creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

FHARI =E

_ Aol Amg Aae 23 ge
& Jxsolo] £44 2 Ao A& Zo)
T3z )% 454 224 A A%

Designing Conductive Polymer Binders Augmented by
Varying Chain Lengths with Metal Nanowires for Silicon

Anodes in Lithium-lon Batteries

20221 2€

R AR s
71 A) &5
A A 4



Aol EE AT $3¢ 9%
24 oo A4 % Ao) A% 2o
T2 7% ALY 28R wAd AR

Designing Conductive Polymer Binders Augmented by
Varying Chain Lengths with Metal Nanowires for Silicon
Anodes in Lithium-lon Batteries

A2y I 5 3

o] £EE FTHUA A =Rz ASF
20214 109Q

Agde deg
71 A 83
2 A 4

AL THHA A =EE AEFR

2021 129
94493 2 u & (1))
243 23 (21)
9 € LR (1))

ii



Abstract

Silicon (Si) is the most promising anode material for lithium-ion batteries
(LIBs) with its high theoretical capacity, but it suffers from huge volume changes
during charge/discharge. Conductive polymer can maintain electrical paths to Si
and stable electrode structures. Herein, novel polymer composites with a
hierarchical structure by different chain lengths are designed and provide densely
distributed hydrogen bonding and crosslinking, achieving higher electrical
conductivity and stretchability. Further, silver nanowire network that is integrated
into Si anodes imparts 3D facile electron transports, void space to buffer the
volume changes, and increased adhesion with current collectors. This anode
achieves the specific capacity of 1066 mAh g™ with the current density of 0.8 Ag*
after 100 cycles. Its superior volume buffering performance and facilitated charge

transfer are further confirmed by SEM and EIS, respectively.

Keyword : Lithium-ion batteries, Silicon anodes, Conductive binder, Hierarchical
structure, Silver nanowires
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Chapter 1. Introduction

1.1. Backgrounds and previous studies

As the climate changes and accompanying problems have been considered
forthcoming crises, various approaches to resolving them such as renewable
electricity have been conducted.”? One of the feasible and effective ways is the
electrification of every single device including, particularly, vehicles.®* To stably
power vehicles as efficiently as internal combustion engines (ICE) does, lithium-
ion batteries (LIBs) are a promising candidate and have been being world-widely
employed.>” However, low energy density and short life cycle of LIBs are still

huge obstacles to replacing ICE.
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Figure 1. The schematic diagrams of main mechanisms for drastic capacity face

and short cycle life of Si anodes; (a) Pulverization and (b) delamination.

As one of the solutions to manufacture high-performance LIBs, new anode
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materials such as silicon (Si) and lithium metal have been examined as alternatives
of conventional graphite. Particularly, Si that provides ten times higher theoretical
capacity density (4200 mAh g™) than graphite does (372 mAh g?) is considered the
most feasible anode material in the near future.®® However, huge volume changes
of Si during lithiation and delithiation, which are a common dilemma of active
materials that forms alloys with lithium (Li), lead to pulverized Si and low cycling
performance of Si anodes (Figure 1).'° To overcome this challenge, various nano-
materials such as nanowires, nanosheets, and buffer layers with high porosity have
been investigated.”*® Nevertheless, complicated fabrication processes have
deterred the commercialization of Si anodes.

Polymer binders help to fixate electrode materials and affect electrochemical
performance as well as mechanical stability.** For Si anodes, polyvinylidene
fluoride (PVDF) binder, which is being conventionally used in the market, shows
weak Van der Waals interaction and less stable adhesion to current collectors.®
Therefore, polymer binders that are soluble in water, such as CMC,™ alginate,*
and PAA' have been employed in Si anodes. Although these binder materials have
shown robust electrode structure and enhanced cycle life, electrically disconnected
Si that is unable to form alloys with Li necessarily occurs.*®

To provide a steady electrical connection to Si, conducting polymers have been
widely studied, enabling Si particles to have continuous electrical paths, thus,
reversibly form alloys with Li under severe volume variances.'® % Poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) is able to obtain
high electrical conductivity (> 100 S cm™) by doping with various polar materials
and be easily processed with other water-soluble materials.? % It is reported that

PEDOT:PSS was treated with polymers with functional groups such as hydroxyl
7 > | ] w1 ]
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and carboxyl groups and used as binder materials, improving the rigidity of
electrodes and ionic transportation.?® #* Nonetheless, additional components as
secondary dopants including polar solvent and acid solution were added, requiring
the evaporation process at high temperature.

Metal nanowires that can be synthesized in a one-pot, such as copper nanowires
(CuNWSs) and silver nanowires (AgNWSs), have a high aspect ratio (~1000), thereby
showing exceptional electrical conductivity with only a small amount.”®?® Current
collectors made of CuNWSs were used for Si and Li metal anodes, providing
enough void space and achieving much higher gravimetric capacity.?”?® Recently,
sandwich-structured 2d AgNW layers were introduced to Si anodes, displaying

enhanced initial Coulombic efficiency and specific capacity.?

1.2. The objective of this study

Herein, PEDOT:PSS/PVA is integrated with chain length-varying PEG/PEO (5-P
binder), realizing electron-ion conductive binders with enhanced mechanical
properties (Figure 2a). PEG/PEO has the same monomer of ether groups but
different molecular weights and acts as second dopants to PEDOT:PSS to increase
the electrical conductivity of the binder. They further provide dense hydrogen
bonding and crosslinking sites, improving the strength and stretchability of the 5-P
binder. Additionally, the entangled network of AgNWSs provides superior 3D
electrical path, buffer space to accommodate the volume changes, and higher
adhesive force to current collectors. With these enhancements, Si/5-P/AgNW
electrode can endure huge volume changes during lithiation and delithiation with

continuous electron paths maintained through the 5-P binder and AgNW network



(Figure 2b).
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Figure 2. (a) The schematic diagram of polymer constituents of the 5-P binder. (b)

The schematic diagram of Si/5-P/AgNW electrode during lithiation and delithiation.



Chapter 2. Method

2.1. Materials

PEDOT:PSS solution (Cleovis PH 1000) was bought from Heraeus. PVA (Mw =
89000-98000), PEG (Mw = 8000), PEO (M. = 600000), AgNOs (99.8%), FeCls
(97%), polyvinylpyrrolidone (PVP) (Mw = 360000) were purchased from Sigma
Aldrich. Additionally, ethylene glycol (EG) (99%) from Alfar Aesar and Super P

from MTI were used.

2.2. The fabrication of the 5-P binder

' peel
PEDOT:pss

ass
Submerge
in water for 1 h

Free-standing
polymer film

Figure 3. (a) The schematic diagram of the fabrication process and (b) an optic

image of a free-standing conductive polymer film.

To prepare the 5-P binder, 10.4 mg of PVA, 5.2 mg of PEG, and 5.2 mg of PEO
were added to 1 mL of PEDOT:PSS solution and stirred at 90 °C for 2 h and at
25 °C for 8 h sequentially. For fabricating the free-standing polymer film for the
tensile test, 0.5 mL of the 5-P binder solution was deposited on a glass substrate

and thermally treated on the hot plate with the sequence of 50 °C for 1 h, 90 °C for

10 "':lﬂ_-i _'k.:: T



2 h, and 140 °C for 6 h to remove bubbles in the solution. Then, it was submerged

into deionized water (DI) for 1 h and carefully peeled off (Figure 3).

2.3. The synthesis of AgNWs

AgNWSs were synthesized via a modified polyol method as reported in previous

research.® 0.8 g of PVP and 1 g of AgNOs were dissolved into 100 mL of EG.

Then, 360 uL of EG containing 20 mM of FeCl; was added to the solution. After

the solution in the beaker was immersed into the oil bath and heated at 130 °C for 5

h, it was cleaned with acetone and centrifuged three times, redispersed in DI. The

density of resultant AGQNW solutions is 12 mg mL™,

2.4. The fabrication of anodes and coin cells

Carbon black AgNW solution

b
S

SiNP

-

Stir and

solid wt% adjust
PEDOTPSS Slurry

w/ PVA/IPEG/PEO

Doctor blade
Copper foil

-

Vacuum drying
at 140 °C for6 h

Transfer

Slurry coating

Punched
anode

Figure 4. The schematic diagram of the fabrication process of Si/5-P/AgNW

electrode.
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For fabricating Si/5-P/AgNW electrode, 60 mg of SiNP, 0.5 mL of the AgNW
solution, and 6 mg of Super P were added into 1 mL of the 5-P binder and stirred
for 8 h, and then the solid/liquid wt% of the slurry was properly adjusted. After the
slurry was doctor-bladed on the copper foil, it was dried at 140 °C for 6 h in a
vacuum oven (Figure 4). For comparison, the Si/5-P electrode was fabricated with
60 mg of SiNP and 12 mg of Super P for 1 mL of the 5-P binder solution.
Conventional Si/CMC electrode was made with a weight ratio of SINP:CMC:Super
P=6:3:1. These electrodes were assembled into the 2032 cells for half-cell test in
the glove box filled with argon (Ar) gas, where the ratio of O, and HO in the
atmosphere is lowered than 1 ppm, respectively. Li foil counter electrode, Celgard
2400 separator, and electrolytes that consist of 1M LiPFs in ethylene carbonate
(EC)/diethylene carbonate (DEC) (1:1 by vol) with 10 wt% of fluoroethylene

carbonate (FEC) were used for the coin cell fabrication.

2.5. Characterizations

Bonding structures of polymer composites were characterized by Raman
spectroscopy (inVia, Renishaw). Topology characterization and phase imaging
were performed using AFM (NX-10, Park Systems). XRD for the crystallinity
analysis was conducted by D8 Advance, Brucker. Electrical conductivities (o) of
polymer composite thin films were evaluated based on the equation below

o=Raxt)?
Where Rg, and t are the sheet resistance and the thickness of polymer film,
respectively. Sheet resistances and thicknesses were measured using a four-point

probe (M4P302, MSTECH) and a contact surface profiler (ET200, KOSAKA),

12



respectively. Tensile test and peeling test were conducted on a universal tensile
machine (Instron 5948). Morphology and elements of Si anodes were characterized
with a field emission scanning electron microscope (JSM-7800F Prime, JEOL Ltd).
Bonding structures of anodes and AgNWs were verified by Fourier-transform
infrared (FT-IR) spectroscopy (Nicolet 1S50, Thermo Fisher Scientific). Cyclic
voltammetry (CV) was conducted with the scan rate of 0.1 mV s for the voltage
range of 0.01-1.2 V. Galvanostatic discharge/charge between 0.01 and 1.2 V was
performed for measuring cycling performance and rate capability of anodes.
Electrochemical impedance spectroscopy (EIS) was conducted within the
frequency of 10 mHz to 100 kHz with the amplitude of 10 mV. All electrochemical

characterizations were performed using WBCS3000 (WonAtech, Korea).
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Chapter 3. Binder characterizations

3.1. Material characterizations

Quinoid
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Figure 5. Raman spectra of PEDOT:PSS (PP), PP/PEG/PEO, and the 5-P binder.

5-P binder

Topography

Phase image

Figure 6. Topography and phase images of PP and the 5-P binder. The scale bars
are 200 nm.
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The 5-P binder is prepared by simply mixing PEG, PEO, and PVA into
PEDOT:PSS (PP) solution. Firstly, Raman spectra of PP, PP/PEG/PEO, and the 5-P
binder are measured for validating changes of bonding structures along with the
addition of various polymers (Figure 5). The C=C symmetrical stretching at ~1440
cm™ of PEDOT shows a prominent peak for all binders.®! It has to be noted that
this peak is narrowed and red-shifted for the 5-P binder and PP/PEG/PEO,
indicating PEDOT chain structure changes from the benzoid structure to the
quinoid structure that is more preferred for interconnected linear PEDOT chains.*?
Meanwhile, the CH,-CH twisting of PEG/PEO blue-shifts the peak at ~1250 cm?,
and the O-H vibration displays a noticeable peak at 1126 cm™, showing they form
stable polymer composites.®* * Further, we analyze phase changes and topology of
polymer composites using atomic force microscopy (AFM) as shown in Figure 6.
For PP, small grain sizes that are known to have higher energy barriers for electron
transports and almost no phase separation between PEDOT and PSS are observed.
However, the 5-P binder displays larger grain sizes and obvious phase separation,
leading to forming interconnected PEDOT chains and thus imparting enhanced
electrical conductivity.

Moreover, to examine the crosslinking between PSS and PEG/PEO that is
expected to improve the mechanical stability of the 5-P binder, X-ray diffraction
(XRD) of the 5-P binder is measured and shown in Figure 7a. The characteristic
crystalline peak of PEG/PEO at 19° vanished after thermal treatment at 140 °C for
6 h as a result of the crosslinking through the condensation reaction between PSS
and PEG/PEO that decreased the crystallinity (Figure 7b).? * The characteristic
peaks of PVA at ~20° are inherently wide so that the 5-P binder show rather

gradual changes of the peak. With no PVA added into the binder, the polymer
15 H = TH

-1
=



binder indicates prominent peak changes after the annealing (Figure 8).

— Before annealing n
After annealing

Intensity (a. u.)

T T T T T T T
10 15 20 25 30 35 40 45 50
2-Theta (deg)

Figure 7. (a) X-ray diffraction of the 5-P binder before and after the annealing
process at 140 °C for 6 h. (b) The schematic diagram of chemical crosslinking
between PSS and PEG/PEO through the condensation reaction.

—— Before annealing
After annealing

Intensity (a. u.)

2-Theta (deg)

Figure 8. X-ray diffraction of PP/PEG/PEO before and after the annealing process
at 140 °C for 6 h.
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3.2. The effect of the hierarchical structure
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Figure 9. The schematic diagram of the hierarchical structure of the 5-P binder by
PEG and PEO that have the same monomer unit but different chain lengths.

PEG and PEO have the same monomer, but the chain length of PEO is about
1,000 times longer than that of PEG. Therefore, they could build hierarchical
structures, where PEO forms a large frame while PEG is located inside (Figure 9).
This is able to enhance the screening effect to PP and provide dense hydrogen

bonding and crosslinking.
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Figure 10. Electrical conductivity with respect to varying PEG and PEO wt% for
(@) PP and (b) PP/PVA.
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Figure 11. Electrical conductivity of PP, PP/PVA, and the 5-P binder.

Firstly, electrical conductivity of PP polymer film is measured with respect to the
amount of PEG/PEO (Figure 10a). The polymer composite that is mixed with 0.5
wt% of PEG and 0.5 wt% of PEO in regard to pristine PP solution shows the
highest electrical conductivity of 159.1 S cm™ than PEG only (83.7 S cm™) and
PEO only polymer composites (108 S cm™). Further, with the addition of 1 wt% of
PVA to PP solution, the same tendency of increases in electrical conductivity is
observed, as the 5-P binder that retains both PEG and PEO achieved higher
conductivity (63.7 S cm™) than PEG-added polymer (49.1 S cm™) and PEO-added
polymer (47.3 S cm™) (Figure 10b). This phenomenon might be due to intensified
screening effect of PEG/PEO to electrostatically attracted PEDOT and PSS, since
longer PEO chain might be able to form aligned screens, and shorter PEG chain is
expected to more freely flow into the gap between polymer chains. On the other
hand, pure PP and PEDOT:PSS/PVA shows the electrical conductivity of 0.9 and
0.006 S cm™, respectively, demonstrating the coexistence of PEG and PEO highly

increased the electrical conductivity of the 5-P binder (Figure 11).
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5-P binder
20 ] — PPIPVAPEG
| — PPPVAPEO

Stress (MPa)

15 20 25 30
Strain (%)

Figure 12. Stress-strain behaviors of the 5-P binder, PP/PVA/PEG, and
PP/PVA/PEO.

Further, for characterizing the impact of coexisting PEG and PEO on the
mechanical property, the tensile test is conducted with free-standing polymer films
as shown in Figure 12. PP/PVA/PEG and PP/PVA/PEOQ show decent elongation at
break of 14.2% and 15.1%, respectively, whereas the 5-P binder demonstrates
enhanced stretchability (23.3%). It has to be noted that the tensile strength of the 5-
P binder (18.0 MPa) is higher than that of PP/PVA/PEG (17.1 MPa) and
PP/PVA/PEO (12.0 MPa). These enhancements would be ascribed to homogeneous
and dense hydrogen bonding and crosslinking by the hierarchical structures of the
5-P binder. Therefore, the 5-P binder would more effectively endure and
accommodate the volumetric expansion, being helpful for the longer cycle life of
Si anodes.

Thermal stability, moreover, of polymer composites is also demonstrated via
thermal gravimetric analysis (TGA). The 5-P binder, PP/PVA/PEG, and
PP/PVA/PEO show similar thermal stability over a temperature range from 100 °C

to 600 °C, as displayed in Figure 13. Nonetheless, for temperature bejoyv 200 °C
19 A ==TMH



where decomposition of battery components including SEI and electrolytes begins
and proceeds,®® the 5-P binder demonstrates slightly lower mass loss than
PP/PVA/PEG and PP/PVA/PEO, which indicates slightly better thermal endurances
of the 5-P binder, probably attributed to hierarchical structures with dense

hydrogen bonding and crosslinking.*

100 =t 5-P binder
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\_ PP/PVAIPEQ
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Figure 13. TGA curve of the 5-P binder, PP/PVA/PEG, and PP/PVA/PEQ. The

inset is a TGA curve for a shorter temperature range.
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Chapter 4. Anode characterizations

4.1. Material characterizations

|
Figure 14. (a) SEM image and (b) EDS images of Si/5-P/AgNW electrode. The
scale bars of (a) and (b) are 1 um and 200 nm, respectively.

Si/5-PIAgNW

(PEDOT) \Si—O—Si

AgNW

ff\[\,\/-M\/\?gB;

T T T
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Transmittance (%)

Wavenumber (cm™)

Figure 15. FT-IR spectroscopy of Si/5-P, Si/5-P/AgNW electrodes, and AgNW.

To prepare Si anodes, ~5 wt% of AgNWSs with an aspect ratio of ~1000 are added
to the 5-P binder solution with SiNP. Figure 14a,b are scanning electron
microscopy (SEM) and energy dispersive spectroscopy (EDS) images of Si/5-

P/AgNW electrode, showing the 5-P binder evenly covers other electrode materials

21 S B8 i)



so that stabilized SEI can be constructed by preventing direct contacts with
electrolytes. It is worth noting that even a small amount of AgNWs can form
entangled structures, providing superfast 3D electron transports and enough buffer
space for large volume changes.

To verify changes of bonding structures by adding SiNPs and AgNWs, Fourier-
transform infrared (FT-IR) spectroscopy for Si/5-P electrode, Si/5-P/AgNW
electrode, and AgNW is conducted (Figure 15). The peak of Si-O-Si bond of SiNP
at 1030 cm™ and C=C bond of PEDOT chain at 1635 cm™ are verified for both
Si/5-P and Si/5-P/AgNW electrodes.®® *° In contrast, the characteristic peak of Ag-
O at 582 cm™ appears only for Si/5-P/AgNW electrode, which shows AgNW

network is stably formed in the electrode.*

4.2. Rigidity test

a b
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Figure 16. (a) Peeling test with 3M tapes on the electrode for Si/5-P/AgNW, Si/5-P,
and Si/CMC electrodes. (b) Optic images of Si/5-P/AgNW electrode with
successive folding and unfolding. The scale bars are 5 mm.

For measuring adhesive property of electrodes to the copper foil current collectors,
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a 180° peeling test is performed using commercial 3M tapes on the tensile tester
(Figure 16a). Si/5-P electrode exhibits higher adhesive force (3.2 N) compared to
Si/CMC electrode (1.6 N), showing that the 5-P binder provides stronger
interaction with the current collector. It has to be noted that Si/5-P/AgNW electrode
shows highly enhanced adhesive property (5.8 N). This result is attributed to the
entangled AgNW network that rigidly clings to other electrode materials, which
requires higher force to detach the electrode materials from the current collector.
Therefore, Si/5-P/AgNW electrode can prevent the delamination during
charge/discharge and improve the capacity retention. Further, we fold and unfold
Si/5-P/AgNW electrode multiple times, but they show no detachment and cracks of

the electrode materials, demonstrating the rigidity of the electrode (Figure 16b).

4.3. Half-cell test
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Figure 17. CV curves of Si/5-P/AgNW electrode.

2032 coin cells with Si/5-P/AgNW electrode as a working electrode and lithium

foil as a counter electrode are fabricated, and their electrochemical performances
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are measured. Firstly, cyclic voltammetry (CV) is conducted for Si/5-P/AgNW
electrode (Figure 17). For the cycle from 1st and 3rd, cathodic peak at ~0.1 V and
anodic peak at ~0.35 V and ~0.51 V are confirmed, which indicates that Si turns
into amorphous LixSi, and Li\Si into Si, respectively.* Additionally, increases in
peak currents as cycles proceed show the activation of Si with stable SEI formed

after the first cycle.
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Figure 18. Charge-discharge voltage curves at 1st, 5th, and 10th cycles under the
current density of 0.8 A g of (a) Si/5-P/AgNW, (b) Si/5-P, and (c) Si/CMC

electrodes.

For validating capacity performance, repeated charge/discharge cycles are
conducted with the constant current density of 0.8 A g™ up to 100 cycles. Voltage
profiles of Si/5-P/AgNW, Si/5-P, and Si/CMC electrodes at 1st, 5th, 10th cycle are
presented in Figure 18. Stabilized voltage plateaus within 0-0.25 V are found,
which shows the formation of Si-Li alloys. Si/5-P/AgNW electrode also shows the
initial discharge capacity of 3700 mAh g* which is higher than that of Si/5-P (3221
mAh g*) and Si/CMC electrodes (3531 mAh g?). As shown in Figure 19a, Si/5-
P/AgNW electrode further demonstrates higher specific capacity of 1066 mAh g*
after 100 cycles, while Si/5-P and Si/CMC electrodes show the specific capacity of
830 and 128 mAh g, respectively. Moreover, the rate capability of electrodes is
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presented in Figure 19b. Si/5-P/AgNW electrode achieves the specific capacity of
3613, 1989, 1581, 1125, and 563 mAh g™ at the current density of 0.1, 0.2, 0.4, 0.8,
and 1.6 A g*, respectively. On the contrary, Si/5-P and Si/CMC electrodes
demonstrate much lower rate capabilities; Si/5-P electrode shows 3016, 1601, 1257,
895, and 536 mAh g, and Si/CMC electrode shows 3309, 1387, 660, 281, and 6
mAh g* with the current density of 0.1, 0.2, 0.4, 0.8, and 1.6 A g, respectively. It
has to be noted that for the case of discharging with the current that returns to 0.1 A
g?, Si/5-P/AgNW electrode displays the highest reversible capacity of 1543 mAh
g’. These enhanced specific capacity and long-term cycling performance are
attributed to 1) the 5-P binder with the improved electrical and mechanical
properties and 2) entangled AgNW network with ultrafast electron transport,
sufficient empty spaces, and improved adhesion with the current collector. EIS
experiments are conducted with the frequency range from 10 mHz to 100 kHz for
the electrodes after 20 cycles of charge/discharge, and their Nyquist plots where
semi-circles formed at higher frequency reflect charge transfer resistances are
shown in Figure 20.* Si/5-P/AgNW electrode exhibits the lowest charge transfer
resistance, compared to Si/5-P and Si/CMC electrodes, which would further
demonstrate facilitated Kinetics of lithiation/delithiation reactions by the
combination of the 5-P binder and AgNW network.

To verify buffering ability for volume changes of Si, surfaces of the electrodes
before and after cycle test are observed by SEM (Figure 21). Whereas the surface
of all electrodes is intact before cycles, cracks on Si/CMC and Si/5-P electrode
form after 20 cycles of charge/discharge. The crack on Si/5-P electrode is narrower
than that on Si/CMC electrode, showing improved buffering function of the 5-P

binder for SiNP. Notably, Si/5-P/AgNW electrode shows rare cracks and an almost
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intact surface, which demonstrates better mechanical stability of Si/5-P/AgNW

electrode under charge/discharge cycles.
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Figure 19. (a) Cycling performance and (b) discharge capacity after 100 cycles at
0.8 A g™ of different electrodes. (c) Cycle test of Si/5-P/AgNW electrode at 0.1 Ag’
! (d) Rate capability at 0.1, 0.2, 0.4, 0.8, and 1.6 A g™ of different electrodes.
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Chapter 5. Conclusion

5.1. Summary of this work

In this paper, conductive polymer composites with chain length-induced
hierarchical structures are fabricated as a binder for Si anodes in LIBs. It attains
prominent improvements in electrical conductivity (~40%) and stretchability
(~60%) compared to conductive polymer composites with PEG or PEO, which are
critical factors for preventing electrical contact loss and delamination of SiNPs.
Moreover, AgNWs that are added to Si anodes with low mass loading (~5wt%)
successfully form 3D entangled networks, imparting superior electron paths,
sufficient void space for huge volume changes, and highly adhesive interaction
with the Cu foil current collector. Si/5-P/AgNW electrode shows higher specific
capacity (1066 mAh g?) than Si/5-P (830 mAh g*) and Si/CMC electrodes (128
mAh g?%) under the current density of 0.8 A g™ after 100 cycles. Improved
performance of Si/5-P/AgNW electrode is reconfirmed with low charge transport

resistance and rare cracks during repeated charge/discharge cycles.

5.2. Future work

Conductive polymers with hierarchical structures and AgNW network are
employed and achieve improvements in electrical, mechanical, and electrochemical
performances. Firstly, the combined effect of PEO and PEG that have different
molecular weights can be applied to other conventional binders to offer evenly
distributed ether groups that are capable of improving reversible stretchability and

ionic conductivity for Li-ion. Second, not only PEG and PEO, polymers with the
28 i+ =2 H
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same monomer unit and different molecular weights would be used for
constructing hierarchical structures, imparting various functions to the polymer.
Last but not least, 3D entangled network in the electrode is found highly promising
in that it naturally makes buffer space for volume changes of active materials and
prevents delamination of electrode materials by enhancing adhesions to the current
collector. Therefore, randomly distributed 1D materials that can reversibly react
with Li are expected to enhance the structural stability of electrodes while attaining

high electrochemical performance for cathodes and anodes in LIBs.
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