClO4 4.5%107 -

al., 2017)
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The third kind of polymer electrolyte is named as composite polymer electrolytes
(CPEs). The appearance of CPE is because that the ion-pairs and ion triplets in polymer
electrolyte could reduce its ionic conductivity. This depends on the weak dielectric
constant of the polymer (Mohapatra et al., 2009). In order to solve this issue and
enhance the quality of polymer electrolytes, many approaches have been explored.
Inorganic passive or active ceramic fillers with high dielectric constant, such as SiO»,
Ti0O,, ZrO, A12O3, y-LiAlO,, BaTiO3, PbTiO3, LiNbO3, and NASICON-type as well as
garnet-type, clay or carbon nanotubes are dispersed into the polymer matrix, forming
new hybrid composite materials to make valuable use of the ceramic filler and polymer
(Chen et al., 2015; Lin et al., 2015; Lin et al., 2017). This composite material is
considered as a heterogeneously disordered matrix (Soulintzis et al., 2009).

Compared with the other two types of polymer electrolytes, the ion conduction
phenomenon is complex in CPEs, which could be analyzed through PEO-based
composite electrolyte (see Figure 2.5) (Wang and Alexandridis, 2016). It can be seen
that the incorporated ceramic fillers could interact with the ether oxygen from both the
polymer segments and anions from metal salts through the oxygen vacancies on the
surface of fillers. Hence, the ion transport can be accelerated within polymer matrix due
to the following three reasons:

Firstly, the interact between ceramic fillers and polymer segments could suppress
polymer crystallization and enhance the amorphous region of the polymer (Croce et al.,
1998; Chen-Yang et al., 2002). Another reason is that the interaction between fillers
together with Lewis acid-base natural character and the salts would immobilize the
anions and thus break down the ion pair, releasing more mobile cations and increasing
interfacial ionic conductivity (Wieczorek et al., 1996). The third reason is that the ions
can move in the incorporated active ceramic nanoparticles and through the polymer-
ceramic interface, proving even faster-conducting pathways over polymer host (Liu et
al., 2017). The composite polymer electrolytes could achieve high ionic conductivity,
excellent mechanical performances, and satisfied chemical and thermal properties
through simply controlling the amount, size, shape and functional group of incorporated

fillers (Cheng et al., 2015).
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Figure 2.5 Schematic illustration of the interact among polymer, alkali salt and the

ceramic nanoparticle (Wang and Alexandridis, 2016)

2.2.4 The performance improvement of gel polymer electrolytes

Gel polymer electrolytes render a high ionic conductivity and good flexibility, making
them one of the most attractive candidates for the application of flexible devices. It is worth
noting that the demand for flexible power supply is becoming increasingly high because
of the wearable and portable devices found in various fields including medical, military
and outdoor sports (Pu et al., 2016). The role of GPEs in these devices generally is: (1)
to separate anode and cathode; (2) to serve as an electronic insulator; (3) to allow the
transport of desired ions (Cheng et al., 2018). When they are employed for such
applications, several requirements need to be satisfied simultaneously, including
satisfied ionic conductivity and high Li" transference number, excellent chemical and
thermal stability performances, satisfied interfacial contact with anode and cathode,
wide electrochemical stability window, and strong mechanical stability and more
flexibility.

However, some conventional gel polymer electrolytes show poor mechanical
performance and thermal stability (Moskwiak et al., 2006). For GPEs applications,
varieties of strategies such as adding inorganic/organic fillers or plasticizers, creating

single ion conduction, and introducing redox-active mediators, have been explored.
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Plasticized polymer electrolytes are typically produced by adding ionic liquid
(Ravi et al., 2016), propylene carbonate (PC) organic solvent (Das and Ghosh, 2015),
organic solvent ethylene carbonate (EC) (Mishra et al., 2019), dimethylcarbonate
(DMC) (Selulos, 2012), or swelling the resulting polymer electrolyte membranes in
PC/EC (Verma et al., 2020). Among them, ionic liquid has some desirable properties,
including high ionic conductivity, and good electrochemical stability. It can be used as
a plasticizer for forming GPEs with desirable electrochemical properties (Moreno et al.,
2014).

Another effective strategy of enhancing the properties of GPEs is to create
homogeneous porous frameworks in polymer hosts by cross-linking of polymers,
adding and subsequently removing of pore-forming agents, facilitating ions
transportation and storing sufficient organic solvents (Oh et al., 2015). Furthermore, the
porous structure can also be designed based on the electrolytic salt complex (Rohan et
al.,2015). For example, a porous GPE membrane composed of poly (vinylidenefluoride)
and polystyrene-poly(ethylene oxide)-polystyrene (PS-PEO-PS) tri-block copolymer
composites were made using glycerin as the non-solvent (Xiao et al., 2019). The porous
membrane was obtained after evaporation of glycerin at high temperature. The GPEs
with the porous membranes as matrices exhibit high ionic conductivity in the order of
10 S ecm™ after uptaking 201% liquid electrolyte in the mass of their own weight at
room-temperature. Li/LiFePO4 batteries fabricated with the porous GPEs exhibit good
cycling performance and rate property (Xiao et al., 2019). Similarly, a porous cross-
linked PVDF-HFP based electrolyte film was made by mixing ZnO nanoparticles as
pore-forming additive (Gu et al., 2018), showing an attractive ionic conductivity in the
order of 10 S cm™! and tensile strength of 10.7 MPa.

To solve concentration polarization of electrolytic salts and to increase lithium ion
transference number, researchers explored single Li-ion conducting GPEs by limiting
or eliminating the transport of anions. For example, poly(ethyleneoxide) -b-
polystyrenesulfonyl lithium- (trifluoromethylsulfonyl)imide diblock copolymers
(PEO-PSLiTFSI) were synthesized (Inceoglu et al., 2014). The anion is totally limited

by the polymer, and thus all of the current is produced by Li*. Although the mobile Li"
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ions can be trapped in the glassy polystyrene-rich microphase at low temperature, the
Li" ions released from the clusters at increasing temperature would significantly
increase the ionic conductivity (Inceoglu et al., 2014). Similarly, some electrolytic salts
with a low degree of charge comnination are used in GPEs to weaken the electrostatic
interaction of cations/anions and produce large number of free Li" ions. For instance,
boron atom within the electrolytic salts, polymeric lithium tartaric acid borate (PLTB)
(Wang et al., 2013), lithium oxalate polyacrylic acid borate (Zhu et al., 2013), lithium
bis(oxalato) borate (Aravindan and Vickraman, 2007), lithium poly(1,2,3,4-
butanetetracarboxylicacid borate) (Zhang et al., 2014) and lithium polyvinyl alcohol
oxalateborate (Zhu et al., 2012), can lead to the weak electrostatic interaction between
Li" and anions that are covalently bonded to the polymer, leading to high ionic
conductivity.

Recently, incorporating a small number of redox agents to the gel polymer
electrolytes has been found as a feasible approach to significantly enhance the specific
capacity of supercapacitors. The redox-active polymer electrolytes could be prepared
by adding the additives with GPEs. The redox-active additives, such as methylene blue
(MB) (Roldén et al., 2012), hydroquinone (HQ) (Roldan et al., 2011), KI (Xun et al.,
2019) and VOSO4 (Senthilkumar et al., 2013), could provide pseudocapacitance due to
the Faradaic oxidation/reduction reaction (Chun et al., 2015). Among them, iodide ions
could improve the ionic conductivity of the electrolytic solution and contribute a source
of pseudocapacitance behavior. For instance, a typical redox-active polymer-based
electrolyte film was made by adding KI/'VOSO4 to PVA/H2SO4 gel polymer electrolyte
film for application in an EDLC based on activated carbon (Fan et al., 2014). The
electrode can attract the redox ions with opposite charge in the GPE under the applied
electric filed, improving the energy density of the EDLCs due to the redox reactions
occurred at the electrolyte and electrode interface. The EDLC delivered a high specific
capacitance (1232.8 F g'! ) (Fan et al., 2014).

However, it can be observed that most gel polymer electrolytes devote to the
application in Li-ion batteries. Although lithium-ion capacitors may supplement today’s

energy demand, the concern of high cost and limited availability would eventually
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result in the shortage of lithium metal in the future (Xu et al., 2018). Fortunately, the
exploration of sodium metal brings some hope as the next-generation sustainable
energy material.

The sodium metal offers a logical alternative to lithium due to its earth-abundance
and closely related physical and chemical properties (Chen et al., 2018; Tarascon et al.,
2018). On the other hand, it is of the prime consideration to investigate biodegradable
and environmentally friendly gel polymer electrolytes. PVA is especially a promising
representative in terms of environmental, chemical stability and mechanically durability,
yet few reports are available on Na-ion conducting biodegradable polymer electrolytes.

Some reported PVA-based Na-ion conducting electrolytes are listed in Table 2.9.

Table 2.9 The performances of some PVA-based Na-ion conducting electrolytes

Ionic Stability
Electrolyte Solvent  conductivity window  Reference
(S em) \%)
(Bhargav et al.,
PVA/NaBr H,O 1.4x10° R
2008)
(Abdullah et al.,
PVA/Na;MoOg4 H>O 1.1x10° -
2017)
PVA/NazSO4/Pyr14Br (Geng et al',
H>O 2.71x107 2.0
Redox-active 2019)
(Batisse and
PVA/Na;SO4 H>O 1.8 Raymundo-Pi,
2017)
(Ramesh Babu et
PVA/Na3;CeHsO7/Dy203 H20 1.06x10* 2.68
al., 2018)
(Naik et al.,
PVA/NaClO4/ZrO> H>O 4.3x1073 -
2018)
(Aziz et al.,
PVA/NaTf H>O 7.39x107 -
2017)

It can be observed from Table 2.9 that simple sodium salt, such as NaBr and

NaxMoOys4, could have a negative effect on the electrochemical property of electrolytes
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(Ponrouch et al., 2015). The electrochemical stability window is too narrow for
application. The ionic conductivities of most electrolyte films are less than 10 S cm™,
yet PVA/NaySO4/Pyr14Br redox-active shows high one (2.71x102 S cm™).
Unfortunately, supercapacitors assembled with redox-active based electrolyte have
short cycling lifespan due to the redox reaction at the interface. In addition, all the PVA-
based Na-ion conducting electrolytes are prepared by using water as the solvent. As a
result, the residual combined water and free water in the electrolyte membrane can
deteriorate the electrochemical performances of supercapacitors or batteries.
Furthermore, the contact between electrolyte film and the electrodes was found
mechanically weak (Chen et al., 2019) when assembled into energy storage devices.
Therefore, considerable efforts should be expanded on the development of PVA-
based Na-ion electrolyte films that could be used in secondary batteries and

supercapacitors simultaneously.

2.3 Surface Behaviors and Modifications of Cathode in Li-ion Batteries

The study about interfacial behavior between electrodes and the electrolyte is very
crucial, which influences the whole performance of the energy storage devices. Thus,
large numbers of attempts of surface modifications have been made to adjust the

physical and chemical performances of the surface.

2.3.1 Surface behaviors

Various types of surface behaviors could be observed of cathode materials during
the batteries cycling, such as phase reconstruction, stress-induced cracking, electrolyte
decomposition and transition metal dissolution, and formation of solid-electrolyte
interphase (SEI) to decrease electrical conductivity (Liu et al., 2011; Xiao and Sun,
2018).

Surface phase reconstruction always happens in the layered cathode materials such
as LiCo0O,, xLixMnOse(1-x)LiMeO2(Me = Ni, Mn, Co) (Li-rich NCM) and Ni-rich
LiNip.8 Coo.1Mng 102, and spinel cathode materials such as LiMn2O4 (Chen et al., 2002;
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Chung and Kim, 2002; Rozier and Tarascon, 2015). Although LiCoO; is the most
successful cathode material for portable electronics application in Li-ion batteries until
now, its available reversible capacity is half of the theoretical capacity (Amatucci et al.,
1996). This is due to because that layered structure phase transit to a quasi-spinel one
during redox cycling. Similarly, spinel structure also appears in the cycled Li-rich NMC
cathode, leading to a low mean voltage of whole battery due to low voltage (~2.8 V) of
spinel phase (Rozier and Tarascon, 2015). In addition, it results in a loss of active
material and thus fast capacity fading as the Mn?** produced by Mn** existing in the
spinel structure is soluble in electrolyte. As for Ni-rich cathode material, it also
experiences the phase reconstruction, i.e., the distortion of the rhombohedral structure
and appearance of quasi-spinel phase as the movement of Ni*" into Li* positions caused
by their similar radius (Rozier and Tarascon, 2015; Liu et al., 2018), leading to lattice
volume contraction or expansion during charge and discharge, and poor cycling
performance (Kim et al., 2015).

Mechanical cracking has been found both in anode and cathode materials, which
leads to poor grain-to-grain connections, poor particle-to-particle connections, and poor
material-to-current collector, leading to poor electrical and ionic conductivity, and the
loss of active materials. On the other hand, it also can create new spots for surface phase
transition, corrosion, and some side reactions, and provide fresh surfaces that are
exposed to the electrolyte, finally deteriorate the batteries performances (Yan et al.,
2017). As for cathode materials, the mechanical cracking stems from both materials
level and electrode level. Cathode materials could form cracks at a high current density
because the Li" ions do not have enough time to move homogeneously, leading to
residual stress within particles (Deshpande et al., 2010). In this case, the cracking can
be decreased with increasing particle size (Woodford et al., 2010). Yan et al. (2017)
pointed out that the intragranular cracks initiate from the inner grain at high-voltage
cycling of layered cathode materials, which is sharply in contrast to common theoretical
models showing the cracks initiated from the particle surface or grain boundaries
(Klinsmann et al., 2016). This crack was also observed in some other cathode materials

after long cyclings, such as LiFePO4, LiCo0O>, and LiNipsMng2Co00202 (Wang et al.,
23



1999; Chen et al., 2006; Kim et al., 2015). The intragranular cracks also can be
deteriorated by thermal stress and pressure occurred when the batteries work (Yan et
al., 2017; Yan et al., 2018). Besides intragranular cracks, intergranular cracks during
cell charge-discharge also happen from grain boundaries because of the permeation of
liquid electrolyte into the gaps and the side reactions, leading to expansion and
shrinkage of particles (Shim et al., 2014; Kim et al., 2015; Xiao and Sun, 2018). Besides
the cracking at the active material level, high mass loading in thick electrode could lead
to various charge state from surface to the bulk and thus result in the polarization of the
batteries and separation from current collectors (Yan et al., 2017).

Conventional electrolytes used in Li-ion batteries generally are composed of
electrolyte solvents (EC, DEC, PC, DMC, and EMC, etc.) and LiPFg salt. Although the
operational voltage range of the solvents is 1.0-4.7 V (vs. Li/Li"), the electrolyte is not
stable actually when the operating voltage is beyond ~4.5 V on account of the catalytic
effect of cathode (Egashira et al., 2001). At high operating potential, the electrolyte will
decompose via oxidation, leading to the appearance of a passive cathode electrolyte
interphase (CEI) layer. This CEI layer is mainly constituted of Li>COs and LiF (Shi et
al., 2012), and obstructs the insertion/extraction of Li" ions, causing irreversible lithium
loss at the first cycles and capacity fade during cycling. Han and his coworkers (2018)
demonstrated that appropriate CEI can inhibit transition metal ion dissolution, but
heterogeneous and non-uniform CEI could affect the level of delithiation/lithiation.
This can cause volumetric contraction and expansion of the primary particles and
particles cracking, and transition metals dissolution, eventually facilitating the decrease
of voltage and capacity of the materials. On the other hand, even though electrolyte is
assumed to be nonaqueous, more or less moisture in electrolyte or cathode can
commonly be found, leading to the production of HF (firstly LiPFs=LiF + PFs, and then
PFs + H,O — POF; + 2HF) and transition metal dissolution (Aurbach, 2000).

For some cathode materials, low electrical conductivity is a major limitation to
wide applications. A typical example is olive-structured LiFePOg that suffers from its
insulating characteristic and sluggish kinetics of both electrons and ions (Peng et al.,

2013). The poor conductivity is due to the end member phases (LiFePO4 and FePOy4)
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(Delmas et al., 2011). Another notably low electrical cathode is Li3V2(PO4)3; with good
structural stability because of the three-dimensional framework of (PO4); (Kim et al.,
2013).

Actually, one can find that these surface behaviors of cathode materials are related
closely. Hence, a modification approach may be efficient to relieve the stresses and

even to meet the overall challenge.

2.3.2 Conventional surface modifications

To overcome the surface behaviors mentioned above, some conventional
modifications, such as elements doping or surface coating have been explored.

Usually, elements doping includes but not limited to Ti (Xiao et al., 2017), Al (Han
et al., 2017), Mg (Shim et al., 2014), Zr and Sn elements (Park et al., 2010). The
incorporation of Mg by depositing MgO coating on the surface of LiCoO> could occupy
Li sites, leading to an inhibition of phase change. (Xiong et al., 2011) also found that
the incorporation of Al by annealing LiMn2O4 coated with Al,O3 could diffuse into the
surface lattice, inhibiting the distortion and that the residual Al>O3 protected Mn from
electrolyte aggressing. However, these doping materials are inert for Li-ion conduction.
Another way is to use the active coating materials that have high Li-ion diffusivity
including LisTisO12(Xu et al., 2018), Li>Si,05(Liu et al., 2016), LisPO4(Chen et al.,
2017), Li2ZrO3(Wang et al., 2015), and LiP,O7(Hu et al., 2018), and so on. The active
Li4TisO12 coating on the surface of Ni-rich cathode material could significantly enhance
the cycling performance and rate property because the coating material improves Li"
ions diffusion and relieves the phase transition (Xu et al., 2018).

To suppress the cracking, an efficient way is to prepare stable structure framework
of cathode materials, yet another promising way is to conduct surface modification that
should have the capability to regulate the strain generated during charging and
discharging. Since the cracking in cathode materials primarily results from phase
change on the surface level, the modification methods discussed above could help to

suppress the existence of cracking. For example, element doping (Li and Co)(Kim et
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al., 2015) and surface coating of particles (Al2O3(Kim and Cho, 2008), AIPO4(Zhu et
al.,2017), FeF3(Lee et al., 2013), and ZrO»(Lee et al., 2006)) have been used to suppress
the crack formation within the particles effectively.

Generally speaking, the surface coating of metal oxides is a straightforward
approach to scavenge HF. It has been stated that the metal oxides such as ZnO (Guo et
al., 2009) and Al,O3 (Park et al., 2008) can serve as an efficient HF scavenger formed

in the electrolyte.

2.3.3 Polymer coating for cathode materials

The conventional coating materials are brittle and weak in adhesion, which could
lead to delamination from the particle surface and thus diminish its performance (Xiao
and Sun, 2018). In addition, these coating materials are low in conductivity for ions
and/or electrons, decreasing the rate performance and increasing the irreversible
capacity loss of the batteries. Considering these problems, polymers may be more
efficient because of their good mechanical performances, which play a positive role in
surface modification of anodes materials. Of course, a great deal of cathode materials
have been modified by some polymers coating (Xiao and Sun, 2018).

In recent years, polymers, especially, three of the most well-known conducting
polymers, poly(3,4-ethylenedioxythiophene)(PEDOT) (Fan et al., 2015; Son et al.,
2016; McDonald and Hammond, 2018), polypyrrole (PPy) (Xie et al., 2016; Yang et al.,
2018) and polyaniline (PANI) (Idris et al., 2012; Wang et al., 2013; Zhu et al., 2018),
have been considered as promising surface coating materials that are electrochemically
and thermally stable in batteries. Li et al. (2013) systematically compared the effect of
these three polymers on the sulfur cathode. They found that the capability of these three
polymers decreases in the order of PEDOT > PPY > PANI in the aspect of enhancing
cycling performance and rate property of the sulfur cathode.

These three polymers have a positive influence on enhancing the performances of
cathode materials. Firstly, the use of conductive polymers skin on the surface of
particles efficiently improves electrical conductivity, conduction pathways and ion

diffusion, and electrode stability (Murugan et al., 2008). Secondly, conductive polymer
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coating also plays a positive role in suppressing component dissolution and HF erosion
(Lietal., 2006; Ahn et al., 2017), and controlling the formation and growth of CEI (Wu
et al., 2016). Thirdly, the conductive polymers can serve as a binder for carbon black
free electrode (Das et al., 2015; Pu et al., 2016), improving the energy density of
batteries. Until now, these three conducting polymers have been reported as stable
coating materials for some promising cathodes, for example, LiFePO4(Yang et al., 2009;
Trinh et al., 2013), LiCoO; (Her et al.,, 2006), LizV2(PO4); (Kim et al., 2013),
NaLiFePO4F(Bai et al., 2019), LiMn>O4 (Kim et al., 2001), LiNipsMn;.504 (Gao et al.,
2015), LiNig8Co0.1Mng.102 (Cao et al., 2018), and Lij 2Nip2MnocO2 (Wu et al., 2016).
Notable examples cover the study by Cao et al. (2018), who explored the employ of the
integration of electronic conductivity of PANI and ionic conductivity of poly(ethylene
glycol) (PEG) for the surface protection of LiNipgCo00.1Mno.102, proving electronic and
Li" ion diffusion pathway, and protecting the surface from HF erosion, and inhibiting
side reactions and metal dissolution. Consequently, these modified cathode materials
exhibited high capacity, and good rate performance and cycling properties. The
previous work mainly focused on studying the conductive polymers (PEDOT, PANI

and PPy) used in the protective coating on the surface of electrode materials.

2.3.4 High-voltage NaLiFePO4F cathode

The energy density of a Li-ion battery highly depends on cathode materials
because of the lower practical capacity of cathode than that of anode materials (Baskoro
et al., 2019). Meanwhile, the cost of Li-ion batteries also depends on cathode material,

38% within the major components in a PHEV20 battery pack (Xiao and Sun, 2018). It

can be observed from the specific energy density (E£) equation: E = fOQ V(q)dq/wt

that the specific capacity (C = [ OQ dg/wt) and working voltage (V) are directly related

to £ (Goodenough and Kim, 2011). Hence, a high-voltage, high capacitance and low-
cost cathode material are required for the purpose of high energy density.
The isostructural fluorophosphates compounds (A2MPO4F, A=Na and Li; M=Fe,

Ni and Co) have attracted specific attention on account of the potential to more than
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one alkali atom activation in one unit (Khasanova et al., 2012). Among the compounds,
low-cost NaLiFePO4F is a promising candidate because of its framework connectivity
that could show high potential. This is attributed to the inductivity of PO4* group and
F~ with electron-withdrawing character (Antipov et al., 2015). In addition, the larger
sized Na" could enhance the structural stability. Khasanova and his workers (Khasanova
et al.,, 2012) found that the replacement of Na ions by Li ions could lead to a new
Li;FePO4F phase which shows attractive electrochemical properties; they also
demonstrated that the carbon coated NaLiFePO4F could be a attractive cathode material
which has a specific capacitance of 113 mAh g at 0.02C (1C=135 mAh g™") between
the potential range of 2.0-4.5 V. NaLiFePOuF is significantly sensitive to hydrofluoric
(HF) acid generated during the batteries operation. Its electronic conductivity also
should be improved (Aurbach, 2000; Amaresh et al., 2014), but few studies focus on

the modifications of this kind of electrode material.

2.4 Major Issues and Surface Modifications of High-Capacity Si Anode

Silicon has been widely considered as one attractive anode candidate for high-
energy Li-ion batteries owe to the following reasons: (1) the high theoretical capacity
(4200 mAh g), which is on the basis of full alloying to form Li»»Sis, more than ten
times that of the graphite anode (372 mAh g™! due to the formation of LiCs) (Jung et al.,
2003; McDowell et al., 2013; Zuo et al., 2017); (2) the low lithiation voltage plateau
(0.2-0.3 V vs. Li/Li"), avoiding unexpected lithium plating and lithium dendrite, and
thus improving safety (Chan et al., 2008; Zhang, 2011); (3) abundance on the earth (the
second abundant element, 28% by mass)(Liu et al., 2012; Wu and Cui, 2012); (4) good
environmental compatibility, low toxicity, and good chemical stability (Feng et al.,
2018). Unfortunately, several drawbacks limit its wide industrial applications, as will
be discussed subsequently. Even so, researchers have made tremendous efforts since

the 1990s (Ma et al., 2007; Zuo et al., 2017).
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2.4.1 Major challenges about Si anode

Many research groups have investigated the mechanism of lithiation of Si anode
(Ryu et al., 2004; Chan et al., 2008). Crystalline Si experiences from a single-crystalline
to amorphous at the initial diacharge and then keeps amorphous phase at ambient
temperature (Li et al., 2000), which has been shown by using X-ray and nuclear
magnetic resonance (Ryu et al., 2011). Unfortunately, Si shows a significant volume
expansion of about 420% during the alloying process because of their intake of large
numbers of Li. As a result, the first challenge of Si anode is large volume
expansion/contraction that results in high internal stress including shear stress and
compressive stress (Lee et al., 2001; Liu et al., 2011). This internal stress can cause the
crack and pulverization of Si, Figure 2.6a, and then cause failure of the electrical
connection between the Si and conducting materials, binder, and current collector,
Figure 2.6b. Eventually, this sequential phenomenon can result in poor conductivity for

electron and ion, leading to capacity fading.

® Silicon particles Il Lithiated silicon SEI MM Current collector

Lithiation Many cycles

(a) ‘

Figure 2.6 Failure mechanisms of a Si anode: a) pulverization and volume change, b)
morphology change and c¢) SEI formation (Reproduced with permission from Elsevier

and Copyright Clearance Center) (Wu and Cui, 2012)

The second challenge for silicon anode is improvement of the interface between
the electrolyte and Si, which is termed as the solid electrolyte interface (Nie et al., 2013).
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When the voltage of the electrode is below ~1 V (vs. Li/Li") organic electrolyte
decomposes on the Si surface. As a result, a self-passivating SEI layer forms (see Figure
2.6¢) prior to lithiation of Si because a large amount of free Li" and F~ exist on the
surface of Si at the initial charging. The SEI layer consists of Li>COs, LiF, Li>O and
polycarbonates (Ruffo et al., 2009; Wu et al., 2012). This layer should be stable and
dense to prevent further side reactions. It serves as a Li ion conductor and an electron
insulator. However, the SEI layer collapses during the delithiation because of the large
volume change of Li-Si alloy. The fresh electrode surface exposes to the electrolyte,
causing the undesirable formation of thick SEI layer. This thick layer causes rapid
degradation of Si anode because of the following reasons: (1) consumption of Li-ions
and organic electrolyte; (2) poor contact between Si-based materials and current
collector; (3) long diffusion pathway of Li* ions (Luo et al., 2015; Luo et al., 2017).
Another major challenge of Si anode is low electronic conductivity (10 S cm™)
and Li-ion diffusion capability for practical applications. The lithium diffusion
coefficient is at the range of 107'4-10""* cm? s! (Du et al., 2016). These poor intrinsic

properties limit its application.

2.4.2 Conventional remediation strategies of Si anode

A great deal of efforts have been devoted to address the aforementioned challenges
of Si with some promising progress achieved. Firstly, it is the structure design of Si.
The development of Si nanostructures includes 0D materials (nanoparticles, hollow
nanoparticles), 1D material (nanowires, nanotubes), 2D materials (Si films), and 3D Si
structures (porous Si). Among the Si nanostructures, Si nanoparticle is widely used as
the precursor for the preparation of Si anode. The cyclic stability highly depends on the
particle size (Ryu et al., 2004; Kim et al., 2010; Liu et al., 2012). The nanosize
dimension can reduce the stresses induced by volumetric change (Yoshio et al., 2006).
In addition, it is relatively simple to produce Si nanoparticles. However, Si particle-
based anodes show poor cyclic performance due to distortion of particles induced by

repeated expansion/contraction and also attributed to the uncontrollable growth of the
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SEI layer on Si surface (Ma et al., 2014).

Secondly, it is the surface coating of Si nanostructures with protective or
conductive materials that has been a research focus, such as Si/C (Si/amorphous carbon,
Si/carbon nanotubes, Si/graphene), Si/metal (Si/Ag, Si/Cu, Si/Fe, Si/Ni, Si/Ge,
S1/Cu/CusSi, Si/Fe;Si) (Kim et al., 2005; Yu et al., 2009; Fukata et al., 2016; Luo et al.,
2016), Si/metal oxide (Si/TiO2, Si/Al,O3)(Lotfabad et al., 2014; Yang et al., 2017),
Si/native oxides (S1/SiOx) (McDowell et al., 2011; Sim et al., 2013; Zhang et al., 2014;
Chen et al., 2015; Ma et al., 2015), and multi-layers (coating layer/Si/coating layer,
Si/mechanical layer/conductive layer, Si/conductive layer/mechanical layer) (Guo et al.,
2014; Liuetal., 2015; Liuetal.,2016; Luo et al., 2016). These surface coating materials
can buffer its huge volume expansion, and prevent direct connection between Si and
electrolyte, or provide fast transport channels for electrons or Li" ions, eventually
maintaining the structural integrity of anode and improving cyclic stability (Li et al.,
2012; Zhang et al., 2014). A typical example is that Liu and coworkers (2014) pointed
out a pomegranate structure of Si-based anode. Single Si nanoparticles are sealed by a
conducting carbon coating, producing large space for volume expansion and extraction
of Si, and then the composite particles is sealed by using a thicker carbon coating in
micro-sized pouches. The self-supporting conductive carbon layer on the surface of
secondary particles limits the formation of most SEI to the outer surface rather than on
the primary nanoparticles, so the SEI layer remains stable after cycling, leading to
excellent cycling performance (97% capacity retention 1,000"" after) and high
coulombic efficiency (99.87%) (Liu et al., 2014b).

Besides the tremendous efforts focusing on the development of Si structure and its
surface coating, electrolyte additives are one of the other key affecting factors on Si
anode. Additives have been widely researched, such as fluoroethylene carbonate (FEC),
vinylene carbonate (VC), propylene carbonate (PC), lithium bis(oxalate)borate
(LiBOB), lithium difluoro(oxalate) borate (LiDFOB), and succinic anhydride (Jin et al.,
2017). They have a desirable effect on stabilizing the interface of Si and electrolyte
during the initial lithiation, forming a stable SEI layer and increasing the initial

coulombic efficiency of Si anode. Among these additives, FEC is the most promising
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one that can improve the stability of SEI film (Guo et al., 2014). As a result, an initial
SEI layer forms. It plays a role in limiting the degradation of EC/DEC organic solvent
and thus limiting the excessive inhomogeneous SEI.

All the above-mentioned modifications show a significant impact on addressing
the challenges of Si anodes. However, it is noted that many factors should be given a
thought to fairly determine the promise of modified Si anode materials, such as cost of
materials and preparation, electrode and its fabrication process, and effect on the
environment, etc. Consequently, researchers should take much more consideration on

the actual conditions when they are exploring new materials and new methods.

2.4.3 Polymers applied to Si anode modification

Conducting polymers with good chemical stability, excellent electronic
conductivity and mechanical flexibility, have gained popularity among researchers in
solar cell, supercapacitors, Li-S batteries, and Li-ion batteries. As discussed in Section
2.3.3, the three conductive polymers (PEDOT, PPY, and PANI) that act as protective
and conductive coating, have gradually been applied to cathode materials. Accordingly,
it is strongly desirable to design a very tunable and efficient approach to incorporate a
uniform conductive polymers coat on the surface of Si, improving the structural
stability and electrochemical properties (Luo et al., 2017).

Nowadays, these conductive polymers have been broadly implemented in Si anode
research. Chew et al. (2007) reported a novel Si nanoparticles/PPY composite that was
prepared by using chemical polymerization. The cycling stability of this electrode
(specific capacity retained ~30%) was highly increased compared to that of the pure Si
particles (specific capacity retained ~ 5%). A similar work has been investigated by Du
et al., (2014), who developed a direct method for the fabrication of a protective layer
(PPY) on the porous-Si hollow spheres (PHSi1). PPY @PHSI retained 88% of its first
capacitance (2500 mAh g) over 250 cycles, due to the porous hollow structure for
buffering the huge volume change, and the formation of stable SEI layer outside of

coated Si.
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The conductive polymers can partially act as a conductive binder, being an
alternative to conventional conductive additive and binder. For example, Wu et al.
(2013) explored a successful Si nanoparticles/PANI framework, which was
polymerized in situ of aniline monomer. Such a hierarchical hydrogel framework
provides a continuous electrically conductive PANI network, and a porous space for
accommodating volume expansion of Si, and provides a protective layer to accelerate
the formation of stable SEI. Also, the prepared viscous gel is bladed onto copper foil
current collector directly without binder additive. With this anode, the half-cell could
undergo 5000 cycles with only 10% capacity fading (6.0 A g™).

Another typical conductive polymer poly(3,4-ethylenedioxythiophene) and poly
styrene sulfonate acid (PEDOT:PSS) has high electronic conductivity and is

commercially available as aqueous dispersion (Lang et al., 2009). However, it exhibits
low stretchability (< 10% strain) and poor stability in wet environments (Lu et al.,

2019). For Si nanoparticles, PEDOT:PSS as both binder and conductive agent has been
reported by Higgins and coworkers (2016). The Si/PEDOT:PSS was achieved by using
in situ secondary doping with small amounts of formic acid. The Si particles were
homogeneously coated by PEDOT:PSS. This system showed a first lithiation
capacitance of 3685 mAh g! and a first cycle efficiency of ~78% at high areal loading
level (1 mg cm™).

In the case of Si material modification, the previous work also mainly focused on
studying the three conductive polymers (PEDOT, PANI and PPy). It is known that the
binder used in electrodes should have the smallest swelling in the electrolyte, be stable
in the potential ranges, be flexible, and conduct Li* ions for Li-ion batteries. However,
these conducting polymers serving as conductive additive have poor capability of
conducting Li" ions. In addition, their flexibility is not enough to suppress the huge
volume change of Si particles at high current density for long cycles. Hence, it is
important to investigate a polymer from the view of high electrical conductivity and
ionic conductivity, as well as good flexibility, which can be used to modify both the

high-voltage NaLiFePO4F cathode material and high-capacity Si anode material.

33



2.5 Summary

From the literature survey, one can see that polymers have been broadly applied
in supercapacitors and batteries. In these two types of devices, electrolyte and electrode
are the most significant components. Gel polymer electrolytes are one of the most
attractive candidates for the application of flexible devices owe to the high ionic conductivity
and good flexibility. On the other hand, a great deal of studies have been conducted on
the polymer materials especially conductive polymers employed in the modification of
electrode materials, with significant achievements made. The conductive polymers can
control stress-induced cracking, transition metal dissolution of common cathode
materials, and improve their electrical conductivity. Meanwhile, the conductive
polymers have the potential benefits to the electrical conductivity of Si anode and
facilitate the formation of a stable SEI layer on the outside of coating. As a result, the
conductive polymer coating can stabilize the structure and improve electrochemical
properties of the electrode materials. However, there are still some issues that are
needed to be further addressed.

(1) Although previous studies have investigated PVA based Na-ion conducting
electrolytes, some of them have been reported to show poor electrochemical
stability probably because of simple sodium salts employed and H>O solvent. Hence,
this research focuses on preparing PVA based Na-ion electrolytes together with high
ionic conductivity and good electrochemical stability, improving electrochemical
performances of EDLCs made of the membranes as a separator and electrolyte.

(2) The previous work mainly focused on studying the conductive polymers (PEDOT,
PANI and PPy) used in the protective coating on the surface of cathode and Si
anode in terms of their high electrical conductivity, little attention has been paid on
investigation of polymers from the view of high electrical conductivity and ionic
conductivity, as well as a good flexibility. Hence, this work also focuses on
synthesis and application of a new polymer with electronic and ionic conductivity

as well as desired flexibility.
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Chapter 3 Na-ion Conducting Gel Polymer Membrane for Flexible

Supercapacitor Application

3.1 Introduction

The demand for flexible power supply is becoming increasingly high because of
the wearable and portable devices found in various fields including medical, military
and outdoor sports (Pu et al., 2016). As for GPEs, it renders a high ionic conductivity
(o) and excellent flexibility, making them one more attractive candidate for the
application of flexible devices. PVA-based gel polymer electrolytes, such as proton-
conducting electrolytes (Gao and Lian, 2014), Li-ion (Wang et al., 2012) and Na-ion
conducting electrolytes (Batisse and Raymundo-Pi, 2017), have been investigated by
several research groups. Until now, all the reported PVA-based Na-ion conducting
electrolytes were prepared using water solvent, and sodium salts employed in most of
them were too simple, resulting in poor electrochemical stability (Ponrouch et al., 2015).
Furthermore, the contact between electrolyte film and the electrodes was found
mechanically weak (Chen et al., 2019) when assembled into energy storage devices.

In order to prepare gel PVA based biodegradable electrolyte for fabricating EDLCs,
together with high ionic conductivity and good electrochemical stability, NaTf (sodium
triflate or sodium trifluoromethanesulfonate) may serve as a better sodium salt because
of the interaction between the hydroxyl group of PVA and the sulfonate group of NaTf.
The trifluoro group would also be potentially beneficial for the stability of the
electrolyte during operation. Moreover, NaTf can be highly dissolved in PVA, is
thermally stable and non-toxic. Its interaction with PVA is a kind of weakly electrostatic
coordination that renders high ionic conductivity for electrolytes (Dhumal and Gejji,
2006). When this NaTf containing PVA is prepared using NMP solvent and is
plasticized using ionic liquid (EMITf, 1-ethyl-3 methylimidazo liumtrifluoro
methanesulfonate), the electrolyte so made would have high chemical stability and
ionic conductivity, as indeed seen subsequently. It is worth to note that this chapter has
been published by the author in 2020 (Wang et al., 2020).

3.2 Experimental Procedures
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3.2.1 Materials

For preparing gel polymer electrolyte membranes, PVA power (Sigma, Mw
=125,000 g mol "), NaTf (Aladdin, 98%), and ionic liquid EMITf (IoLiTec, 99%) was
served as polymer host, metal salt, and plasticizer, respectively. The activated carbon
(AC) active material (supercapacitor grade, specific surface area ~1800 m? g''), PVDF
binder (HSV900), and carbon black conductive agent (Super P) provided by Kejingstar
Technology, Shenzhen, China for the preparation of EDLCs electrodes.

3.2.2 Preparation and characterization of gel polymer electrolyte

To identify the relation between the crystallinity as well as the ionic conductivity
of the electrolyte films and the concentrations of the doped NaTf and EMITT, the
polymer electrolyte membranes were prepared as described previously (Wang et al.,
2018), using the casting method after fast stirring (1000 rpm) of the mixed solution at
80 °C. In fabricating GPE membranes, different quantities of EMITf were dissolved
completely in the optimal NaTf-complexed PVA system, determined through X-ray
diffraction (XRD) with Cu-Ka radiation (A = 1.5406 A) (D/max 2500PC, Rigaku,
Japan), scanning electron microscopy (SEM) coupled with energy dispersive X-ray
spectroscopy (Hitachi S-4700 SEM-EDS, Japan) and ionic conductivity analyses.

The surface morphologies, structural characteristics and thermal stability of
polymer electrolyte membranes were evaluated using SEM, XRD, and thermal analyzer
(STA 449F3 Jupiter, Germany), respectively. The electrochemical stability of the
membranes was evaluated using an electrochemical workstation (Model: CHI760D,
CH Instruments, China). Impedance analyzer (PSM 1735, Newton, UK) was used to
measure the ionic conductivity. The as-obtained symmetric cells were used for these
three evaluations, consisting of a pair of stainless steel foils as electrodes sandwiched
by an electrolyte film. All the measurements and characterizations were conducted at
room temperature (23-25 °C). In addition, the Na* transport number of the electrolyte
films was evaluated by using the Bruce-Vincent equation (Evans et al., 1987). The

Na/electrolyte membrane/Na cell was polarized by applying a DC potential difference
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of 10 mV. The cell resistance values before and after polarization were collected by

applying AC impedance spectroscopy.

3.2.3 Assembling and testing of EDLC

To evaluate the electrochemical properties of the prepared electrolyte films, they
are employed in the fabrication of EDLCs. The active carbon (AC) electrode is prepared
by the following procedure: AC, poly(vinylidene fluoride) (PVDF) and carbon black
are mixed in NMP (the mass ratio of 80:10:10). The mixture is stirred until obtaining a
homogenous paste and then doctor bladed on the Al, followed by drying at 110 °C and
roll pressing. The EDLC was fabricated using the spinning-casting method to improve
the contact of electrodes with polymer electrolyte. The PVA-NaT{f+EMITf solution was
spun on the prepared electrode at a high speed (1400 rpm) for 20 s to form a thin film
(~5-6 um) and heated to evaporate the NMP solvent at 60 °C for about 10 min to 80%
of its full extent. The experimental procedure can be seen in more detail in Figure 3.1.
The amount of NMP evaporated was determined by weighing the sample before and
after heating. The remanent solution (PVA-NaTf+EMITf) was then cast onto the
surface of electrolyte membrane-electrode and dried in the oven at 70 °C for 24 h. This
non-fully dried electrolyte membrane (containing ~10 wt.% solvent, determined by
weighing) was joined with another piece of electrode to form a symmetrical EDLC.

With this method, one could prepare a number of EDLCs simultaneously (Figure 3.1).
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Figure 3.1 Schematic illustration showing the fabrication and application of EDLCs
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The liquid electrolyte, 1 mol L' NaTf in EC and PC (v/v 1/1), was employed to
fabricate CR2032-type cells with activated carbon as electrodes in a glove box filled
with Ar. The volume of the liquid electrolyte is 60 pL. The glass fiber is used as
separator. The measurements of CV of EDLCs were performed at room temperature
(23-25 °C) with different scan rates from 0 to 1.6 V and 0 to 2.0 V. Galvanostatic
charge-discharge (GCD) was conducted at a constant current density of 313 mA g
using Neware battery testing device. Finally, the EDLCs were employed to power an

LED to demonstrate the possibility of their practical application.

3.3 Results and Discussion

3.3.1 Materials characterization

To identify the optimal salt (NaTf) and ionic liquid (EMITY) contents doped in the
PV A solution, the PVA film mixed with various contents of NaTf or EMITf were made
using the casting method. The viscosity of the solution decreases during the rapid
mixing, so that the big ions, such as Tf and EMI", are easy to be tethered by the polymer
matrix and then entangled by the polymer chains, causing a decrease in the crystallinity
of PVA (Zhao et al., 2017). XRD patterns of PVA films mixed with various contents
of NaTf and EMITTf are shown in Figure 3.2.
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Figure 3.2 XRD patterns of (a) PVA-xNaTf(x = 0, 10, 20, 30, and 40 wt.%, denoted as
Pure PVA, P-10, P-20, P-30, and P-40) and (b)PVA-30wt.% NaTf + yEMITt(y= 5, 10,
and 15 wt.%, denoted as P-30-5, P-30-10, and P-30-15) membranes
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The change of crystallinity is shown in Figure 3.2a in terms of X-ray diffraction.
The incorporation of NaTf in a concentration range of 10 to 30 wt.% enables the
diffraction peak to widen and decrease in intensity, indicating the decrease of
crystallinity of PVA. However, a further increase in NaTf beyond 30wt.% leads to an
increase in the intensity and a decrease in the width of the peak, indicating the increase
in crystallinity. Therefore, the best composition should be P-30.

In order to obtain gel electrolyte membranes, the EMITT ionic liquid was added
into the P-30 mixture with continual fast stirring (1000 rpm) at 80 °C. As shown in
Figure 3.2b, the peak intensity decreases further due to the introduction of EMITf and
the best composition in terms of crystallinity is the P-30-10 mixture. The lower
crystallinity can supply larger free volume, thereby leading to more segment motion
and higher carrier mobility that are very crucial for the electrolyte membrane to achieve
high ionic conductivity.

The morphologies of prepared electrolyte films were observed using SEM. As
shown in Figure 3.3, the electrolyte membranes maintain a uniform and soft surface
even after being plasticized by ionic liquid and exhibit perfect structural integrity
because they are self-standing. However, many particles are apparently visible on the
surface of electrolyte membranes containing 20 wt.% EMITf. These particles
demonstrate the existence of NaTf as confirmed by EDS (see Figure 3.3f), where the
peaks of carbon, oxygen, fluorine, sodium and sulphur are observed. The excess ionic
liquid could lead to ion aggregates, being attributed to the combination of Na* and Tf",
and not EMI" and Tf since the concentration of EMITf is low (Sim et al., 2014).

Accordingly, the optimal electrolyte composition would be the P-30-10 mixture.
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Figure 3.3 SEM images of (a-e) PVA-30 wt.% NaTf + yEMITT (y =0, 5, 10, 15 and 20

wt.%) under 5.00k magnification; (f) EDS analysis of the particle in ()

To evaluate the thermal property of the electrolyte membrane, the
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) was
employed with the results shown in Figure 3.4. Obviously, at around 80°C, the P-30-10
membrane exhibits a ~2% mass loss, which is attributed to the loss of moisture and
NMP. It also shows a weight loss at around 180 °C because of the melting and the first
decomposition stage of PVA (Mishra and Rao, 1999). A weight loss at around 240 °C
due to the decomposition of NaTf is observed (Ponrouch et al., 2015). Furthermore, the
weight loss after 300 °C may arise from volatilization of EMITf and decomposition of
PVA (Shamsipur et al., 2010). Hence, the P-30-10 sample exhibits relative stability
before150 °C. This indicates that this electrolyte membrane can be applied in capacitors
where high temperature is a concern (Lin et al., 2016). Besides the desirable thermal
stability, the electrolyte membrane can also be completely curled without any breakage
(see Figure 3.5). This gives an additional advantage of mechanical stability.
Consequently, the optimum PVA-based gel polymer electrolyte membrane shows a
great potential for the fabrication of flexible sodium-ion capacitors as both electrolyte

and separator.
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Figure 3.4 TGA and DSC plots of PVA-30 wt% NaTf + 10 wt.% EMITf membrane

Figure 3.5 The electrolyte films (a) in bending and (b) after bending

The electrochemical properties are also critical for the application of an electrolyte
film, for example, electrochemical stability, ionic transference number, and ionic
conductivity. The electrochemical stability is analyzed by using cyclic voltammograms
(see Figure 3.6). The P-30 without the addition of EMITf shows a good electrochemical
stability up 4.15 V. When 5% EMITT is added to the P-30, and the resulting P-30-5
electrolyte membrane shows a better electrochemical stability up to ~4.70 V. This
stability window is maintained even after 10% EMITT is added, implying an excellent
tolerance to polarization and a great potential application for high cell-potential-
difference devices. Nevertheless, further addition of EMITT to P-30 leads to some extra

redox peaks, as seen from the P-30-15 CV test results. These redox peaks probably arise
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from the precipitated sodium salt particles due to the excessive addition of ionic liquid,
being consistent with those noted from Figure 3.3e.
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Figure 3.6 CV curves of SS/PVA-30 wt.%NaTf + yEMIT{/SS cell (y =0, 5, 10, and
15 wt.%, denoted as P-30, P-30-5, P-30-10, and P-30-15)

Ton transport depends on the cations (Na* and EMI") and anion (Tf"). The Na*
transport number of the electrolyte films (#~a+) is given by the Bruce-Vincent equation

(Evans et al., 1987):

_ Iss(V_IORO)
IO (V_ISSRSS)

(3.1)

tNa+

Where [y and I are the initial-state and steady current; Ry and Rss are the Na/P-30-
10/Na cell resistance values before and after polarization, respectively; and V is the
applied potential difference. These values can be obtained from Figure 3.7. The Na*
transport number for the P-30-10 electrolyte film is gained as ~0.59 at room temperature.
Hence, Na* should transfer faster than the other two ions of much larger sizes and make
more contribution to ionic conduction because large-sized ions can be easily pinned
within the polymer matrix although the concentration of Tf is higher (Zhao et al., 2017,
Makhlooghiazad et al., 2018).
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Figure 3.7 DC polarization curve of Na/P-30-10/Na cell at an applied potential
difference of 10 mV and the inset shows the EIS curves before and after polarization

of the cell

The Nyquist impedance analyses (Figure 3.8) were further carried out to confirm
the contribution of NaTf salt and EMITT ionic liquid to ionic conductivity (¢) (S cm™)
which can be calculated through

o=t/(R,A) (3.2)
where ¢ represents thickness of a electrolyte membrane, being about 0.008 cm; A
represents the electrode-film contact area; and Ry is resistance of electrolyte membrane
(Rv/Q2), which is obtained from the intercept of semicircle at high frequency on real axis.
As shown in Figure 3.8a, when less than 40% NaTf is added to the PVA sample, the
resulting electrolyte membranes (denoted as P-10, P-20 and P-30) show a decrease of
Ry, which is due to the decrease in crystallinity and the increase in mobile ions. However,
when the content of NaTf is up to 40%, the value of Ry increases due to the increase in
ion aggregation. Hence, the P-30 sample has the highest ionic conductivity for the
unplasticized systems. Similarly, the P-30-10 sample has higher ionic conductivity
(~3.8x107 S cm™!) than the others. When a proper amount of EMITS (less than about
10 wt.%) is added to the P-30 mixture, the amorphous region of the electrolyte

membrane increases and thus enhances the mobility of the ions. However, further
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addition of EMITTf would result in an increase in ion aggregation. This is agree with
XRD results showing the lowest degree of crystallinity for this electrolyte. The
transport of mobile ions within the polymer substrate depends on amorphous domains
which can promote polymer segmental motions and then enhance the mobility of
mobile ions (Zeng et al., 2016). Therefore, the high ionic conductivity of the P-30-10
sample should be due to its low crystallinity and the large concentration of mobile ions.

Furthermore, it is found that the ionic conductivities obtained from the PVA
electrolyte films based on sodium, magnesium and lithium salts are of a similar order
of magnitude. Overall, the present value compares well with reported values
(Mindemark et al., 2017; Wang et al., 2018; Wang et al., 2018). Accordingly, P-30-10

electrolyte membrane should be suitable for application in capacitors.
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Figure 3.8 (a) Nyquist impedance plots of the PVA-xNaTf with a table of R}, as inset
(x =10, 20, 30, and 40 wt.%, denoted as P-10, P-20, P-30, and P-40) and(b) PVA-30
wt.% NaTf + yEMITT with a table of Ry, as inset (y= 5, 10and 15 wt.%), recorded at

room temperature

3.3.2 Performance of the EDLCs

The performance of this sodium-ion conducting gel polymer electrolyte membrane
was investigated by means of acting as “electrolyte and separator” in EDLCs (activated
carbon (AC) as electrodes.

Figure 3.9a and 3.9b display the cyclic voltammograms (CVs) of capacitors with
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the gel polymer electrolyte membrane (P-30-10) (C//GPE//C) and with the liquid
electrolyte (C//LE//C) at different scan rates (0-1.6V), respectively. Obviously, both of
them exhibit a nearly symmetrical and rectangular shape at low scan rates, indicating
that they have a desirable capacitor performance and a low resistance so that the mobile
sodium ions can transfer and then generate electric double-layer near the interface of
electrode-electrolyte. Nevertheless, gradually the plots lose rectangle feature with
increasing scan rates. In addition, for the C//GPE//C capacitors, the areas of CV curves
are slightly larger than those of the C//LE//C capacitor at low scan rates, and the
difference becomes insignificant at different high scan rates of 9 and 13 mV s™! for these
two types of capacitors (see Table 3.1).

In order to identify the performance of capacitors at a larger potential range (0-2.0
V), these two types of capacitor were also analyzed using CV measurements. The
results are depicted in Figure 3.9¢ for the C//GPE//C) capacitor and Figure 3.9d for the
(C//LE//C) capacitor. Obviously, C//GPE//C shows slightly higher specific capacitances,
due to its bigger areas of CV curves, than those of the C//LE//C capacitor at different
scan rates (see Table 3.1). This means that the as-obtained gel polymer electrolyte

membrane is well comparable with the liquid electrolyte.

Table 3.1 Absolute area of CV curves of C//GPE//C and C//LE//C EDLCs at different
scan rates (0-1.6 V and 0-2.0 V)

Absolute area of CV at different scan rates

Cell potential
EDLCs ‘
difference/V 1 mVs! 5mVs! 9 mVs! 13 mVs!
C//GPE//C 0-1.6 0.650 2.292 3.427 4.267
C//LE//C 0-1.6 0.542 1.750 3.410 4.265
C//GPE//C 0-2.0 1.050 3.124 4.725 5.813
C//LE//C 0-2.0 0.669 2.846 4.294 5.475
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Figure 3.9 Cyclic voltammograms of EDLC fabricated with (a, c) P-30-10 electrolyte
membrane and with (b, d) liquid electrolyte, determined at different scan rates in the

cell potential ranges of (a, b) 0-1.6V and (c, d) 0-2.0 V, respectively

The galvanostatic charge-discharge (GCD) measurements of the C//GPE//C and
C//LE//C capacitors were carried out at room temperature (23-25 °C) to further
demonstrate the reliability of this polymer electrolyte system.

Figure 3.10a and 3.10b exhibit the GCD plots of these two kinds of EDLC for the
1%, the 50™ and the 100" cycles recorded in the potential of 0-1.6 and 0-2.0 V,
respectively. It can be observed from Figure 3.10a, a nearly linear profile is obtained in
terms of all the charging and discharging plots, further indicating a comparable
capacitive property of these EDLCs, being in agreement with the CV results. Moreover,
all the curves show nearly symmetrical triangles, implying that these EDLCs possess a

high coulombic efficiency, which is given by
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nz%xloo% (3.3)

C

where #c and #p represent the times for charging and discharging in units of's.
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Figure 3.10 The galvanostatic charge-discharge curves of EDLCs fabricated with P-

30-10 electrolyte and liquid electrolyte, respectively, at 1st, 50th and100th cycles in
the cell potential ranges of (a) 0-1.6V and (b) 0-2.0 V

As shown in Figure 3.10a, a sudden drop in cell potential difference, i.e. the kink
at around 1.3V, is almost identical for both C//GPE//C and C//LE//C capacitors at the

initial cycling, but it decreases with the increasing cycle for the capacitor with the
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polymer electrolyte while the drop of cell potential difference shows no change for the
capacitor with the liquid electrolyte. This indicates that the C//GPE//C device has less
energy loss during cycling. This cell-potential-difference drop is caused by the ohmic
loss. This is because of several internal resistances of devices, i.e., the resistance
induced by electrodes, electrolyte, electrolyte/electrodes and electrodes/current
collector interfaces. In addition, it can be seen that charging for the polymer electrolyte
is slower than that for the liquid electrolyte as time goes because the ionic conductivity
of former is smaller than that of the latter.

To further identify the cycling performance of C//GPE//C and C//LE//C capacitors,
the room-temperature coulombic efficiency and capacity as a function of the cycling
number are depicted in Fig. 11a and 11b under the cell potential differences of 1.6 V
and 2.0 V, respectively. The value of specific capacitance (Cs/F g') of the single

electrode is obtained by
dv
s=4] (m—— 34
C.=41/(m-") (3.4)

where [ is current in the unit of A, m (g) represents the weight of active materials in
electrodes, and dV/d¢ (V/s) is slope of the linear part of the discharge curve. In Figure
11a, the specific capacitance of the C//GPE//C capacitor increases with increasing
cycling to ~170 cycles and then slightly decreases until a nearly steady value over 1000
charge-discharge cycles. By comparison, it keeps a decreasing trend up to 1000 charge-
discharge cycles for the C//LE//C capacitor. This may be due to the difference of
internal resistance between these two types of EDLCs. For both capacitors, the first
value of C; is around 100 F g’!, but it increases slightly to 103.7 F g'! for the C//GPE//C
capacitor and 63.5 F g'! for the C//LE//C capacitor in the 1000™ cycle. In addition, they
both show an almost 100% coulombic efficiency after several cycles until 1000 cycles.
The lower coulombic efficiencies in the initial charging-discharging cycle may be
attributed to the irreversible side reactions, which is common for some capacitors (Fic
et al., 2015; Lahedir et al., 2015).The cycling performances for these EDLCs were
evaluated by charging to 2.0 V, and the results are given in Figure 11b. Compared with

above results shown in Figure 11a (charged to 1.6 V), a similar variation trend in
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specific capacitance/coulombic efficiency is observed, but the C//GPE//C capacitor
shows a higher coulombic efficiency than the C//LE//C capacitor. For the C//LE//C
capacitor, the value of Csis 146.1 F g'lin the first cycle and 85.0 F g™ after 1000 cycles,
and thus its capacity retention is only 41.8%. In contrast, for the C//GPE//C capacitor,
the capacity retention is nearly 100% (125.4 F g'! at the 1 cycle and 127.8 F g'! after
1000 cycles). For both kinds of EDLCs, the corresponding energy density (Ecen1) and
power density (Pc) can be calculated by (Yang et al., 2015; Phattharasupakun et al.,

2018):
Cs(AV)? 1000
Ecen = ==X (3.5)
At
Peenn = Ecell/(3600) (3.6)

where AV is the cell potential difference excluding the cell potential drop in the unit of
V and At (s) is discharge time. The calculated results are listed in Table 3.2. Clearly, the
EDLC fabricated with the polymer electrolyte membrane provides a steady energy
density and power density even after 1000 cycles at the charging voltages of both 1.6
V and 2.0 V, further indicating that the spinning-casting method is suitable for the
fabrication of EDLCs and that the P-30-10 electrolyte membrane is an attractive one
for applications of energy storage. However, the EDLC fabricated with the liquid
electrolyte loses about half of the energy density after 1000 charge-discharge cycles,
further showing the unstable internal resistance within the C//LE//C device. The
relatively poor performance of EDLCs fabricated with the liquid electrolyte may be due
to the sodium salt composed of large-sized anions and sodium cations. The liquid
electrolyte is easy to diffuse into the electrode, forming ion aggregation and resulting
in a jam and accumulation in electrode materials at an electric field. This may lead to a
larger internal resistance for EDLCs along with a smaller effective specific surface area
for active carbon electrodes. By contrast, the large-sized ion aggregation in polymer
electrolyte could be trapped in polymer matrix. The as-fabricated EDLC with the
present polymer electrolyte has been used to successfully power an LED. This further

demonstrates the ideal electrochemical properties of the EDLC.
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Figure 3.11 The variations of specific capacitance and coulombic efficiency with

cycling for EDLCs fabricated with P-30-10 electrolyte and liquid electrolyte in the

cell potential ranges of (a) 0-1.6 V and (b) 0-2.0 V

Table 3.2 Energy density (W h kg') and power density W kg™') of C//GPE//C and

C//LE//C at different cell potential differences and redox cycles

EDLC ileflt{eﬁg;ir;tka) Eee/1"  Eea/1000"  Pe/1%  Peer/1000%
C//GPE//C 0-1.6 6.5 7.2 161.4 167.2
C//LE//C 0-1.6 73 4.4 170.0 166.7
C//GPE//C 0-2.0 12.4 13.8 198.4 207
C//LE//C 0-2.0 15.9 8.1 208 194.4
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3.4 Summary

Poly(vinyl alcohol) (PVA) polymer, a biodegradable one, can be utilized to
fabricate gel electrolyte for EDLCs using sodium ions as the main conducting charges.
The proper selection of sodium salt and solvent is essential for its performance.

(1) Sodium triflate (NaTf) has been shown as a good choice of sodium salt and NMP
as the solvent of PVA. It is found that the composition of PVA-30% NaTf+10%
EMITT (P-30-10) exhibits an excellent room-temperature ionic conductivity of
~3.8x107 S em™!, good electrochemical stability up to ~4.70 V, as well as thermal
stability below 150 °C.

(2) The EDLCs fabricated with P-30-10 film using a spinning-casting method exhibits
excellent electrochemical performance as compared with that fabricated with the
liquid electrolyte. It gives both high cyclic stability and high coulombic efficiency
(~100%) up to 1000 charge-discharge cycles at various potential ranges (0-1.6 and

0-2.0 V), respectively.
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Chapter 4 Conductive and Flexible Coating of Cathode Made of NaLiFePOuF as

Active Material in Li-Ion Batteries

4.1 Introduction

Nowadays, the Li-ion batteries have become a type of the most attractive novel
energy storage systems for powering electric devices because of the intrinsic
advantages, for example, high energy density, high efficiency, and no memory effect
(Taracson and Armand, 2001; Liu et al., 2015; Xiao and Sun, 2018; Liu et al., 2019).
The expectations are high, as the increasing energy demand for the electric vehicles
(500 km drive range with one charge) (Xu et al., 2017). The costs of Li-ion battery-
packs (below 100 euros per kilowatt-hour by 2020) (Schmidt et al., 2017), and the
safety (e.g., by replacing the flammable liquid organic electrolytes) (Bresser et al., 2018)
is still waiting for further optimization. Hence, although the application of Li-ion
batteries has been commercially available within electric vehicles, the demand for the
developments of devices with good performance, high safety and low cost is still great
(Dunn et al., 2011). The isostructural fluorophosphates compounds (42MPO4F, A
represents Na and Li; M represents Fe, Co and Ni) have attracted particular attention.
Among the compounds, low-cost NaLiFePO4F is a promising candidate because of its
framework connectivity that could show high potential. This is attributed to the
inductivity of PO4>" functional group and F- with electron-withdrawing character
(Antipov et al., 2015). However, the material has low electronic conductivity and is
significantly sensitive to HF. Few studies focus on the high-voltage and low-cost
NaLiFePO4F cathode material. Bai found that the capacity of NaLiFePO4F cathode
material under the larger current (0.5C) was low, but the capacity was improved after
the conducting PPy coating (Bai, 2019). Conductive polymers have been broadly used
for the modifications of electrode active materials in batteries. Among them, PEDOT
synthesized from EDOT monomer shows a better capability to improve cycling and
rate performances of electrodes. Meanwhile, poly(dimethylsiloxane) (PDMS) has also
attracted much attention. It has been used as a stable interfacial layer for Li-metal
batteries showing good performances owe to mechanical flexibility and chemical
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stability (Zhu et al., 2017). PDMS molecules can form a helix structure because of the
corresponding rotations around the highly flexible Si-O bonds, leading to good
mechanical properties (Klonos et al., 2015). It should be noted that nanopores in the
PDMS film could be created by HF etching and they provide more pathways for Li*
transport (Zhu et al., 2017). In this part of the study, in order to optimal the efficiency
of NaLiFePO4F cathode materials (i.e. improving electronic conductivity and ionic
conductivity), a new polymer of PEDOT-PDMS with good conductivity and flexibility
was synthesized. The reaction occurs between ethylenedioxythiophene (EDOT)
conductive skeleton and flexible hydride terminated poly(dimethylsiloxane) (h,PDMS)
with the help of Karstedt catalyst.

The PDMS matrix has the capability of absorbing HF. In addition, the HF is
derived from the reaction between PFs and water, when electrolyte migrate into the
electrode, the PFs™ anions are easily interact with the conjugate structure in PEDOT-
PDMS, leading to less amount of PFs in the electrode and then less HF. Hence, the
conformal coating of PEDOT-PDMS on the prepared electrodes containing
NaLiFePO4F active material would not only be beneficial to electronic conductivity but
also protect NaLiFePO4F from HF corrosion, maximizing the performance of
NaLiFePO4F cathode material. Indeed, the prepared NaLiFePO4F electrode@PEDOT-
PDMS electrode exhibits high capacity and good cycle stability as reported

subsequently.

4.2 Experimental Section

4.2.1 Materials

Hydride terminated poly(dimethylsiloxane) (h,PDMS, Mw = 580 g mol '), NMP
(anhydrous, 99.5%), and toluene (anhydrous, 99.8%) were bought from Sigma-Aldrich.
3,4-Ethylenedioxythiophene (EDOT, >98.0%) was purchased from TCI. Karstedt
catalyst solution was purchased from Aladdin. NaLiFePO4F was provided by a lab mate
in our research group (Bai, 2019). PVDF (HSV900) binder and Super P conducting

additive were provided by Kejingstar Technology, Shenzhen, China.

53



4.2.2 Preparation of PEDOT-PDMS and its characterization

First, h,PDMS (410 uL) and EDOT (80 uL) were dissolved in toluene, denoting
as Solution A. Second, 10 pL Karstedt catalyst was added into a round-bottom flask
with the protection of Ar, denoting as Solution B. Then, Solution A was added into
Solution B by using an injector (5 mL), and the two solutions were mixed for 4 h at
60 °C in oil bath with a magnetic stirrer. The resulting solution was connected on a
reduced pressure (i.e. the flask connecting to a vacuum pump, 10-15 mmHg) to remove
the unreacted monomers for 1h.

The presence of PEDOT-PDMS was confirmed from the results of Nuclear
magnetic resonance (NMR, Jeol ECZ500R 500 MHz) 'H spectra and Fourier transform
infrared spectroscopy (FTIR, Nicolet 380). The FTIR were obtained in the range of
400-3000 cm™! at the resolution of 4 cm™!. The structural characteristics of PEDOT-
PDMS was evaluated through X-ray diffraction (Smartlab 90kw, Rigaku) with Cu Ka
radiation. The new polymer was further evaluated by using X-ray photoelectron spectra
(XPS, PHI 5000 Versa Probe), providing the information of elemental composition
within the sample. The spectra were collected in the range of 0-1100 eV. The
mechanical properties of the film was evaluated by using Low Force Universal Testing
Systems (Instron 3344). The size of the membrane is 50x8x0.78 mm
(lengthxwidthxthickness). Scanning electron microscopy (SEM, TESCAN VEGA3)
equipped with an energy dispersive spectroscopy was employed to examine the

microstructure and elemental distribution.

4.2.3 Electrode preparation, cell assemble and battery testing

The NaLiFePOu4F electrode served as the control electrode that was made without
coating, i.e. 70 wt% NaLiFePO4F (0.1 g), 10 wt% PVDF (0.0143 g) as a binder, and 20
wt% super P (0.0286 g) were fully mixed with NMP (500 pL). The resulting
homogeneous slurry in the mortar was cast onto Al foil (16 um) by using the scraper
(BEVS, 1806B/100) and the loading density of the electrode material was 1.5-1.7 mg

cm™. Finally, it was dried for 12 h in a vacuum oven at 80 °C. NaLiFePO4F
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electrode@PEDOT-PDMS was prepared by applying PEDOT-PDMS solution on to the
surface of each electrode made of NaLiFePOuF as active material (area= 0.785 cm?).
The resulting electrode was heated at 90 °C for 12 h under vacuum in a vacuum oven,
forming the coated electrode as shown in Figure 4.1. Coin-type cells (2032) were
assembled inside a glovebox filled with Ar (H20<0.1 ppm, O»<0.1 ppm). A Li foil was
served as the reference electrode. A Celgard 2325 micro-porous polypropylene (PP)
was utilized as the separator. The electrolyte employed was a high-voltage electrolyte
(LB-111, LiPF¢ in EC/DMC with additives.) supplied by DoDochem. The dosage of

electrolyte in every coin-type cell was 50 pL.

. NaLiFePO,F particle ~ % Sy
. Conducting agent
B PVDF binder

Bl Al foil

a) Bare NaLiFePO,F electrode b) Apply PEDOT-PDMS solution

¢) PEDOT-PDMS coated NaLiFePO,F electrode

Figure 4.1 Schematic illustration of the coating of electrode
Galvanostatic charge-discharge cycling were conducted by using a LAND battery
testing system (CT2001A) in a potential range of 4.5-2.0 V (vs.Li/Li"), at current
density of 0.2C and 0.5C (1 C =270 mAh g™") under 25 °C. The rate performance was
measured at the current density from 0.2C to 3.0C and then returning to 0.2C. The
electrochemical impedance spectroscopy (EIS) analysis and cyclic voltammetry (CV)

measurements were carried out by using a work station (Autolab PGSTAT100). Lithium
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diffusivity in the charge and discharge region was calculated from the data obtained

from the galvanostatic intermittent titration technique (GITT).

4.3 Results and Discussion
4.3.1 Synthesis and characterization of PEDOT-PDMS
4.3.1.1 Chemical composition and structure

The digital photos of mixed solution composed of h,PDMS and PEDOT are shown
in Figure 4.2a. The solution before the reaction is nearly transparent. However, it
changed to yellowish after reaction catalyzed by Karstedt catalyst at 60 °C, indicating
that some reaction has taken place. A brown film forms after drying the reacted solution
and it bends without fracture (see Figure 4.2b). However, the film will break when

completely folded.
b)

Figure 4.2 (a) The digital photos of mixed solution composed of h,PDMS and EDOT
before and after the reaction, and (b) the digital photo of PEDOT-PDMS film

The reported works have demonstrated that Si-O segments in PDMS can lead to
an amorphous structure that offers a sufficient Li" ion mobile pathway (Kang et al.,
2005; Lin et al., 2017). In addition, both more anion doping such as PFs™ and electron-
donating coupled to the thiophene ring can result in electron-conduction (Kvarnstrom
etal., 1999; Kayser and Lipomi, 2019). Hence, in this study, the flexible and conducting
polymer PEDOT-PDMS is expected to be synthesized through the hydrosilylation and
dehydrocoupling reaction occurred between hoPDMS and the EDOT monomer. The
hydrosilylation reaction occurs between Si-H and C=C groups, and dehydrocoupling
reaction occurs simultaneously between Si-H (C-H) and C-H in the presence of

Karstedt catalyst (see Figure 4.3).
56



B $H3 (E N VAR
H Sl §1 CH —H =

CH3 CH,

h,PDMS EDOT

?”3 GH,
S“O 1‘()\‘]‘51
Cn,

PEDOT-PDMS

Figure 4.3 The schematic of the synthesis of the expected PEDOT-PDMS

In order to identify the reaction and the product after reacting between EDOT and
h,PDMS, the NMR and FTIR are performed. The 'H NMR spectra of EDOT, h,PDMS,
and PEDOT-PDMS are shown in Figure 4.4. Signals 1(C=CH) and 2 (CH>) are assigned
to EDOT monomer (Wei et al., 2017). Signals 3 (Si-H) and 4 (CH3) are assigned to
h,PDMS (Risangud et al., 2015). The characteristic C=CH and Si-H signals are used to
evaluate the reaction between EDOT and h,PDMS. After reaction, the C=CH signal
disappears while CH> signal is unchanged. In addition, the Si-H signal disappears and
CHs signal also is unchanged. A new signal 5 at around 1.55 ppm appears, which can
be associated to the CH group. Hence, the PEDOT-PDMS product can be confirmed
initially by using NMR.

In order to further evaluate the reaction and the product after reaction, FTIR
spectra of ho,PDMS and PEDOT-PDMS are measured as exhibited in Figure 4.5. The
peaks around 2958 and 2900 cm™! are due to stretching vibrations of CHj groups; the
peaks at 1411 and 1260 cm™ are related to deformation vibration and symmetrical
vibrations of CH3 groups; one peak at 793 cm™! is due to the CH3 rocking vibration and
the Si-C stretching vibration; the peaks located at 1085 and 1030 cm! are response of
the asasymmetric and symmetric stretching of Si-O-Si for PDMS, respectively (Zengin
et al., 2019). Obviously, the characteristic Si-H group at 2131 and 908 cm™ has
disappeared, providing the evidence of the successful reaction between h,PDMS and
EDOT (Klasner et al., 2009; Li et al., 2017). Some new peaks can be observed in FTIR
spectroscopy of PEDOT-PDMS. The new peaks around 1470 and 2857 cm' are
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attributed to the C=C band and symmetric CH> stretching, respectively (Gordin et al.,
2009; Chen et al., 2019). The characteristic of Si-C bond around 865 cm™ overlaps with

the CH3 rocking vibration and the Si-C stretching vibration.
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Figure 4.4 The '"H NMR spectra of EDOT, h,PDMS, and PEDOT-PDMS
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Figure 4.5 The FTIR of h,PDMS and the expected PEDOT-PDMS
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4.3.1.2 Mechanical properties

The mechanical properties of PEDOT-PDMS are investigated to test the flexibility.
PEDOT-PDMS solution was cast on the Al sheet to obtain free-standing membranes
according to Kayser’s work (Kayser et al., 2018). Five samples are conducted and the
typical stress-strain curve is shown in Figure 4.6. It can be seen that the film exhibits
elastic and plastic behavior. The tensile stress and strain at rupture are 22.4 +2.1% and
0.24+0.03 MPa. The Young’s modulus (elastic modulus) is 1.17 20.10 MPa. Kayser
and his work demonstrated that the PEDOT:PSS film shows brittle behavior with
Young’s modulus of 284 MPa and strain at rupture of 8.5% (Kayser et al., 2018). In
addition, Noh demonstrated that the Young’s modulus of PDMS sheet is 605 kPa (Noh,
2014). In comparison, the PEDOT-PDMSS film is more flexible than PEDOT:PSS film

and more brittle than PDMS membrane.
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Figure 4.6 The stress-strain curve of PEDOT-PDMS film (picture taken during test)

Figure 4.7 depicts the XRD curve of PEDOT-PDMS membrane. It can be seen that
no sharp peaks appear except two broad peaks. The broad peaks located in the regions
of 8.5°-14.9° and 17.1°-26.2° are observed due to the amorphous nature in PEDOT-
PDMS (Sharma et al., 2019). In general, the amorphous state is more ductile than
crystalline (Lee and Gleason, 2015), and is able to accelerate the transference of Li-

ions (Zhan et al., 2008).
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Figure 4.7 XRD pattern of PEDOT-PDMS film

4.3.1.3 Electrochemical properties

To evaluate the conducting property of the PEDOT-PDMS film, the EIS curves of
the symmetrical cells are exhibited in Figure 4.8. The EIS of symmetrical cells
assembled with stainless steel sheet as electrodes (Cell A) is shown in Figure. 4.8a. The
EIS of symmetrical devices assembled with stainless steel sheet coated by PEDOT-
PDMS film as electrodes (Cell B) is shown in Figure 4.8b. It should be noted that the
first EIS was performed after fabricating cells for resting 2 min and the second cycle
was performed after resting for 15 h. It can be observed from Figure 4.8a that the total
resistance of bulk (Rp) and charge transfer (Rc) for Cell A at the first cycle (4.0 Q) is
close to the total resistance at the second cycle (3.6 Q) which can be obtained through
the intersection of line and the X axis. However, for Cell B, the total resistance (Ry+Rct)
is about 85.9 Q in the first cycle, which is much higher than that of Cell A due to the
resistance of PEDOT-PDMS layer. However, it decreases to 69.1 Q after the second

cycle. The conductivity can be determined by Equation (4-1) (Lee et al., 2014):

o = qpu (4-1)
where ¢ is the unit charge (1.6x10""° C), p and u are carrier concentration and
mobility, respectively. The carrier concentration is directly related to the doping level.
At first, there is no dopant in PEDOT-PDMS, and the dopants (PFs and Li") in PEDOT-
PDMS increase with cycles. Hence, the carrier concentration in PEDOT-PDMS
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increases with cycling, resulting in an increase in conductivity. In addition, the line in
Figure 4.8b is not parallel to the Y-axis (minus imaginary Z). The obtained results
indicate that the polymer (PEDOT-PDMS) could provide Li" transfer pathway through
the amorphous phase and be able to conduct through the conjugated structure. Hence,

it will be used to modify the NaLiFePO4F electrode.
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Figure 4.8 The EIS of (a) stainless steel electrode and (b) stainless steel coated by

PEDOT-PDMS electrode (shown as inset) symmetrical cells between 1 and 2 cycles

The XPS of the PEDOT-PDMS and PEDOT-PDMS coated NaLiFePO4F electrode
were collected to further examine the successful synthesis of PEDOT-PDMS. The result

is exhibited in Figure 4.9. It can be observed from Figure 4.9 that for the PEDOT-PDMS
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sample (applying PEDOT-PDMS solution on the surface of Al foil) and PEDOT-PDMS
coated NaLiFePOuF electrode, the representative spectra peaks of Cls, Ols, Si2s, Si2p,
S2s and S2p are detected, and no other peaks appear such as representative spectra
peaks of Na, Fe, P and F within the NaLiFePO4F electrode. The peak at 100.4 eV is
attributed to the new Si-C bonds in PEDOT-PDMS. The XPS analysis results indicate
the formation of the compact PEDOT-PDMS layer on the NaLiFePO4F electrode.
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Figure 4.9 XPS of (a) PEDOT-PDMS and (b) NaLiFePO4F electrode@PEDOT-
PDMS

4.3.2 Performance of the coated NaLiFePO4F electrode

4.3.2.1 Electrochemical performance

The coating can be directly observed from the SEM images between NaLiFePO4F
control electrode (Figure 4.10a) and PEDOT-PDMS coated NaLiFePO4F electrode
(Figure 4.10b). The thickness of PEDOT-PDMS layer and contact between PEDOT-
PDMS and NaLiFePO4F electrode can be observed from cross-section image of the
coated electrode (Figure 4.10c). Obviously, the surface of the coated electrode is
smooth while it is rough for the bare electrode. The thickness of the coating is uneven
because of the pothole of NaLiFePO4F electrode. This can be also observed from the
cross-section image of the coated electrode. The section marked with the yellow line is
NaLiFePO4F electrode and the red line section is PEDOT-PDMS layer. The good

contact and compatibility between NaLiFePO4F and coating are observed.
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Figure 4.10 SEM of (a) NaLiFePOu4F control, and (b) NaLiFePO4F electrode
@PEDOT-PDMS and (c¢) its cross-section image

To characterize the electrochemical properties of PEDOT-PDMS coated
NaLiFePO4F electrode, the cells with Li foil as a reference electrode were examined in
the voltage range of 2.0-4.5 V in a temperature-controlled room (22-25 °C), and
NaLiFePOuF electrode served as a control. In order to cover the NaLiFePO4F electrode
completely, the smallest thickness of PEDOT-PDMS layer could be 1 pm because the
surface of NaLiFePO4F electrode is rough. The thickness of polymer layer with 3, 5,
and 6 um also are designed. The specific capacitance of the batteries are obtained on
the basis of the NaLiFePO4F mass.

The PEDOT-PDMS coating can enhance the charge transfer at the interface of
electrodes and liquid electrolyte, which can be confirmed by the EIS of NaLiFePO4F
electrode with different thickness of PEDOT-PDMS coating (Figure 4.11a and 4.11b).
The charge transfer resistance (Rc;) for NaLiFePO4F control, NaLiFePO4F coated with
coating of 1 and 3 pum are around 180, 163 and 140 Q, respectively. In contrast, the
NaLiFePO4F coated by thick coating (5 and 6 um) exhibit larger charge transfer
resistance because the charge diffusion path in the coating during the electrochemical
reaction is longer. Hence, it shows a lower initial capacity, a longer capacity increase,

and poor cycle stability at 0.2 C, obtaining a capacity retention rate of only 82.1% after
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200 cycles, as shown in Figure 4.11c. The large charge transfer resistance could lead to
the polarization including the internal resistance drop and the concentration polarization,
and then result in the poor charge/discharge efficiency and finally the loss of active
material and capacity decay. Obviously, the specific capacities show an increasing trend
for all the cells initially. This is because that the huge difference theoretical capacity of
NaLiFePO4F (135 mAh g!) and Li,FePO4sF (270 mAh g!) (Khasanova et al., 2012).
During the charging and discharging process, the larger size Na" ions are gradually
exchanged by smaller size Li" ions, forming new active material Li,FePO4F and
therefore leading to an increase in theoretical capacity. Moreover, it is more difficult
for the larger size Na' to be taken out from active material and through the PEDOT-
PDMS layer, leading to a slow increase of capacity (Khasanova et al., 2012; Cui et al.,
2016). Also, the thick coating could delay electrode activation, so it is longer for the
cells fabricated with an electrode with the thick coating to reach a stable capacitance. It
can also be observed from Figure 4.11c that an increase in specific capacity exhibits for
the NaLiFePOuF electrodes coated by thickness of 1 and 3 um. The discharge capacities
of the NaLiFePOuF control, NaLiFePO4F coated with the coating of 1 pm and 3 um are
initially at 94.7, 102.3, and 115.5 mAh g!, respectively, but change to 91.5, 100.1, and
113.8 mAh g'! after 200 cycles, corresponding to 96.6, 97.8, and 98.5% of the specific
capacity retention, respectively. This indicates that the coating can protect NaLiFePO4F,
causing no loss of NaLiFePO4F and high capacity. Thus, the thickness of the PEDOT-
PDMS layer plays a major role in improving the cycle performance of NaLiFePO4F
electrode. A thickness of around 3 um shows a relatively low charge transfer resistance.

On the other hand, in order to verify whether PEDOT-PDMS material contributes
to the capacity of the whole battery, the batteries with bare PEDOT-PDMS electrode as
cathode and a Li foil as the counter electrode were examined under the same conditions
(the voltage of 2.0-4.5 V, at 0.2C). The bare PEDOT-PDMS electrode was prepared by
applying the PEDOT-PDMS solution on the surface of Al foil directly without binder
and super P. The electrode was obtained after drying at 90 °C in a oven under vacuum
for 12 h. The cycle performance of the bare PEDOT-PDMS electrode is shown in Figure

4.12. The specific capacitance is very small but very stable even after 200 cycles,
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indicating a negligible contribution to capacity and stable chemical and electrochemical

properties of PEDOT-PDMS material.
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4.3.2.2 Cyclic Voltammetry analysis

The cyclic voltammetry (CV) plots of the NaLiFePO4F control and PEDOT-
PDMS (3 um) coated the NaLiFePO4F electrode in the potential region of 2.0-4.5 V
(0.1 mV s are exhibited in Figure 4.13.
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Figure 4.13 CV curves of (a) NaLiFePO4F control and (b) NaLiFePO4F electrode
@PEDOT-PDMS
It can be seen from Figure 4.13 that for the NaLiFePO4F control electrode, an
anodic peak at the potential of 3.53 V assigning to oxidation of Fe from Fe?' to Fe*"
shifts to a high potential (~3.62 V) after the first cycle, which is related to the kinetic
limitations of the electrode (Ahn et al., 2017). While for PEDOT-PDMS coated
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NaLiFePO4F electrode, the oxidation of Fe from Fe?* to Fe*" anodic peak at 3.52 V at
the first cycle gradually shifts to a smaller potential of 3.51 V after four cycles,
indicating that the introduction of PEDOT-PDMS can cause a decrease in polarization
effect and an improvement in electrochemical performance (Ma et al., 2014).
Furthermore, it can be indicated from the CV curves that the redox peak currents of
PEDOT-PDMS coated NaLiFePO4F electrode are higher than that of the NaLiFePO4F
control electrode, indicating higher Li insertion capacity (Zhou et al., 2016). As a result,
PEDOT-PDMS on the surface of the prepared NaLiFePO4F electrode is supposed to
effectively facilitate the ions and electrons transport and finally enhance the reaction
kinetics for the effective use of NaLiFePO4F active material, which will further be

confirmed by using GITT measurement.

4.3.2.3 Cycling performance

Figure 4.14 exhibits the voltage profiles of the NaLiFePO4F control and PEDOT-
PDMS coated NaLiFePO4F electrode, respectively. As shown in Figure 4.14, the initial
charge and discharge capacitance of the control electrode is 76.3 and 52.2 mAh g,
respectively, and the initial coulombic efficiency is 68.4%. For the coated NaLiFePO4F
electrode, the initial charge and discharge capacity is 81.7 and 66 mAh g™!, and the
corresponding initial coulombic efficiency is 80.8%. After the 500™ cycle, the charge
and discharge capacity of control electrode decrease to 59.5 and 59.2 mAh g!, while
charge and discharge capacity of coated electrode increase to 88.1 and 87.3 mAh g'!. In
addition, compared with NaLiFePO4F control electrode, the coated electrode has a
smaller polarization gap with cycling. The larger polarization of the NaLiFePO4F
control electrode results from the limited Li-ion diffusion and charge migrate at the
interface between electrode and electrolyte. The smaller gap of the coated electrode
indicates the coated electrode shows better interfacial chemistry. The layer could
enhance electron conductivity due to more PF¢ doping with cycling (Novak et al., 1997;
Kayser and Lipomi, 2019). The polarization is generated by their internal

electrochemical reactions. The polarization is responsible for the cyclability of batteries.
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The large polarization means large charge transfer resistance or internal resistance,
which can lead to the poor charge/discharge efficiency and finally the loss of active
material and capacity decay. One can also note that the control electrode shows low
voltage in the initial cycle than that of the 250" and 500", while the coated ones are
reverse. The SEI can form for the NaLiFePO4F control electrode during charging and
the inner resistance of the battery cannot be avoided. However, the capability of
conducting of the coated electrode could be enhanced with cycling. The anodic peak
shift in CV curves also confirms this. For the control electrode, the anodic peak shifts
to a higher voltage with cycling, while it shifts to a lower voltage range with cycling

for the coated electrode.
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Figure 4.14 Charge-discharge curves of 1%, 250" and 500" of (a) NaLiFePO4F control
and (b) NaLiFePO4F electrode @PEDOT-PDMS at 0.5C

The cycling performance of NaLiFePO4F control and PEDOT-PDMS coated
NaLiFePO4F electrodes were compared after up to 500 cycles at 0.5 C as shown in
Figures 4.15. Their capacities show increasing behavior with cycling in the initial
cycles. The growth behavior for the control electrode is completed after 50 cycles, while
this trend of PEDOT-PDMS coated NaLiFePO4F electrode lasts until around the 130%
cycle, which is due to slow large-sized Na" and Li" exchange, and the gradual
penetration of electrolyte into the coat. The penetration of electrolyte can provide a
sufficient amount of anions such as PF¢ for doping, and the full use of active material.
Thus, compared to the control electrode the specific capacity of the coated electrode is

higher all the time. The initial charge capacities of NaLiFePO4F control and PEDOT-
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PDMS coated NaLiFePOuF electrodes are 76.3 and 81.7 mAh g’!, respectively. The
capacitances are 59.5 and 88.1 mAh g™! after 500 cycles, showing 78%, 100% retention,
respectively. This indicates that PEDOT-PDMS polymer layer could enhance the
electrochemical stability of NaLiFePOu4F electrodes, which has a close relationship with
the enhancement of electron migrate at the interface of the electrolyte and electrode
(Ahn et al., 2017). Besides, the polymer layer plays a major role in protecting
NaLiFePO4F from HF attack during cycles as mentioned the performance of
NaLiFePO4F coated cathode before cycling and after cycling, resulting in no loss of
active material. The first coulombic efficiency for the coated electrode is 80.8% because
of the consumption of a certain amount of lithium in SEI and the insertion of Li" into
polymer in the first charge and discharge process (Chen et al., 2017). However, the
value (80.8%) is much higher than that of the control electrode (68.4%) due to the

coating protection leading to fewer side reactions.
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electrode@PEDOT-PDMS electrodes (b) at 0.5C
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4.3.2.4 Rate performance

The corresponding rate capability associated with high power applications of the
control and PEDOT-PDMS coated NaLiFePO4F electrodes is shown in Figure 4.16.
The batteries were activated during the first two cycles at 0.01C. The capacity of
batteries fabricated with coated electrodes remains relatively high for C rates varying
from 0.2 C to 3.0 C and then returning to 0.2 C. With the increase of the current density
t0 0.5 C, 1.0 C, 2.0 C and 3.0 C, the coated electrode achieves capacities of 84.9, 60.2,
42.3 and 24.7 mAh g'!, respectively. Also, when the battery is discharged back to lower
current densities again, i.e. 2.0 C, 1.0 C, 0.5C and 0.2 C, satisfactory reversible
capacities are obtained, indicating the good stability at different current densities. The
better rate performance of the coated electrodes suggests the assistance of PEDOT-
PDMS in suppressing the loss of active material and improving electrical and ionic
conductivity which will be further confirmed by the following EIS and GITT tests.
Although the control electrode also delivers good stability at different current densities,
the capacities are always relatively low. The capacity values of 64.3, 41.3, 28.7 and
19.6 mAh g'! were obtained at 0.5 C, 1.0 C, 2.0 C, and 3.0 C.
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Figure 4.16 Rate performance for NaLiFePO4F control electrode and NaLiFePO4F
electrode @PEDOT-PDMS in the potential range of 2.0-4.5 V
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4.3.2.5 Structure characterization of the electrode

The SEM of the coated electrode before (left) and after (right) cycling 500 times

are exhibited in Figure 4.17.
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Figure 4.17 SEM images of NaLiFePO4F electrode@PEDOT-PDMS cathode before

cycling and after cycling with the elemental distribution mapping

It can be observed from Figure 4.17 that the PEDOT-PDMS layer shows excellent
structural integrity and stability after cycling. This is because the conductive layer is
stable without dissolution in the electrolyte. The surface of the PEDOT-PDMS layer
becomes rough after cycling. Simultaneously, the surface elemental distribution of the
coated electrode before and after cycling was evaluated by EDS mapping. In the case
of the sample before cycling, the elements C, O, Si and S are distributed uniformly.
Moreover, the presence of the elements in the EDS maps reveals that PEDOT-PDMS
layer homogeneously formed on the surface of the NaLiFePO4F electrode. As for the
sample after cycling, elements C, O, Si and S also appear and the distribution still is

uniform, further indicating that the PEDOT-PDMS layer remains well on the
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NaLiFePOyF electrode surface after cycling. In addition, the element F is detected and
no other elements such as P, Na, and Fe emerge, demonstrating that the F is derived
from LiF of SEI composition instead of LiPFs electrolyte salt or NaLiFePO4F electrode.
Moreover, it is known that the Na* ions can be replaced by Li" after cycling. However,
there is no trace of Na in the polymer layer. The absence of Na in the maps of the coated
electrode after cycling suggests the effective ion conductive performance of PEDOT-
PDMS coating as Na" transfers through the polymer coating into the electrolyte. This
observation is also supported by the XPS characterization of the coated electrode after
cycling (see Figure 4.18). The elements C, O, Si, S and F appear on the surface of the
coated electrode after cycling. As a result, PEDOT-PDMS could be a potential
protective coating material for the electrode used in energy storage devices to improve

cycle stability.
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Figure 4.18 XPS of NaLiFePO4F electrode@PEDOT-PDMS after cycling

4.3.2.6 EIS analysis

The EIS test is a powerful technique for understanding the interfacial effect for
surface modification (Ahn et al., 2017). To further evaluate the effect of PEDOT-PDMS
on the property of NaLiFePO4F, the EIS analysis of NaLiFePO4F control and coated
electrodes were conducted before and after 500 cycles, with results exhibited in Figure

4.19. As shown in Figure 4.19, these two electrodes exhibit a high-frequency semicircle
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assigned to the charge transfer resistance (R.) and a low-frequency sloping line
associated with lithium-ion diffusion. The resistance is related to the activation
polarization that occurs in the electrode-electrolyte charge transfer (Heubner et al.,
2016). It can be obtained from Figure 4.19 that coated NaLiFePO4F electrode has
smaller R for pristine and after 500 cycles (140 Q and 380 Q) than those of the control
electrode (180 Q and 590 Q). The smaller increase in R for the coated NaLiFePO4F
electrode indicates the significant improvement in the interfacial kinetics resulted from
the improved conductivity, resulting in better rate property in Figure 4.16 and smaller

polarization gap in Figure 4.14.
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Figure 4.19 EIS of (a) NaLiFePO4F control electrode and (b) NaLiFePO4F electrode
@PEDOT-PDMS

4.3.2.7 GITT analysis for chemical diffusion

The GITT is a credible approach to evaluate chemical diffusion coefficient of
lithium-ion (Dri") during cycling (Liu et al., 2014; Cui et al., 2016). It was employed to
determine the Dr;" of NaLiFePO4F control electrode and the PEDOT-PDMS coated
NaLiFePO4F electrode. The corresponding GITT curves collected during the charge-
discharge process are shown in Figure 4.20. The value of Dii" can be obtained according

to the following equation (Ahn et al., 2017; Zhou et al., 2017)
4% (NE,\*
Duw =20 (AET)

(4-2)

where L (cm) and 7(s) are the electrode thickness (2.5x107 cm) and the time (600 s) of
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the current pulse, respectively, and AE: and AE; are the voltage change during the
current pulse and rest. During the charging state, the diffusion coefficients of
NaLiFePO4F control and coated electrodes are about 7.17x107'? and 1.20x10° cm? s7';
during discharging state, they are about 5.29x10°'° and 1.89x10° cm? s™!. A higher
diffusion coefficient, and smaller over-potential and the voltage drop of the PEDOT-
PDMS coated NaLiFePO4F electrode (Figure 4.20b) and d)) indicates that the PEDOT-

PDMS coating layer can improve the conductivity of the NaLiFePO4F electrode (Zhou

etal., 2017).
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Figure 4.20 GITT curves of NaLiFePO4F control electrode and NaLiFePO4F
electrode @PEDOT-PDMS (a, b) in the charge and (c, d) in the discharge region

4.4 Summary

This chapter gives the synthesis and characterizations of the new polymer
(PEDOT-PDMS), and applications in modifications of electrodes materials

(NaLiFePO4F) used in Li-ion batteries. The obtained results are as follows:
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(1) The expected conducting-flexible polymer PEDOT-PDMS can be successfully
synthesized between hoPDMS and EDOT monomer.

(2) The tensile stress and strain of the PEDOT-PDMS film at rupture are 22.4+2.1%
and 0.24+0.03 MPa. The Young’s modulus (elastic modulus) is 1.1720.10 MPa.
The polymer shows the amorphous nature which provides Li" transfer pathway. It

also could conduct through the conjugated structure.

(3) The PEDOT-PDMS coated NaLiFePO4F electrode showed high specific capacity
(88.1 mAh g! after cycling 500 times at 0.5C), good cycle stability (~100% of
capacity retention after cycling 500 times) and high chemical diffusion coefficient
of lithium-ions (1.89x10” and 1.20x10” cm? s™' during charging and discharging)
compared to NaLiFePO4F control electrode (59.5 mAh g™ after 500 cycles at 0.5C;
~78% of capacity retention after 500 cycles; 7.17x10'® and 5.29x107!° cm? 5!
during charging and discharging) because of three reasons. One is that the polymer
coating could provide Li" transfer pathway at the interface between the electrode
and electrolyte. Another reason is that the electron conductivity could be enhanced
owing to more PFs doping with cycling. The third one is that the polymer layer

protects NaLiFePO4F, resulting in optimal use of NaLiFePO4F active material.

(4) The coated NaLiFePO4F electrode may be a promising cathode candidate for good-
performance Li-ion batteries, and the novel polymer PEDOT-PDMS could be a

potential material for the electrode protection for other materials also.
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Chapter S Conductive and Flexible Coating of Si Nanoparticles as Anode of Li-

Ion Batteries

5.1 Introduction

The flexibility performance of the PEDOT-PDMS polymer cannot be fully
reflected when it is used as a coating material for NaLiFePO4F electrode as reported in
Chapter 4. The volume change during charging and discharging in that process is
relatively small. Hence, the polymer will further be used in the modification of other
electrode materials which have huge volume change during cycling.

Silicon anode material has been widely considered as one promising candidate for
high-capacitance Li-ion batteries owe to its abundance in the crust (28% by weight)
(Liu et al., 2012) and high specific capacitance, 4200 mAh g! based on Si mass,
forming Li44S1 in full lithiation state. This specific capacity is over ten times larger than
that of currently commercialized graphite anode (372 mAh g !, LiCs) (Jia et al., 2018).
However, its huge volume change (300-400%) during the charge-discharge process still
hinders its practical applications (Ma et al., 2015). The defect can lead to undesired
cracking of electrode, loss of electric contact between Si, binder, conducting agent
(super P) and current collector (Cu foil), and finally, fast fading of the capacity of
batteries. Additionally, the low lithium diffusivity and conductivity of silicon also limit
its electrochemical property (Chen et al., 2015).

From the previous chapter, it is also noted that the synthesized polymer PEDOT-
PDMS can improve the conductivity and lithium ions diffusion of NaLiFePO4F
electrode. Hence, in this Chapter, silicon nanoparticles (SiNP) will be coated by the
PEDOT-PDMS polymer as a protective coating layer to improve the cycling stability
of Si. The composite material is thus denoted as SINP@PEDOT-PDMS.

5.2 Experimental Section

This research mainly focused on preparing and characterizing of SINP@PEDOT-
PDMS material and assembling and measurement of half-cell with SINP@PEDOT-

PDMS as the anode.
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5.2.1 Materials

Silicon nanoparticle (99.9%, metals basis, 20-60 nm) were purchased from

Aladdin. Other materials follows that introduced in Section 4.2.1 in the previous chapter.

5.2.2 Preparation of SINP@PEDOT-PDMS and its characterization

Firstly, h,PDMS (410 puL) and EDOT (80 uL) were dissolved in toluene with
stirring. Afterwards, 0.08 g Si nanoparticle material was dispersed in the mixed solution
by stirring and sonication. Then, 10 pL Karstedt catalyst solution was added into a
round-bottom flask under the Ar atmosphere, and the flask was removed to air
atmosphere after sealing and fixed in the oil bath. Thirdly, the EDOT, h,PDMS and Si
mixture was added into the round-bottom flask by using an injector (10 mL). The
solution was stirred for 4 h with a magnetic stirrer at 60 °C maintained in an oil bath.
The resulting solution was placed on a reduced pressure (i.e., the flask connecting to a
vacuum pump) to remove the unreacted monomer. Finally, SINP@PEDOT-PDMS
material was obtained by heating at 100 °C for 12 h in a vacuum oven.

X-ray diffraction (Smartlab 90kw, Rigaku) was applied to evaluate the structural
characteristics of Si nanoparticles before and after coating. FTIR (Nicolet 380) and XPS
(PHI 5000 Versa Probe) were carried out to evaluate the formation of PEDOT-PDMS
in the same manner as that reported in Chapter 4. Transmission electron microscopy
(TEM, Jeol JEM-2100F) was employed to examine the microstructure to directly
evaluate the presence of PEDOT-PDMS on the surface of Si nanoparticles. The SEM
was applied to evaluate the morphology of the electrode after 10 cycles. Briefly, the cell
is disassembled in glove box, and the electrode is washed by using EC solvent. After a
while, preparing the sample for SEM in glove box. At last, the prepared sample is
quickly transferred in the machine for spraying gold and then quickly put in the SEM
vacuum chamber.

The in-situ electrochemical experiment is conducted on FEI STEM holder with
aberration corrected Titan. The pure Si or the coated Si particles are dispersed on a gold

rod of 3 um in diameter and 1 cm in length as one electrode. At the same time, the
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tungsten wire with Li is served as the counter electrode, having the same size to gold
rod. The two electrodes are assembled on the holder with 10-20 um apart with the help
of an optical microscope inside the glove box, after that the holder is quickly (1-2 s)
transferred to the TEM column vacuumed by the pump automatically. Hence, the
lithiation process happens when the LiO/Li electrode is driven to contact with Si or
coated Si electrode with the help of an electrostat in the in-situ system which only

supplies constant voltage, in this study supplying 2 V voltage.

5.2.3 Electrode preparation, cell assemble and battery testing

For SINP@PEDOT-PDMS working electrode, 65 wt% (0.065g) SiNP@ PEDOT-
PDMS, 15 wt% (0.015 g) sodium alginate as a binder, and 20 wt% (0.02 g) super P
were fully mixed with water (600 pL) in the mortar. The resulting homogeneous slurry
was cast onto Cu foil (9 um) by using a scraper (BEVS, 1806B/100) and the loading
density of the electrode material was between 0.3-0.4 mg cm™. Finally, the Cu foil with
slurry was dried at 90 °C overnight in a vacuum oven. For comparison, the electrode
was prepared using Si without coating with the same mass to that of the SINP@PEDOT-
PDMS clectrode. Furthermore, to confirm the contribution of PEDOT-PDMS to the
capacity of the whole electrode, the pure PEDOT-PDMS electrode without sodium
alginate and super P was prepared by applying polymer solution on Cu foil and heating
at 90 °C overnight under vacuum. The electrolyte employed was 80 pL of 1.0 M LiPFg
in 89 vol% EC/DEC (1:1 w/w) with 10 vol% FEC and 1 vol% VC. 2032 cells were
assembled inside the same glovebox to the one talked in Chapter 4. Li metal foil was
always used as the counter electrode.

Galvanostatic charging and discharging cycles were measured by using a LAND
battery testing system (CT2001A) in a potential range of 1.0-0.01 V at 0.02 C at the
initial cycle, 0.05 C at the second, and 0.5 C for the later cycles. (I C = 4200 mAh g!).
EIS and CV were conducted by using an electrochemical work station (Autolab

PGSTAT100). Lithium diffusivity was obtained using the GITT.
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5.3 Results and Discussion

5.3.1 Material characterization

In order to confirm that the PEDOT-PDMS has been successfully formed a layer
on the surface of Si nanoparticles, FTIR and TEM measurements are performed for raw
Si and coated Si nanoparticles. Figure 5.1 depicts the FTIR spectroscopies of the raw
Si nanoparticle, PEDOT-PDMS, and SiNP@PEDOT-PDMS. It can be observed that
the pattern of SINP@PEDOT-PDMS is similar to that of PEDOT-PDMS polymer but
different from that of raw Si. Comparing with the FTIR pattern of PEDOT-PDMS, there
are no new peaks in SINP@PEDOT-PDMS sample. The interaction between PEDOT-
PDMS and Si is based on the hydrogen bonding interaction, i.e., between Si-OH owe
to the SiO on the surface of Si particles and polymer molecules (Hu et al., 2018; Jiang
et al., 2020). One peak at 793 cm’!' is due to CHj rocking vibration and the Si-C
stretching vibration. The peak around 1470 cm™' is attributed to the new C=C band in
PEDOT-PDMS (Chen et al., 2019). The peaks at 1411 and 1260 cm™! are assigned as
deformation vibration and symmetrical vibrations of CH3 groups; the peaks at 1085 and
1030 cm™ are due to asymmetric and symmetric stretching of Si-O-Si, respectively
(Zengin et al., 2019). Additionally, the characteristic peak of Si-H group within
h,PDMS at 2131 cm™! disappears, illustrating the successful synthesis of PEDOT-
PDMS coating on the surface of Si nanoparticles (Klasner et al., 2009). The peak around

695 cm’! is related to in-plane deformation of C-S-C (Kvarnstrom et al., 1999)
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Figure 5.1 FTIR spectroscopy of raw Si, PEDOT-PDMS and SINP@PEDOT-PDMS
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TEM demonstrates the formation of the polymer coat on the surface of Si as shown
in Figure 5.2. Compared with raw Si nanoparticle (Figure 5.2a), a foam-like network
(arrows with yellow) formed on the surface of Si after coating by PEDOT-PDMS
(Figure 5.2b), which cannot be detected in Figure 5.2a. This indicates the presence of
the coat on the surface of Si, and the intimate connection between the polymer matrix
and Si nanoparticles. The thickness of the coat is 3-10 nm. The insets in Figures 5.2a
and 5.2b exhibit the selected area electron diffraction (SAED) images of the samples.
The SAED of pure Si nanoparticles shows the Si (311), Si (220), and Si (111) planes,
indicating the dominant presence of crystalline Si phase (Park et al., 2009; Liu et al.,
2012). However, the SAED image of the coated Si nanoparticles displays diffuse
scattering, demonstrating that the presence of coat on the surface of Si and that the
coating material is amorphous (Wu et al., 2012), which is similar to that of Si coated by

carbon (Tian et al., 2015).

Figure 5.2 TEM and SAED images (inset) of (a) raw Si nanoparticle and (b)

SINP@PEDOT-PDMS

The crystalline structure of raw Si nanoparticles and coated Si nanoparticles is
characterized by using XRD (see Figure 5.3). It can be observed from the pattern of
plain Si that six obvious peaks located at 20 of 28.4, 47.3, 56.1, 69.1, 76.3, and 88,
which is indexed as the (111), (220), (311), (400), (331), and (422) crystal faces (Bridel
et al., 2010; Wang et al., 2019). Moreover, no impurity peaks in the XRD patterns of
SINP@PEDOT-PDMS are detected, illustrating that PEDOT-PDMS has no effect on

the crystalline structure of Si.
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Figure 5.3 XRD of raw Si nanoparticle and SINP@PEDOT-PDMS

5.3.2 Performance of SINP@PEDOT-PDMS

5.3.2.1 Cyclic Voltammetry analysis

To study the electrochemical performances of SINP@PEDOT-PDMS, as shown in
Figure 5.4a, the CV was carried out (0.1 mV s™). The cycle performance of PEDOT-
PDMS electrode is shown in Figure 5.4b. The potential range is between 0.01 V and
1.0 V versus Li/Li". It can be observed from Figure 5.4a that the CV plots of SiNP and
SINP@PEDOT-PDMS electrode show typical electrochemical behaviors, i.e., the
typical lithiation and delithiation peaks, which are similar to that of graphene caged
silicon nanoparticles electrode (Han et al., 2019). The SINP@PEDOT-PDMS electrode
shows a larger area of the current vs. voltage curve than that of SiNP electrode, implying
a larger specific capacity of SINP@PEDOT-PDMS electrode. The reduction peak
located at 0.2 V corresponds to the transition of Si to the LixSi, and the oxidation peaks
at 0.34 V and 0.53 V are associated to a two-phase reaction, i.e., the conversion of
amorphous (a) a-LixSi to the a-Si (Wu et al., 2013; Han et al., 2019). The coated
electrode has higher current than that of the bare electrode, implying that the coated
electrode has higher capacity. Moreover, to evaluate the contribution of PEDOT-PDMS
to the specific capacity of the whole batteries, the CV and electrochemical cycling
performance of pure PEDOT-PDMS electrode without binder and super P was
performed on half cells. The CV curve of PEDOT-PDMS electrode shows a much lower
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current than that of SINP@PEDOT-PDMS, even if it is magnified five times. Moreover,
the current is very stable and does not show any fluctuation. The results indicate that
the contribution of PEDOT-PDMS to the capacity of the whole electrode is negligible,
which also can be further supported through the cycle performance of PEDOT-PDMS
electrode as shown in Figure 5.4b. The specific capacity is between 1 and 2 mAh g,
therefore it is negligible compared with that of silicon. In addition, it can also be seen
that the capacity is very stable even after 1000 cycles, indicating good electrochemical

stability of PEDOT-PDMS polymer during cycling.
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Figure 5.4 (a) CV curves of SiNP electrode, SINP@PEDOT-PDMS and PEDOT-
PDMS electrode, (b) cycle performance of pure PEDOT-PDMS electrode
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5.3.2.2 Cycling performance

Figure 5.5a) displays the coulombic efficiency for both the Si nanoparticles control
electrode and SINP@PEDOT-PDMS electrode with active material mass loading
between 0.3-0.4 mg cm™. The initial coulombic efficiency can indicate the stability of
the SEI due to Li consumption during rupturing and reforming SEI (Liu et al., 2012).
For SINP@PEDOT-PDMS electrode, the corresponding initial coulombic efficiency is
77.44% which is higher than that of Si control electrode (~67.74%) as shown in Figures
5.5b) and 5.5¢), owing to few side reaction. The coulombic efficiency of the coated
electrode from the 3rd cycle increases to 99.24%, which is faster than that of the Si
control electrode (increase to 98.57% after 6 cycles), indicating the quick formation of
the stable SEI outside of coated electrode. However, for the coated electrode, the initial
coulombic efficiency is still low due to the stable SEI built on the outside of the PEDOT-
PDMS layer and the insertion of Li" into PEDOT-PDMS, consuming a certain amount

of the lithium.
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Figure 5.5 (a) Coulombic efficiency, and the 1 and 2™ charge-discharge curves of

(b) Si control electrode and (¢) SINP@PEDOT-PDMS electrode at 0.5 C
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As for the cycling performance, shown in Figure 5.6, the Si coated electrode shows
an increase in the capacity during the initial cycles, while this behavior cannot be
observed for the raw Si control electrode, which is due to the delayed wetting of
electrolyte into the coated Si electrode. The cells fabricated with PANI coating on the
Si particles anode exhibited similar capacity behavior during cycling (Wu et al., 2013).
It also can be seen that the Si control electrode delivers a dramatic decay in charge
specific capacity at 0.5 C, losing over 70% of its first specific capacitance after 500
cycles (~605 mAh g!). In comparison, the coated Si electrode shows good cyclic
stability at 0.5C. A charge specific capacitance of ~1512 mAh g! is still there after
cycling 1000 times, corresponding to ~69.8% capacity retention according to the

highest specific capacity around the160™ cycle (~2166 mAh g™!).
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Figure 5.6 Cycle performance of Si control electrode and SINP@PEDOT-PDMS
electrode at 0.5 C
The obtained results are comparable to the results of previously reported Si
particle-based anode works as listed in Table 5.1. This can ascribe to the PEDOT-PDMS
polymer skin that could buffer the huge volume change of Si anode owing to the flexible
PDMS matrix, leading to the formation of a more stable SEI in cycling. On the other
hand, the continuously conductive PEDOT-PDMS matrix provides conducting

pathways for fast electron and Li" transference which will be further evaluated by using
EIS and GITT.
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Table 5.1 Comparison of the coulomic efficiency and specific capacity of Si anode

Initial Specific

lom Rate . Capacity
Materials cou ?mlc ©) capacity retention Reference
efficiency (mAh g %)
0
(%) (after X cycles)
. 550 (Wu et al.,
SiNP-PANI 70 1.4 91
(5000) 2013)
Porous Si hollow 2024 (Du et al.,
68 0.2 78
nanospheres@PPy (250) 2014)
. 1160 (Liu et al.,
Si/C pomegranate 82 0.5 97
(1000) 2014)
SiNP W t
R 904 05  13884(300) 448 lvanee
cluster@Si@G al., 2018)
p si@c 25 01 1467 23 (Jiaetal.,
orous Si .
(370) 2018)
1909 W t
Si@3D G 769  0.05 6.4 (vange
(100) al., 2019)
Si@C-Zeolite
. 820 (Gao et al.,
imidazolate 70 1.2 28
(1000) 2020)
frameworks
SI@LisTisO 728 0.1 883 64 (Liu et al.,
i@LisTi : .
B (150) 2020)
SiNP@PEDOT- Present
INP@ 774 05 1512(1000) 69.8 oooh
PDMS work

5.3.2.3 Rate performance

In the rate performance test, the cells were firstly activated for five cycles at 0.05
C and then tested at 0.2C, 0.5C, 0.8C, and 1.0C every twenty cycles. Figure 5.7 exhibits
representative voltage profiles for the discharge-charge plots of SINP@PEDOT-PDMS
electrode at the potential range of 0.01-1.0 V. The capacitance of a SINP@PEDOT-
PDMS electrode varies from ~2411 mAh g' to ~1166 mAh g at charging and

discharging rate from 0.2 C to 1.0 C, which is over twice larger than that of conventional
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graphite electrode (1 C, 372 mAh g™!). Figure 5.7 also shows the lithiation potential
associating with the insertion of Li into Si at the range of 0.01-0.3 V, demonstrating the
rapid passage of Li" through the PEDOT-PDMS layer to reach Si and forming the
amorphous Li.Si. Hence, the stable electrochemical behavior of SINP@PEDOT-PDMS
electrode is due to the smaller internal resistance of cells favored by PEDOT-PDMS.
1.2

1.0 1.0C 08C 0.5C 0.2C

0.8

0.6

Voltage (V)

0.4

0.2

0.0

1000 1500 2000 2500

Capacity (mAh g™)

0 500

Figure 5.7 The voltage profiles of SINP@PEDOT-PDMSelectrode at
charging/discharging rate of 0.2C, 0.5C, 0.8C, and 1.0C

5.3.2.4. GITT analysis for chemical diffusion

The GITT method was used to evaluate the Dii" for Si control electrode and
SINP@PEDOT-PDMS electrode during the discharging process in the initial cycle. The
battery is discharged for 10 min, following by a relaxation time of 30 min. This process
is repeated until the voltage down to 0.01 V. The typical GITT plots at around 0.2 V are
shown in Figure 5.8. The Di;" for Si control electrode is around 5.07x10°'3 cm? s
However, for the coated Si electrode, it is over thirty times that of Si control electrode
(2.47x107"" ecm? s7!). In addition, the voltage drop caused by the internal resistance for
the coated electrode is smaller than that of Si control one, which benefits the
electrochemical performance of the batteries. The obtained results illustrate the
PEDOT-PDMS coat has the capability of improving the lithium-ion conductivity of the
Si electrode, and reduce the resistance and polarization effect. This is because of the
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amorphous phase and the conductive structure of PEDOT-PDMS.
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Figure 5.8 GITT curves of (a) Si control electrode and (b) SINP@PEDOT-PDMS

electrode in the discharge region

5.3.2.5 EIS analysis

The electrochemical impedance spectroscopy (EIS) was further utilized to test
whether a lower charge transfer resistance is achieved for the cells assembled with
SINP@PEDOT-PDMS anode. The cell is charged and discharged at 0.5 C and the AC

amplitude is 1107 Arms. As shown in Figure 5.9, the Nyquist curves for Si control

anode and SINP@PEDOT-PDMS anode after different cycles include a semicircle at

high-frequency and a low-frequency straight line. The high-frequency semicircle is
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associated to the combined resistance of SEI layer (Rsi) and charge transfer resistance
(Rct), as well as the contact interface resistance (Rin) (Wang et al., 2014; Wang et al.,
2018). The straight line at low-frequency is associated to the Warburg impedance (Zvw),

1.e. lithium diffusion within the electrode (Chen et al., 2015; Wang et al., 2018).
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Figure 5.9 The impedance tests of cells assembled with (a) Si control electrode and

(b) SINP@PEDOT-PDMSelectrode after each cycle between 1 and 10

The following phenomena can be observed from Figure 5.9: In the case of Si
control anode, the semicircles undergo a reduction process in the first seven cycles but
show obvious changes for the later on cycles, reaching ~60 Q at the 10th cycle.

However, in the case of the coated electrode, the semicircle shrinks for the first few
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cycles, and no obvious semicircle increase was observed afterwards, keeping around
20 Q which is much lower than that of Si control electrode.

In addition, the semicircle of Si control anode is larger than that of the coated
anode after the first cycle. The phenomenon may be due to the following reasons: Firstly,
after the first cycle, both of the cells fabricated with Si control anode and
SINP@PEDOT-PDMS anode have high Rin and Rc; however, for the bare anode, the
Rsi 1s larger due to naked Si. Secondly, as for the coated anode, the conductivity
increases after Li" and PF¢ doping (Novék et al., 1997; Wu et al., 2013; Kayser and
Lipomi, 2019) and the SEI film is stable due to the capability of accommodating volume
expansion, leading to smaller and more stable semicircle (Liu et al., 2014); for the Si
control anode, after several cycles, the SEI film began to crack and the pulverization of
Si, resulting in high resistance. Hence, the semicircle radius increases after seven cycles
(Figure 5.9a) and the coulombic efficiency of Si control electrode is lower than that of

coated electrode in the initial several cycles (Figure 5.5).

5.3.2.6 XPS of the electrode analysis

The XPS results, Figure 5.10a, show the elemental change of the SINP@PEDOT-
PDMS electrode before and after cycling to identify the integrity of the PEDOT-PDMS
coating. It can be seen that the new F peaks of 685.7 eV originate from the LiF of SEI
composition, indicating the formation of the SEI layer outside the polymer coating
(Munaoka et al., 2018). In addition, the peak of S2p shifts to low binding energy (the
green region in Figure 5.10b) after cycling, indicating electron-donating groups (such
as PFe¢") appear around S (see Figure 5.11). This is because n-m conjugated structure
provides electrons transfer pathway and therefore the electron density increases.
However, the peaks of Si2s (purple area) and Si2p (blue area) shift to high binding
energy, implying electronegative groups appear around Si. Hence, the Li" transfers

through Si-O in the amorphous phase as shown in Figure 5.11, the operation mechanism

of the PEDOT-PDMS.
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Figure 5.10 (a) XPS spectra and (b) S2p, Si2s, and Si2p of SINP@PEDOT-PDMS

electrode before and after cycling
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Figure 5.11 Scheme of the PEDOT-PDMS operation mechanism during cycling

5.3.2.7 SEM of the electrode analysis

In order to further confirm the difference of Si control electrode and
SINP@PEDOT-PDMS electrode after 10 cycles, the surface and the cross-section SEM
images are shown in Figure 5.12. Obviously, some undesirable cracks appear on the
surface and inside of the Si control electrode (see Figure 5.12a) and c)), while the
SINP@PEDOT-PDMS electrode still remains integrated without cracks on the surface
and inside, which highlights the coated electrode suffers from smaller volume change

during charge-discharge. On the other hand, it can be observed from the cross-section
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images that the unlimited growth of SEI appears for the control electrode. In
comparison, the stable SEI forms for the coated electrode (see Figure 5.12d). The
obtained results directly indicate that the PEDOT-PDMS coating plays a positive role
in suppressing volume change and limiting SEI growth of Si electrode during charging

and discharging process.

Figure 5.12 SEM images of the surface of (a) Si control electrode and (b)

SINP@PEDOT-PDMS electrode after cycling; SEM images of the cross-section of (c)
Si control electrode and (d) SINP@PEDOT-PDMS electrode after cycling

5.3.2.8 In-situ TEM analysis

The in-situ TEM is used to further directly confirm how the PEDOT-PDMS
coating affects the electrochemical lithiation of Si particles. Figures 5.13a-c captured
from Movie 1 show the initial lithiation process of the pure Si particle with ~95.81 nm
in diameter before lithiation. Through comparing the volume change of the Si or coated
Si nanoparticles (yellow arrows) that are near to the Li source, it can be fund that, after
lithiation (see Figure 5.13b) for pure Si, an amorphous shell is formed on the surface of
crystalline Si core because of the lithiation; After further lithiation, the diameter of Si

grows to ~122.16 (see Figure 5.13c) while the crystalline Si core still can be observed,
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indicating the incomplete lithiation because of the retardation effect of the stress
induced by the lithiation (Liu et al., 2013). In addition, the pure Si particles that are far
away (~288.41 nm) from the lithium (red arrows and red circles in Figure 5.13b and c)
do not show the lithiation process because of the retardation effect.

In the case of the SINP@PEDOT-PDMS particles, the captured TEM images from
Movie 2 of lithiation process are shown in Figures 5.13d-f. In comparison, the diameter
of coated Si particle shows a bigger change from ~98.51 nm to ~129.10 nm, indicating
more amount of Li lithiated inside the coated Si and smaller self-limiting lithiation
because the coat could buffer the stress in cycling, which is consistent with the SEM
results in Figure 5.12. On the other hand, the lithiation could occur for the coated Si
particles that are far away (~329.10 nm) from the lithium (red arrows and red circles in
Figure 5.13e and f) as the coat could buffer the stress and provide conducting pathways,
which is consistent with the GITT results in Figure 5.8. Hence, the in-situ TEM results

further confirm the enhanced electrochemical performance of the coated electrode.

98.51 nin
Sy

Figure 5.13 TEM images captured from Movie 1 of pure Si particle (a-c) and Movie 2
of SINP@PEDOT-PDMS particle (d-f) during lithiation, scale bar is 100 nm, two

movies are played at 7 times the real speed
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5.4 Summary

This chapter introduces the preparation and characterizations of SINP@PEDOT-

PDMS electrode used in Li-ion batteries. The following results are obtained:

(1) The introduction of PEDOT-PDMS on the surface of Si nanoparticles has no effect
on the crystalline structure of Si and keeps the intimate connection between polymer
matrix and Si nanoparticles. This polymer coat framework could provide
conducting pathways which has been discussed in Chapter 4 (Figure 4.8) and
buffers the volume change as well as could facilitate a more stable SEI formation

outside the polymer coat in cycling.

(2) Compared with the Si control electrode, the PEDOT-PDMS coated Si delivers
relatively high specific capacitance and good cycling performance. The charge
specific capacity is 1512 mAh g™ after 1000 cycles at 0.5 C with a capacity retention
of 69.8% of the highest specific capacitance around the160™ cycle (2166 mAh g™!),
while the Si control electrode only shows a capacitance of 605 mAh g'! after cycling
500 times with a capacity retention of 29%. The Dyi+ for the coated Si anode during
discharging process is 2.47x10!! cm? s™! which is over thirty times that of Si control

one (5.07x10°" ecm? s7).

(3) The in-situ TEM results of the raw Si particles and the SINP@PEDOT-PDMS
particles indicate that the diameter of coated Si particles shows a bigger change than
that of raw Si particle after lithiation, indicating more amount of Li lithiated inside
the coated Si. In addition, the lithiation could occur for the coated Si particles that
are far away (~329.10 nm) from the Li,O/Li electrode, while the raw Si particles
that are far away (~288.41 nm) from the Li,O/Li electrode do not show the lithiation

process.

T

Movie-Pure Si.avi  Movie-Coated
Si.avi

b
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Chapter 6 Conclusion

6.1 Contributions to Knowledge

The contributions to knowledge were made by the investigations of preparation,

characterization, and application of PVA-based Na'-ion conducting polymer electrolyte

membranes, and by the synthesis of expected-conducting-flexible polymer (PEDOT-

PDMS) and the application in the modifications of NaLiFePO4F and Si nanoparticle.

The contributions are summarized as follows:

1.

For PVA-based gel polymer electrolyte, the composition with 30% NaTf and 10%

EMITT exhibits an excellent properties due to NaTf with large-sized anion, and the

EDLCs assembled using spinning-casting method exhibit good electrochemical

performances.

>

The polymer electrolyte shows high ionic conductivity (~3.6x10 S cm™) and
good thermal stability until to 150 °C.

The as-fabricated EDLC exhibits high redox cyclic stability and high
coulombic efficiency (~100%) up to 1000 charge-discharge cycles in the

potential ranges of 0-1.6 and 0-2.0 V, respectively.

PEDOT-PDMS polymer could be synthesized through the hydrosilylation and

dehydrocoupling reaction occurred between hoPDMS and the EDOT monomer.

>

The tensile stress and strain of the PEDOT-PDMS membrene at rupture are
22.4+2.1% and 0.24£0.03 MPa, respectively. The Young’s modulus (elastic
modulus) is 1.17+0.10 MPa.

The polymer shows the amorphous nature which provides Li* transfer pathway.

It also could conduct through the conjugated structure.

PEDOT-PDMS could be used to modify NaLiFePO4F cathode and Si anode.

3a. The cycle stability and specific capacity of NaLiFePO4F electrode can be

improved by applying the PEDOT-PDMS solution on the surface of the
electrode and forming protective layer which could enhance electron and Li*

transfer.
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» The NaLiFePO4F electrode@PEDOT-PDMS electrodes shows high
specific capacity (88.1 mAh g after cycling 500 times at 0.5 C), good
cycling stability (~100% of capacity retention after 500 cycles).

> It shows high Dri: (1.89x10° and 1.20x10" cm? s™!' during charging and
discharging).

3b. The introduction of PEDOT-PDMS polymer coating on the surface of Si
nanoparticles anode delivers relatively good cycling stability because it
provides conducting pathways and buffers the stress induced by the lithiation,
leading to less retardation effect and less self-limiting lithiation, as well as could
facilitate a more stable SEI formation outside the polymer coat during cycling.

» The charge specific capacity of the SINP@ PEDOT-PDMS electrode is
~1512 mAh g at 0.5 C after cycling 1000 times together with a capacity
retention of 69.8% of the highest specific capacity around thel60™ cycle
(~2166 mAh g™).

» The Li-ion diffusion coefficient electrode during the discharging process is
around 2.47x107"" cm? s™! which is more than thirty times that of Si control
electrode (5.07x10°13 cm? s7!).

» According to the results of in-situ TEM, the diameter of coated Si particle
shows a bigger change (from ~98.51 nm to ~129.10 nm) than that of raw
Si particle (from ~95.81 nm to ~122.16 nm) after lithiation, indicating more
amount of Li lithiated inside the coated Si. In addition, the lithiation could
occur for the coated Si particles that are far away (~329.10 nm) from the
Li,O/Li electrode, while the raw Si particles that are far away (~288.41 nm)

from the Li»O/Li electrode do not show the lithiation process.

6.2 Suggestions for Future Work

The future work is recommended according to the obtained results of this thesis
research.

(1) Applying PEDOT-PDMS to coat larger sized Si particles to compare the
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coating effect.
(2) The suitable PEDOT-PDMS coat thickness for the Si electrode
The thickness of polymer layer can be directly controlled by mixing different

amounts of the monomer with a certain amount of Si.
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