Polypyrrole -basedNanofibrous Membrane
Separator for Lithium -ion Battery

by

Yi fu Li

A thesis
presented to the University of W
in fulfillment of the
thesis requirement for the degr
Doctor of Philosophy
I n

Mechanical and KBegmatronics Engin

Waterl oo, Ontari o, Canada, 202

E Yifu Li 2021



Examining Committee Membership

The foll eswhngheeExamining Committee for
Examining Committee is by majority vote.
External Examiner: Drony Lak Joo

Prfoessor

Supervisor: Dr. Zhongchao Tan

Professor

I nternal Me mber : Dr. Xianguo Li

Professor

Il nternal Me mber : Dr . Adrian Gerlich

Associ ate Professor

| nt eerxntaelr nal Me mber : Dr. Aiping Yu

Professor



Aut hor 6s Decl arati on

Thi®esis consadsl sodf wmnacenlt ot ddr esed®r St @
Contributions included in the thesis. Thi s

final revisions, as accepted by my examine]

|l understandayhbae mpdtelye revat 1 ambil ®alt o t he p



Statement of Contribution

Yi fu Li is the sole author for Chapters 1
Prof . Zhongchao Tan and @dhes nbhewirsttensif:
manuscr inptforwrpiutbtte cati on. EXxcepatrieo nass tfoo |Isloo
Research presented in Chapter 2:

Thiseseiasr dh t er actounrdeadrtedvdh e wdni v elbry i Miyf w fL iWau re
the supervision of PdafynsZhoaodregashnanaryT aaensd Y il
l'iterature relevawithguedme®itm@lsapiunLis efpracgratT
Uni veYisfiuwylatfte manuscript asdntealclhe atud alori |

manuscript drafts.

Y. Li, Q.A Llrie,vi 2.w sigafinne IndaanodE d beepar ators for
l i t Wiomm b altotuerrniaed s ,0f ,P oAwle3r (2A0Ulr9c)e s227 26 2.

Research presented in Chapter 3:

This research is conducted at the Uniowmer si
ofProf.clZhoMfadmnm Lit hdee ssitgundsy sta hd cdod thgekcd tl e
anal Yisfisd.rlstf He manuscript amd neatheatudtdlor i |

manuscripts.

Y. Li, Z. Tsermp,ar khftfoek etoinr aiamdmirgmallf or mances
li t h-ioubent t eanu neesr:st c@&Wn,er gy , & 3Hu g 120124092 31.49 15



Res

Thi
ofPr

of

c ha

Thi
ofPr
ana
Wa t

ma n

Enh

As

earch presented in Chapter 4:

s rieseandbcted at t he YUnm iwwddiesri ttyh eo fs uVgaetr
Zfh.ongc hdioLidaesstdhre study sahd cdlaimpatwidtens

| y sciosn swiltthati ons from Prof. Hd:nh evreg sYut,y
Wa tYar |Zohoang c¢c onodeiPbromogfees Noor man Zhou assi
rachetre¥mftmgLi drafts the manuscript and

ut on manuscripts.

Li, H. Wu, Z¥ouZKdamegt, i cs and Characteri z
ducti ve Nanof i brsoiutRw | Menmebrri &Zzrad | dre oofn Po

ctr os puh ennmaincoafli bEenrgsi. n edeori i. g gJ dlWr. Madl1 6/ j . ¢

earch presented in Chapter 5:

s reseanducied at the University of Wat
of . Zhongvtiaeiss G;nhe study andotoeamidebeas
| wistibs i nput from Prof. Heshdng véu,si wlyo
@eProf . Nor manhsé@&hpd ea scshiagmitiefrg zlait i dmaf t

uscript amaviededh iamtt dlolre s ual i nput on r

Hi , Yu, M. dloy, El ectrospaoat vaemoSepaonat

ancipagcihg @6é& nLiBtataavemnals of (pPoder seuce

first autphwhb!l hosfattiheens er efeapuore s idiveéseitganlo r d a't



col | ectpiroen | smmadndyyi s, and drafting manuscr

guidance during each step soh tdhaftesmaaushr.

vi



Abstract

Abattery eserpaktyopmpomwébiashiiounm bht)Bekty ger ve
as an insulatecthethweemntthe he i nternal shoi
the battery separator r etoaionus Isitquwicd uekect
mi gration of | i t hi um Tihoen gfradsuitr ngg dearahdr yf o

performance LIBs in various applications r

El ectrospun nanofi brousabbkepartatemrt i o ac eimoe
pogresses of battery separator research. |
of fers appealing features including | arge |
(typically above 70%) satnrduct ot er colfnbnnesc t i oh)
transportation efficiency and badttediyescycl
focused on electrochemical inest imataeraibale

contirnagnyt battery capacity to the LIB cells

Ths t Isd uddeyv e hrogpdeocxt |1 ve separ at orp oblayspeydr roonl e
(PPy) comapoditber s to enhBhmeeprhmapdssed sapa
fabricasegalbymeri zati on of poRd&rylonivile PAN)e | ect |

nanofibers foll owedspiynsiumg eqgaeinor ml &@cbi | a)

Thi s stthaerstuss dweirtsht andi ng tshe sSlkepabatoenyg pei
t o provi de i nsights and gui da-dicmentsd o dle
el ectr otcheermmalalcoupl edf model 3B8&2 GliclvBRP®& ped

mo d e | results show that separator ¢thilmknes
addition, the mass transfseswi tkecrn esd ainlcge Ddp
porowhtgh rremsulhtsenekydt el eoncentration gr e

correlation between separator porosity and

Vii



a separator porositesoet tt80 % hoer rgerseiasttearn cceo nt

After ahdettwdy Gadmet heissigml|l ymeri zati on of
el ectrospun fi bhteemp Ineaedrriasde tatser t ander st a
mechani s msf @kerhii mat itdheedf sepaspfiapy mdghezatic
of BPg¢ pdoonduecleectrospun fibrous PAN templ at
273 to 28%bp«&«rirnedsmetliatls s how that t hiesiotvver al |
pol ymerization process in the presence of
wi t htoeurtp| at e. Further investitghmd i @wne rcalnlf i e
rat es ulotmhef enhanced reactions between oxid

pyrrole monomer s

Thehmhe proposedt epapetctdosd f arampdrat ees eri ze
Therodsepdr ator-laylkirbist s uat leimd, BIRMRy!| «cdirreg
shell structured fiber3hangoanethgrahdyel et
of thactedex §@DpaAr A%padn’@B8 1 .)5 %muehhi ghetr hath an

of cammer cd eap a (P#%o @8h d°5 17) 4%l n addidticomyet he
separator is tR&OmMalnldy catpabl € sopdi meinsti @iNnSi
160 . Moreoaetrtiveéehsepadamebhaxhtchiteroper

the electrospwmsePAN separator

Final ly, ¢$ahree saespsaesnabjd obrdaBtieced | s f or ipoenr.f or m
The batteryreddodkticwentsaaemamagt or exhibits thi
0582277 . OF-lmAh di fferentO.curC@.enfthea agdnrelsamde® b
stefmom thetrieeddywy of t he PPyd@adtyimeer sceomdraa
I n aw diet ibattery -x&xetlilvevidepareadtoxr achi eves
energy dé&mds iOf4¥AWhi ch i s 5t6hwlit% hbeo pmimer ci abnP
separasmesullhe suggest anlpamee st mg ocyapacdiety:

mer embdi ftyhiengconventi onal sepaaattiowe ¢ epar anta

viii



Acknowledgements

My PhD journey in Uni vmrenadptoyn «fodn\pd tedlrilhceos i cs
would |Iike to take this mappomadei thwitsojolhar

possible but a fond memory | will always cl

First and foremost, deemoudtdatlimikued e pe revxipsrcet
Zhongchao Tsanendaour aagl el memit antde gpesakHasce t h
f desred my curiosity, skills andl phaoveskéeenmn
fortunate to benefit from his dedication

forward, he i s the model I owi || al ways | oo

I anefgula to my PhD examini ¥YgngommkPtl@e® me
Xi ang,uoPAlbrfi.an, GanUAii&h affggpriavi di ng expert ev

this.thesis

My heartfelt thanks go to alll the for mer
Pddti on Contrpolt ®Resavie chAhdYuyi ao gHu dashanKk

t hheel pi nign hlaamh sa nall adwsem!| csolnls utmead Dro.r Mari yeanmd s
Razavi andt lEamgh daed sGradocmgnecesear ch wonokis d Esp

l' i ke to thanktDbDe. i Hephenagi 6 famrd i ntell ectu

I n additi onmacknawwalhtéed gHhaiik &Zhou New Materi al
guan) Co. , Ltd. for assi st3migences band eErygi
Researclh &€fou@Gamada and the GCI sviemparrtess. Car

Imusthank my wiffoer,a &Ghoano sthiinng amount of sup
of acadenbhce shtausdieensr.i ched imyt o itfhee apnedr ssohna ple
Last B letasvioqutl dk ehawk my parents fMmer waliwadys

encourages me to explore the |ife without |



Tabl e of Content s

ExamiQdmmi tt ee Memb.er.s.hi o, o
Aut hor 0s .De.c.l.ar.at b 0. . e P
Statement of....Cont.ri.but. i 00 ... i v
A D S L B G VAT
ACIOMVI € 0 g 8.mMe. Nl S e L X
Li ST O G Ui B S X V
S - T o Lo B = XViii
Li St Of. Sy mb0. S X1 X
List of Abbrevi at.i.ons..and.. Ac.r.ony.ms..x Xi
Chapter 1 L.nt.r.0dUCl i 0 e, 1
1. 1 BacK Qo Ol O eeen 1
1.2 Motivati ouns..a.nd..chal.l.enges...... 3
1.3 Resear.ch..obj.e.Ccl. i V.S e 6.
1.4 Thesi .S Sl Clol . e 7
Chapter 2 Li.t.er.atur.e..ReVN. . W .. 1.0

2.1 Electrospun nana.f.i.br.ous..s.epar.daors f

2.1.1 Monol ay.e.lr...S.e.p.a.r.at. ol .S. ... 14
2.1.2 Mul til.ay.er..s.ep.ar.at.or.So....... 18
2.1.3 Modi f.i.ed..s.ep.ar.at.or.S. ... 21



2.1.4 Compos.i..e..s.epa.r.al.ol.S. ... 24
.2 Met egdsatteot FiPngl e ct r o.s.p.u.n..nanof3ilber s
2. 2.dl €ot rospinning PPy p.ar.t.i.cl.8sl with
2.2.2 Electubspepi PPRynogodi f.s.eld..by.38urfac
2. 2. BsPPwl ymerizing on .el.ect.r.as.gdn t e mj
T T U0 1 4 0 = U Y PP 35
Chapter 3 Numeri cal Swopdaerlaitnogr oofn tthhee3 Bfefrefcotr:
S R T O o Yo X o P O o 0 TP PPPPPTRTN 38
.2 Model Dev.el.apment. . ... 40
3.2.1 Model d o ma.i..n...,a.nd..a.s.s.ump.t..i.d.0s
3.2.2 Govemmi.ng..eg.u.a.tb .. 41
.3 Results..and. . .di.S.CUS.S.0.QD i 47
3.3.1 Model..val..dat.i.Qn..... 47
3. Ef2Zects of sepatasgt.or..on..ener.g¥8dens
3.3.3 Effects of separator .on..eb@ctrol’
3.3.4 Effects of sepamates..o.n..bé&Btery
T S T U 1 11 0 = U O PSR P PP P PP 57
Chapter 4 Kinetics-bafseBdr egaiw ra@neel Pydnyeyrpiyzr ar toil
on El ectrosp.u.n..Nanof.i.be. ... 59
S R T O o Yo Y o T o O o PRSP PPPPPTRPR 59
.2 Kinetics model s..of..py.r.ral.e..pokbgmeri z.
o3 EX Pl e L 67

xi



4 .

4. 3. 1 Mal.er.l.a.l. S 67

4. 3.2 EIlectr.as.pi.nni.ng..dev.i.c.e.....67

4.3.3 Fabricati.n..of..PAN..nanof.il.l68&r s

4. 3. 3 I|Rsyirgrad lyene r.i..z.a.l.i..Q.0 e 69

4 Results..and. . .di.S.CUSS.0.QN ... 70

4. 4.1 Comparison of pyrr.ol.e..pol.yferi za
4. 4.2 Kinetscgalbymey.r.zadl.le.o.n............ 73

4. 4.3 Activati on..ent.hal.py..and..ed6ropy
4. 4.4 Effect.s..of...dopant. ... 78

S T U 1 11 01 TR A YU P PP PP PP PP PPPPPPI 79

ChaptRed-a&ti ve Separator f or Enihocam cB.a8tit &rhye

5.

5.

R T o N A O o o I o O O o 0 PP P PP PSR 81

2 EX Pl el s 82

5. 2.1 Mat.eri.al S 82
5.2.2 Fabricati ocactifveasnedabatous 3r edo x
52. 3 Separator..c.har.act.er.i.z.at.i.an.84
5.2.4 Battergvpeubhorlrmanct. ... 8.6

3 Resul tionand. .. .di.S.CUS.S. e 87
5.3.1 Morphology and c.omp.os..t.i.oB8B7char a
5.2 Ther mal.... S.hoa bbbt Yo, 95
5.3.3 Mechan..c.al..pr.aoperl.t.i.eS ... 97
5.3.4 Batter.y..per.f.ar.manc.e. ... 100

Xii



Ch

Co

ap

Py

Ref e

Ap

Ap

pe

S T U T 4 1 0 = U Y PP PRSPPI 106

ter 6 Concl us..ons..and. . . Fut.ur.e..Wol k&

1 CoNC iU S 0. S 108

2 Recommended..f.ut.ur.e..war.ks.......110

ri ght . Rer.mi.S.S.lO.N.S e, 114
LT O o N PP 115

ntMex hAd to famr imeantbe aelee dvii g€ the.pulu3dtf8ios M

1 1 nt . 0.dU.Colid 0D 138

2 EX Pl B L 139

A. 2.1 Mat.erd.al 139

A. 2.2 Fabrication .ao.f...el.ec.t.r.0.s.p.uln3 9me mbr
A. 2.3 Characterizati.on..of....el.ectlr3o&Spun
3 Reawmldt d.i.S.CoU.S.S.00.Dliiiiiiiiiice e 140

G T T U 1 4 I = U PO UPPRRSPPIN 143

LI = o I o = Y PP PSPPI 143
néFiabrBcation of el ectfridosepru mp.oxraomoafdiyber s
1 1 Nt 0.dU. ol b 0. 144

2 E X Pl B L 145

B. 2.1 Mat.er.d.al. S 145

B. 2.2 Fabrication .aof..el.ec.t.r.0.s.p.uln4 5me mbr
3 Results..and..di.s.CcUSS.L.QN. v 146

N T U T o 0 = T Y PP 149

Xiii



[ N A N G- T 0 T o = N ST UR TR 149

Xiv



List of Figures

Figur.e Slc.hlemat i ¢ o-f obaa tttyep.iyc.al.... .l.i.t.hi.u.@
Figur®Bhd.”2umbers of publteayi eppanant®rectr
Figure ldnalges oprtl dediod mat i on t a..f.ord fi ber

Figure Sx.hz2matic diagram of..t.y.pi.cal..B2ectro

T
(@]
c

r.e D2inft3f erroet ary fi ber generators for nee

cylinder [43] (Byidias$c.cé). .pall. . . [.4.0L3(d)

Figur.e SEM i mages -BIf mémiot anmnas)psamptrtoneoand (
thermal cros¢bibhked. . . at. . .3.0.0 . .. 18

Figur.e 2EM i mages of el ectrospun shHPpPRrator
me mbr ane -cfa ateirmrsg dwipt h -PPUNA mb 8 & h e (-ddg abtRiErsg dw ipt
Siop86] EampbrRINemfi bers adher 8.7.Wwi.t.h..PANI na
Figur.e S2EM i mages of el ectrospumocempPyDIFt e

HFB heloimposite memuiddaee [ Sugrlé&l@ d9gPtWDUFc tc o mpo s

me mbr ane [SLO@dmpas)i tPd me mbr a.n.e...s.epa.r2at or [ 1

Figur.e SX.hle maotfi cl tigohmpdhat t ery f or ((ba)) teheercmal

mo d e | dev.el P me Nt e 40
Figur.e Conparison of model with experi ment a
working vib) ttagmp anat.fr.e.. .ri.s.e...eee 47

Figurkef Be®d8t s of separator thickness (and por
di scthaageZ®)r avi ¢ h det ai |l ed di s cahtaorrg et hpircokfnie

and (c) separ.al.ol . por.0S.d.do Y ... 49

XV



Figur.e Bl.edctrodatyten coinstemithbuti on of LI B wi
thicknesses and (b) poros.i.t.i.es..at..t..bhbd end
FigureCud3ve fitting of correlation bet weer
concentr at..on..gr.adi.en.b. .. .——— 52

Figur.e Tmplhamdes of electrolytavicoqceint frart
separator porosities..wi.t.h..t.he.2C.di.s8harge
Figur.efEct’s of separator por osiattyy oannd atthei ak

FigureEf83e8ts of separator t her mal conduct

ator phasreataunrde (rbi)s et hoef tpeancpkee.d..5mat er i a

tempera rise and (b) t empreiraltur padkdd er Bn

poly

1

di scharged..al. .. .2.C. ..l .2l B eeeeeen 56
Figure Mechamwmis mol e poal.y.me.r.i.zat.i.on...»63
Figur.e Me.chamiyssmol e pal.y.me.r.i..z.at.i.on...6>5
Figur.e LAa.b3maalteorey ect r o.s.p.i.n.n.i.n.g...d.e.v..i.c6e8
Figur.e Th.e4 pdaliyome roifz py.r.r.ol.e..wi.t.h.. ARSI O
Figure The®retical fittings of pyrrole

APS At 2 2.7 K e, L
Figure The®retical fitdrndgistloft Mecadapmpe isimsen:
from the | iterature (a) 8[118.1]....(bl...fr271],
Figure Chmpari sons of the experimentedli cmyrr
fittingst ampandtflemedt i, 74
Figur.e S£.h& matic of the pyrrole polymerizat
the fiber siugdmeres afndr.mfed...con....c.l.u.s.t.e.r7 6
Figure FA.t2ings of Eyring equation to

Xvi

t

he

p



and wihtehdutbrto.us..t.emp.l.al. €. 77

Figure BfflOct of adding dopant on the PPy
MO | 4F eNAE D) 0 3 2.....mQ. e 7.8

Figur®&chermati c of the fadbxmctaveosemsBtidhbdr of

Figur.e Pio)20 of t he -afcathirviec asteepda rraetdoorx. (b)) (¢
side of the sepiamages .-odtdi)ed exi didoyo.f8BtMh e s e

Figur.e FolIR spectra of electrospun .R&® nano
Figure X.54 spectra of..RAN@RPRy..nanof.i.8@rs

Figur.e Fi.b5er size distribution and pore si.

i nert | ayer and @c})i ¢.e).l.BANQ@RRY..redad@x
Figur.e Ty .p6 c al Nyqui st plots of symme4ric c

Figur.e DbST thermogr-ams$i voé ¢$bédparretdoorx and t !

S B P A L A O i e 9.6

Figur.e Dbi.gGi t al pahcottiovse osfe praadaa xor el ectros
commer ci al PP separator (a) (ebx)po(scu)r eb eafto rleé

for T o 10 T 1 R G TR URTRTRPRPR 97

Figur.e TY.p9 esalr ad tnr ecsus vaecst iovfe tsheep areddifodxtd pamd

S I O = U S - N S N (PP PPPPTRPPPTRN 9 8

Figure&€omplaldi son of the ultimate tensile st

and the separ at.ar.s....us.e.d...i.n..t.hi.s..s.t.uldo0

FigureBad.tkelry pelif/obinfaenie@s oddeilnflifsegr panrtat or s .

firstthaygled di scharge profil es. (b).1@ylcl i c

FigureSchelmatic of the LFP/ LI batteries con

(b)) -aetdoxe .s.e.parl.al. 0.l ... 1.03

Xvii



List of Tables

Tabl eColmpla.ri sons of different..nanof.i.bler f ab
Tabl eMo3d.ell.i ng .p.arf.amet. .S e, 45

Tabl el h3e.r2ma | propert..es..of. .. .LLB..mat.erd@l s
Tabl e Redctpbpostmnate obtained f.r.am.t.iWé& theol
Tabl e Bodosity anddelféeectrrealtytsapuaptaslo® saufdy e

Tabl e Eogparison of the porosity, electrol"

the separators used i n..t.hi.s..s.twdy..and5fr om

Tabl eEBeBgy density of the LI B..cel.l.B0@ont ai

XViii



Not at i

br ug

Li
Quc
Qi
Qea

List of Symbols

Ter m Uni t
Specificasurface m?t
Bruggemasndagypohanot
Electrolyte conce¢ moAn3d
Lithium concentratio moAs
El ectrolyte concen m oA
Heat capacity Jk gt
Di ffusion coeffici: m2&t
Di ffusion coefficien m2&t
Faradayodos conste CAol
Heat transfer co WmK?
Current density AMn?
Exchange current AMn?
Local tcdensnty AMn?
Reaction rate com AMolA!
Thermal conducti WmK?
Thickness of batte m
Actpekarization heali W3
Ohmic heat genera WS
Reaction heat gen W3
Raddustance of el ec m
Gas constant Jm o iKt

XiX



Transference mumber
Temperatur e

Open circuit potent

Di stance var i addlel t

State of charge o1

Transfer coefficien
Transfer coefficient
Vol ume fehbhetioal pf
Vol ume fraction of
l onic conductivity
El ectric potent
Density
El ectronic conducti v

Local surface ove

Anode

Cat hode
Effective
I nitial
Liquid
Separator

Sol i d

XX



List of Abbreviations and Acronyms

Not at i Ter m
Abbrevi
AN Anil ine
DMP Di met hyl phenyl
OPSZ Organopolysil az:
P3BT Pol-p(g8B8yl thiophen
PAN pol yadrtylid e
PANI Polyaniline
PBS poly(butyl)ene su
PDA Pol ydopamine
PE Polyethyl ene
PEEK Poly(ether ether
PEI Polyetherimide
PFO Poly(9,9dioctylfluorene)
Pl Pol yi mi de
PLA poly(lactic aci
PMI A Pol yplhhrenyl ene i soph
PP polpropyl ene
PPESK Poly(pht hal wlzfi mme ek &
PSA Polysul fonami de
PU Pol yurethane
PVDF povyfhyli deneu f 1l

P \DF-HF P Poly(vinyldhdexmd | fulou oorf

XXi



PVP
Acrony
CA
DEC
EC
FEC
HE MA
LATP
Li BOB
LLTO
MCMB
ME MO
OPS
PAA
PEO
PET
PVA
TEGDA

TP P

Polyvinylpyrroldi

Cellul ose Acet a

Di gt h carbonat e
Ethyl ene carbon

FIl uoroethyl ene cz¢
2-hy dr o xnyeetthhaycdr y | at
Lithium aluminum ¢ti
Lithium bis(oxal a
Lithium | anthanum
Mesocarbon micro

3( metchr yl oyl oxy)y opirloa
Oct ap-BRehyhedral oligoil
Polyamic acid
Polyethyl ene o0x
Polyethylene tere
polyvinyl alcoh

Tri (ethylene gl ycc

Triphenyl phospt

XXi



1.

Chapter 1

Introduction

Background
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espedthievel v ct arod syd retv lméc rt| sio tfahsi aubml ii roqp st he | it

o transfer bet welTehne dbhagt td evpa rea teocrt r pldaese d |

|l ectles i scoanpomewlsi@érlves as an el ectrical

athode and anode to prevent the internal
eparator retainstpbgermd!| ewe atgr @ Ihyet eniowistah ii
ur i reg ybatytcl ing. Thus, the structure and p
attery cycling performancel8. | Thegtribmes ngsaf
emand Pperformance LIIBiscaitn owmasr iroceugsuiaeps th



sulpieor separators.

1 Rloti vatichhmd | @md)es

The batt esr yc usrerpeanrtaltyb ed ocnoi mnaetr iecnipge |y ebhaeskeedn
thin memboduneed by awet pg9%.0 clleswe venre commer c
sepagaateoirti ci zed for its [UDow poowosiogi ¢! es
(1l ess thiahhdD]l mB8dcmbost abhermty (shPi.nkKsata a
rescaobhnsi deefrfaobrites h av dh eb ereens erdha dcenle manhdi ogf h

performanceadepbat8dors for

Recenano hearssap ashatvoes c @c¢ vres i der albleec aatstee rotfi
their interconnecafefd npiotryo utso,sltivljurce bsie els eacntdr o
transportation efficiencyll2bRTthteerreyf ocraep,a ctihte

reviewed extesnsively as follow

Nanof-hdbeed seprarhbeéeopwvadimedd okdys, DU olwnas n
1 weflblBvacduum fLVLEE adandnel e[t P PoTsmapillren iln g
compares different fabricationupnetywadbet n
nanostructures, controllability of i ber f
bl own pr ocadoepttoadp rtoedsumceer ci al m, c wlnéetheach of i b
pol ymer is extruded through anusorwefbi.c eH odw eev
the high temperature and airflow rate may
di spersed among t he ifnighre maiMmofchhmd n@ibiyge po
bl own [Rrlét ¢ esenlagtfiawd met hod requires the po
fi bealsi qgum aeacsvswuspensi on. Then, additional b ¢
bond the blesat famerpr édédgysur esamde agrmemdar.t iTehse

finatbaftsed pagaateo rndaeitnelrymy ntelde pol ymer type ar



in the precuzpdirmiglussiplencsi obhmpowsusepdarthyt ovrac
filtration proceparaltsoneequt pesddhidhe up m

filthaltp ofher miocbre rf iwletber papbé megv éloweaeuum f o
i's difdilcafgde éou wdtiheh nleinthirtane di mensi ons p
filtrati[2h @empbadetedr ¢e® pnrheetcheadd sn,g elceacnt r os p
produce nanofibers with cont rsohlellalb,| eh onlalnoows,
mul tichannel ones. 't al sbatggsemsat drnd eirrestt e

years as evidencedt llmgn ntulad rmpisdaFea @ ad) e mlbhesr § o

TablleColmpari sons of different nanofi be

ControlOper at

Met hocScaup Nanostr Ref
fiber f Ease
Me bt ow Yes Fiber Ye s S mpl [21
We-t ai d Yes Fi ber No Di ffi [222%
Vacuur
No Fi ber No Moder [1728B
filtre

Fi beare
El ectro Yes shell, Ye s S mpl [1325p

Mu l-cthia n
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Figu2®Biel.number of publbhaiat e ppnsgdadtoa eol betcatirnoe:
by searching keywor dsf ricerh eWe br oosfp | Sarsi eofc es edp
September 2021

I n genedagum nasneo aghatbars g e 9 d rye asbiazvéely
nm), high porosity (typicmdHdygyr wsi@eviice TIDI% a
i mprowvwas transporthatoaeryfédycli daggpe@am,domms:
research works are still focused on using e
a though i mproved battery perfopmoanedeiwit!

it esa&%faictei)dn 2.1

Admi t, i eclIry separators are incapabThe of c
t hicker tihe tsheep alroanteorr tdleensh dtyt @rsy. e\l drhgpyw gh
thinner separater LEBemaetpgpmedaeti tgflht o do
becautshei rsaeg@rar at or retains | esseimeghiadi edlc

str enagdtihn,g Iteo poor battery performance and

An al tdamrmdateigwd atshcee dattery separator with
active separator can paritimpirpabmdtier yt taplaa

Thulse ursedanckt i ve scapaeacemwmtrual |y i ncrBase t he



For exVWampgt d1ajiff i demonstr at ed ftahber i fceadasiaxboge | i t vy
separ at or rbwc taurbed acyeelrl wsltose/ pol ypyrrole (F
The PPmpdsiyteepr baée td er ys tceanpiaecainisy r edox acti vi
the celluddsei haglatiacnh barreegpebssimeaerd el ¢
t hatreda@net i ve separ altéoAh comhtdil bul 2isigPe B@paci
hat éhtcurrentO.r2aTh@ sofaetdoxe separator was
conventiofdallt vatuoma kmergb r don®e.gleis s met hod i
| i mi theed ftaob rti c amei nobnsionfe d malolr at suyymasmzedl!l vy
TablleFUur.t hetrhppo o el 8 e pdgsatidriedguwfdverporosity o

t han,séma% Is ipzoer eof bheetlcow 60 nm

Thus, t here i sP R anseeadlaocktoi vdee ssed podpr d tmprr ov e
structur al Tep eccp e rotsepe Bhnnmidmggyr oduce battery s
| arge pore size, hi ghp opreataocstisiuycehharsd riuct er e
expected to improve the LIBtipes f dmansashc ¢ ats
t r anastpioonnt bat tTehrer ecfeolrleswo tak ims0 tdeevsadsacp i ¥ e d 0 X

separnat drheelf@ctmr @$pun nanofi bers.

13 Research objectives

Thi s t hedseivse lad pmsa ttoechnol ogy for advanced L
capaciTthyy s obj ectseawveriasli asthd ppsvetdhsdedpi anrgat or 0 s
ef fsewm tih ehteper § or nparnccweisdgehdisnsand gui danaoe to t
Then,,bilaayer Iseé dancctti wreedsepar abasedissonpu op o
pol ymerization of PPy onto el ectAr kspwen i gal
study iefipmheg meri zatowttnd eitst eadarurnideedc B aahdmg h
behi ntlabrhiecfatitthe pr oposkidnaddpar atthaect pvep o s

sepawat breppeptémwsdifeasprrf oht eded by character



testing to studypyrimascproperties and perf

The foll owing specifitdbhewarsiks are compl ete
1) Devel op a numeri cal model t o O6gsu atnhtiicfkyn etst
porosity, andohheomakragreateritiingdsg i c al LI

2) Compare comeamivAmsi plyrrol e polymerizatic

suitabl e one.

3) Study thei®imp®mlty nmesr ioZdati on of PPy onto e

4) Fabricati ocacof v e hagnedp acthaakroarct eri ze it s mo
composition, itthyeramal neetcehbani cal strength
5) Evaktulaeg per f or mraacntciev eo fs erpeadroaxt or i n LI B

14Thesi s structure

Thisst udy &Ge ms| dpms a e BByt npvaesoddslepavst or for
i mprove the Dheteedgoxappi agopteiminbde PPy

pol ymer, which is integratiesipwultyhmetrhiez aetlieocn

The structure of thi sChtalpeperresleshergaonkged
of LI B separ ait ot r ofdou clionwgendt hbeye sceuar ch tr end
el ectrospun nanofi brous separaarteorbasAdd hom g
separator s, a few research woukes +Hadeyw ade m
separator to furthetyi mphevef ohe, bahteryhe
devel op nanafcithveussrempadadhir e vee vved lolped por

structure and further i mprove the battery |

Chapterov2des!| at eedataud edr evi ewr dho mgroovgrmre &



el ectrospunwbhephrasomaspromi sing type of se
lons transportation efficiency duectaoarietss i
hi gh porositi & odrmdnel adrdg etttbeounc b aamenl vy used |

of integrating PPy with electrospun nanof i

Chapter 3 presents a numeri cal model i ng s
LI'B performancesins§iagig s e ed rit ote Iyper fosve pdeer at or
t wbi mensi onal -tehh elcdna wprlheedni enald e | S devel c

cylindriglalB.LIiTFheBO t ype of commerci al batt e

including electrical vehicéeperiTmenmaldedai a
from |iterature. Then the validated model

par ameters, including thicknessapapbtpgsi bwg,
el ectrochemical and battrenay. performances o

Chaptetruddi es the -kinhetposymérithatiican of P
nanofi bers, aiming at the wunderstanding of
producxct ed e nlampo fdiibfefresr.ent ki e v ed boapsse dmoodre |
existing PPy polymeanogttsont ambcbamesmani §m
by comparing the model resthtes lswifieshiiteux per
pol ymeri zati ons offi bPpoyd syoanc r g/ll eoentmrpd sag rtees ( PA N

studied, foll owed by the investigation of t

Chapténbrnicat dsasele nBRRyfaichiriovues sreepdaorxat or s
el ectrospignimpiadg memd zati on pr paagsastes. eTxhhd b
bil ayer structwrfe, PAIN@PPHelkchg saruayured fib
|l ayer of PARdf icharsact et aati on ofseheedab
i ncluding t he separator mohlr @rhrod lo g w,t a lzihleimt
mechani cal proper-agt i Me rissesyseerngbtitoende irnetdoo xL | B

to study etrhfeo rbmeatntceer.y p



Chapter 6 summaries theesoamd useé oa®hmeorfd st

resear chf dihdeudrttei.on s



Chapter 2

Literature Review

21El ectrospunsepaoftioreus or LI B

El ectrospinning technology is derived fron
charged fluids to eject |l iquRkRBBheadst i ftetd |
description of the deformation of charged

I n IPPWF4 gulrsehove def ormation of a | iquid drc
ejection in an el ect diropfliedledcnt rWhce nf ipelladc,i nt
el ectrostatic forceswint i htehd iiqmudrde sssuirf g cesl @
Once the repulggievdehefrohredeas pher i cal sur face
dropl et whiadsh tah s &kyloaBfiorWwimetdh t he further
the electrical field strength, the rspul si

from the tip of the Tayl or cone.

Liquid droplet Taylor cone Fiber ejection

I
#

Figullem2goés qui d droplet defor[@mhtion to
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Fi gu2seh odws cthleendt iac tl eygitc @lspe nning system t
produce el ectralsphionrseetéegpraynlgé osset um i s compo
voltage powerngepwltbarmeaasyi c neetdypeicalnd
process, theusepeesad PYDFCRANPABR are di ssol
in solvent and | oaded into the syringe. Th
met aleldilce teo form an electric field between
eject eddefrighbeers wam el ongating whi pahiinlgee bef o
sol vent s eviBwemntau ael ¢ 1yi, esrddeiddo nfliyber st @ahe dep
coll ector. The morphol ogy ans¢d asit mectcwomd rofl |
the bDperahbt par ametpdvriodd dsaugceh, atsi p t o coll ect ot
and huAs ds heFwnguizre d2 f f er ent satnydp ecso lolfe cstyorrisn
appl ifeadb rtdee at e e dsosft oniacnbUesrigongu | t i needdre syr
upscale the tniathmohi ber aptrowecdi fferent type
the same ti me membiroBrge sd dramyp icatiltee ececont ai ns a
i nner cemindiade tfthea touter capillaryshe&dh pr
structure by usi [B@3 i Wi mat bad ri b graotthavra waol ras

col liecesmehsedepositing aspepat iatwméatodameempmrsti rt cel

fibers by adjusting [8he rotation or runni n:

11



Single Needle Flat Plate
Collector

P ~
) Metallic Nozzle ‘ \

. Rotating Drum
Multi Needle

é 4 Syringe

Co-axial Needle

:ZB._ / ) A -

U—D’J - High Voltage Power"SuppIy

Figu2e ST hematic diagram of typical el

'

Conveyor

El ectrospi haofranbgr nigsatothesBe&d me mbr safnoer slLelpBar a
with desiucddveesr tHicti zied drir 1 &aise | tolwe prraordge
milliliters per hour. Adding adMdutthe nrad pwnlog
el edtireild from the additiohalt heoowieesal Hawes

which | eandd otran mdaams o f i[PEBF. i ons

Al ternati-vedy, elheetdd espinning is develope
For exYam@ingaBr eport ed-fa-arsatg nsetteidc needl el es s
system to i mprowettawer . manofciobnetraipnrsodt wo | a

pol ymer sdcteppeonl ager and f ertrhbemewgnet ag esu

magnetic field was applied to this system t
t hmeart ur beady daenref etneg,erds well as the free sul
Meanwhil e, an electric field was also appli
resulting in thousands of fLiab®irsestefadct ed U

proposedsatspmpf eneedl el ess el ecndefspasannni n
nanofi ber giemeerrtaitaolr!l ywhiimenher sed i n the polym

rotsathpeo!l ymer isdhetednont o the c¢ydeinmodemo ussur f

12



numbefr fi ber jets under edrecytotiich efri egledn.e rSaitm
as, disc, ball and s et rfdaflando iWwa n[gaarse sphroowno s ¢
i Fi gux e 2.

Figu3e DAdfferent rotary fiber genesrsa.t o(ras) f

cyl i[aB(ebr) di £D((d9) skpiitlal coi l

Admittedl gssneééekérospinning generally re
closer collecting distance compared to nee
di amet 4B r o gietveirs feasi ble to gdmematieg elea
surf poé¢ ysmdelruThiuvosn, it has been quickly adopt
Companies such as EIl marco Ltd., Revolution
their needleless el ectrospi nnoifngn amaocfhiibneerss .
rapid devel epmeospiohni ng stae gohrmari csg yn ga lfsua ua

el ectrospun separators for LI Bs.

El ectrospun separ dtoamm$ ocan ylpe sdibaiseéed oinn t
and strunamengknan separat or, modliteidl asyeepra rsad pa
compositeMmesreplaayadrorand mul til ayer separato
cont aiamohoheli pyer s of el ect res percEanceha blya ybeerr
nanofiisboernpsdbosye done type of mattoerrsi adr.e Mooddiffiie

el ectrospun separator Vi a sur face modi fi

13



el ectrochemiCarmpopsriaperdae gar.at or s are fabri

partic-ekbsecorgswiitnmimul ti pl e pcotlryorsepru m asneopfa rb
21. 1 Monol ayer separators

Monol ayer separator i s t hiest sgrmgpdersedad meynbo ra
precursotnimbkerital. traditionalobmiaéma@apartous
structures by nflePnbt ape posteesehiucgures of €
formed by interstices bet weoesm ¢tfiy piea asl. | yI hails
70 | arge spectypccaul VAdb3tde eadr®d (i nt er con |
porous atreucteadesy achieved by tEH e celreocstpruon:
monol ayer separator can be nmmaWEB #H#BonmMmPAN ff e
4B land[5Bbare the most commonly mempolagdr p
el ectrospun separators duel eoot [flodhagitrat@adod e

el ectrochemi5éal properties

Gaet.[4apst udi ed theroefsfpe atns nafepg E®IS Sstomuct

mol ecitlaa mr matnifan of PVDF separator. The cha
on the ejected fibers are enhanced by 1inc
resulting in ape tieberpadeamétavefrom 884 n
I ndi c ahtee ctrhyastt atl | i nity bheP¥Déudeéncoéedsmadl evt
chains increased after el ecttmsbirmamieng epr®
al so cetnbtoew b nigrett dhrenal resi stance ofi umB, be

ions could be hinder exth hibp[erAe ceybik kIl Mme |
battery cell wi t h eol betcdtignodseru nb &PtViDeFr ys emyaa lait 1
as 95.2 %wa$ ceaepacheg after vbhe rbeyécel eetsly ead e IO
with a commerci al mi croporous separator on
condi ti onal IsTeh iast tcrhiabl udioerde tuoni f or m pore distr

separsatt han commerci al mi Ccr orpen rviuzse scipsatrraitb

14



a membrane separator can avoid the -nonuni

separator interface, which suppress the gr
[5B The interconnected pore straeparat amdal
facilitate the mugragi batoeryithpclbmngons d

Yanreg .[4aBpr opasegdlaér ihat coll ector to obtain
wi tmi fuorm thickness and fiber di ameter. E>
di ameters of fibers collected with a plane
durtmg col | etQG i rmhge It @ antefr iodbgbt rafi rncemd t h eh astp her i
coll ector were stable and thinner as the me
nmdurt hganeol|l hgdtnien. ad cdiet itoenn,sitl e strength ¢

achifeoredt he el ecugiors utnltes elpatr ad wlirl e

El ect PoNs ppmenmbr ane with various fiber diame
by €hdsapPand were studied as a separator 1in
2.6 mMbBbédbmained by PAN membrane with the big

(76 %) . Such esnalhlceeu telned @ gageuonbtensof ct r quy de e
and meanwhile facilitate the migration of
separator. Supyewiitdcr erl etcd r o piadgnli $FRIAINO bsseepr avr eadh

graphi tedtLt S@Y mel B t hamcadd i% so friettiaei rnachde ,a W
imore than 2 times of a commerci ahesépat at g
cel | cont asoaked eRAN odgpaer ator cannot endur
of 1mG the separaéwrasd cdnanhkstealouwtcui t. This
carbonates in the electrehytkbecantacacasoptk
nitrile gf6dupBh g, PIAdloakelddy PAN hy enphdersia ttohre

temperaftelslls Sabetetdahbhf abricatdtes el ectrosplt
separaadi npy 7 wt % wat er i ntotot mel peedsetr os

separation during fiber swslhidghfeercapooasi tT

15



el ectrolyte-pumpdwak ePAM aneesmubbrmainneg, i n a hi gh i
of mSA&&EmHowever, the poerhesmsdhpimapiehdlicehsacr

decrsteasgetensile strength from 30.6 to 14. 4

PP pol ymer &adoptoe deeviestontinms @3 pfuaiBar Mita oa |
[Gdevel oped el ectrospun Pl sespamMaeorLd Ba mwd
el ectrospun PI separator exhibits higher
commer ci al s erpaerlaetcotrr.o | Tyteec pcodrna ibrea tse d owigtl h i 1
chains due to the electron donor and accep
battery <cell al so shows an exemaallmsots t c ytdlei
same afycelresl 0iffiOgeb adtnty Lc el | atetl.[=2Hr Eporat ed
the superior thermal stabilR2bgRPop e¢lbedDOO:
PI separator. The batt droyy caddald vaibtblrgest B et r «
commer ci al wWRPE hseparpaetcecrapaci ty of blaBt eTlye
capacity retained 18.s4%adndcadh® mydadl eu%csf 8 C
16 rCespecwhierseinyy 6@ ®B. 48 % cafparci ay LI Bt avi

commer cial PE separ.8toceat heh®l spméeymendi 6i
mentioned el ectrospun PI separators were p
solution foll owed cloyn vliee diioPMedbd@tinihesPabi |l ity

l' i mited the fabrication odtepemetrdota[dablnK ®n g s
proposed fl-BbyihatedcPeats€& the solubility
triflhupliCkinetgr oups into the polymer -Pbackbo
membr ane separatbdf i mil psgol apirtohvii gduei d el ectro

conductiPvi tsepafraFor was 37.6 % higher than

I n r ecenmotr ey marva,l smweee prepared as el ectr
for LI Bs. El ectrospun poly(sapmaemratedrhewa Kk efr

by elti.[Gal6P The | east oxygen concentration t

16



hi gh ©&Bs8.3H 0i mpl yi ng-egkcablueshmsethtef aPbEIEIK t vy
separ at ohri gehx hpiobriotssi t y soudp emoiroer tehlaenc tr00%,y t e
ionic conduct Hwist ywe( 2. 7als meXAcerh | 26t Bajikic han i
Simil-Bt ,iClkgE oups can al so be attached to PI
I tadnfiity to pol ar el ect gbhoaltytteer.y AR&EHM ronaE gt taFt C
shows 4.5 % higher initiaEKdsepaprbag@lt ca@ic
reported the physicocékeeccabspuoppotyeéephth
ket one) ( PPESK) membr ane as separator for
1210 Moand conductilareyaohidaveéd mMGAPRMESK s
high porosity mdr e 2s i%iba hodfr éda.r3gde e n t[&Y , Shi
devel oped an i nopspmg@malcaydrecd aparpaitno 85g €0or L |
of Aabsolutelyodo t heremals tsatn@4ibiallLiitéyt yavemeil tl si sw
sepagextharbit el ect r acohgmivaalr ys tcalpialciittyy upet e
after 500 capgonbdeenhy &l Cgkhkaatygcdeparcebayeadf 10a

70 % higher than a LIB cell with conventi o

Asment iiomethe ,prleiceghldi pgrgei tpyorandgi ta of

monol ayer separator facilitate t he i qui
transportation. However,-dsschafrgaetusestman:
dendrite growhihcahd6@de nRjadet@ait anent s such as
press and/ oraréepplti dd eas meht act eanecmanhkacadas
strengt Heamd sltarbg | ity of el ectrospun separ
decreasing the poroeasti t[faBfaarbd i patedsithe. elie
separ amechamedcsaéd prhe membrane sepaM®tor u
Increasing thedpcesacseapopopessyref the PI S
73 v, ertehaes mechani caéf rsam eln2g tMP a ntcor e3als eMP a .

wi t h Ibiitsiokbrarate) (Li BOB) basedasbedtetcarry | oé le

e x hsshtiatbl e performance UhsBethiodghi t empdgesatbha
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after 50 cycles at 120 i sleasdr @d 5f cCr rsad me
appl isodltBoon duchlasg tools for etth[@PJoaedt dr i |
treated t hePlelsecptarrcastpoorn a5 3s00t o obtain the
me mbr ane aFsi gsudcoewM® tienr heat treat mentRIlI the p
separatormdé¢iB8ade8trd®tivanad 2314 %, respec
the tensile strength i mproved dramatically
treat meenre al so reap@Bared HWyn[@Iwandgh el ectros

PVDF and Polyetherimide (PEI) monol ayer se,|

Figu4e SEM i mages -PIf mdaglwet rscespppaumtfor (a) bef
t hermal <crosé¢lbinked at 300

21. 2 Multilayer separators

Based on the unique operational features of electrospinning process, membrane with
multilayer structure can be easfbbricated by sequentially spin i n dilayendephrators
can attain optimal properties in mechanical strefigfh70, 71], thermal stabilitfj71-74]

and battery performandé&®, 76] by combining advantages of different fiber legie

Pol ymer material s wit h cshu paesr iPOMI Ame cPhEaTn iacnad

reported as supporting | ayer in electrosp

18



mechani cal estt[7aPfnaghtrhi.c aZthead a P W DaFy/ ePrMIsAe/ pPavi DaR
sequentially el ematnrodapieocrsangammheftarget col
exi stence of t he PMI A | asyeepra,r at I8e u ppexthii didi &
properties than the monol ayer PVDF separ al
separataefrromcarceadedPa) @ aodelxnheigboiottdsi H e mensi o1
stability under heht/;:bp€Ea@mgntebfsl8B8ONtain
separator also show good capacity etet@&Inti o
[7Vel ectrospun PSA fibersoomhobmtmusidésayef
LI'B. The supporting of the PET | ayer incre;
compared with monol agg&ellc PPSAI geparatmul t Huay
withaelSa®@i c | ayer been embedded in an el e
SioPparticles datinggtloe separat cam amd Inii sd ea
by the existence of el ectrospun -pRN alrayer
muil tayer Sepsarr.alt oMBa,atdamd ni@eMngl dmlt it tee /yL i
containadatloirs s®repred stable cycling abil it
75 <cycl es. Notabl vy, the pooakddheelmaNt rsdaap
sepab®taolrso I mproved byl atyheer .i nAswd rethi regh adcfit mSpi |
the multil ayemonsgpa&r &t of ahhi miktage at 140

|l amul yed asepar[a®@7o2v Ba nPdV[DFEE Bl ayer s ar e often
as a ther mal shutdown | ayer, due to their
tdh battery safety. Once a Isdtactridrroyc cctierlsl, bt ehe
function | ayer can thermally close its por
ions thus prevent t he batt.tfesyt ufdi emd ft lnret hteh
shutdown behavior and mor phroullotgiileasy eah aPnl g/ ePs)
separators undererdatfdreas.ntT hhe aenmebhagtsa sedOpP VD F
to form a pore free film | ayer. Due to the

onlysahdw7 % shrinkage .afTtheer sthhuei dhaelait dfadrrech t
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by the baitédryheesmuédi Wayer separator. Aft
the battery charging current sharplenl gecr e
7 % of the celalrawiorh @ heegihmalultsheep itrhceir areatl

fummnt iof preeanmed el ectrospun multil ayer s e
mechani sm to defend the théralmabtredamwlatyi I 8
membr ane separator bfyi beelresc toam stkpad tnm i snigd eP | d S
membrane using a needleless electrospinni:t
di f feesr emeet ween Pl and PE |iatyRelsima tshheu tmud awn
temperatures abobattté8dy A€el Ls/ Wi CoOtéhi s mul
wi de el ectrochemical stability wisso3 ¥4s t|

and retained 83.5 % ofcytbedi ath@GrgeCcaptael

Besi desetbaéditmgpduced triple | ayer rsiacnadwi c |
t wloayer electrospun separator are a&lbdo pr o}
[7pf abricated a bilayer separatat Btobypfoves
el ectrospbMmB/i PO PfFiOber st omt and hehew!l Epi nni
polymer fibers direct-DMPbREOG mat. sBEOacemp
then removed by sonication i n delEO npiozleydnebre f
being unstable -BMBvEeEwheds Mmheri IO oxiisdat i o1
placed in contact with the cathodehas® aet
| ower oxi dati @ aceldt agext t o t-DEMPahayver tbr g
degradation at the amiMewd@sbpotemti ales.l Tchoent
separator retained stable discharge capaci
over 1000 heyc |l EI®.fakdri cat ed a bil ayer d L
conductive/chemically active separator by
procesep Thgenr whHPIEdh fc dbretrwiahalnedd mudrthon na
( MWNT) is bot brionmiuhed sadsies| eaant Rfupper curr et

in LI B. -clomidsucduale feature expedited the r
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i mpr cdwed itscharge capacity, rate performanc
The support PIVaPy ePrANc cmmatnaifn déoceg i Isiked e armtsi alna:
heavy met al ions dissolved from | ithlium me
ions migrate to anode wil/l be el ectrochemi
degr adatpiacn tgf duaai ng batptreerpyarcydc Isienpgar altror
scavenge heavy met al ions due to [7tBs pyrrr
mor eover, t hisall i graowpsn afea®HKH wi t h -thheitaovly meé
compl exes via traneeidri altoende cpoaoif@di enkast ci dorno ebsounl dts
50 cycles of battery operation, the deposi
substangatédyi mibattery contained this Dbil:

a conventional PE separator (105 ppm

21. Blodi fied separators

The structure and surface mocrgineo Inoogiwi tohfe dt h
posteatmehurt hiephyssnpecalveand el echifpoah e migc a |
i's the most widely apploispdnmeatelp@d @t arheo d Bf
separator into a coating solution for a per
nanofibers thus affed8li n@av[Blamnsd pRh[BR or s p

reportused bhePDA swodtuitn gns amlsutai aln pt o modi fy

HFP el ectrospunespegRbatetdysmmonly found i n
proteins, is a smal/l mol ecul e compound <co
establi stheandonahent winttlertalcte i smsf ace of o

Fi guS(eas)Bows the surface fdrPphedlecgy osfputnh en
after PDA coating. The net vwarak es tntau smttuarien a-
aftae-comapi ng procesét ayme £OvAh iwlaes, da ptolsiin e d
of thebemsnofDue to the PHIHAFPbodondienrg ,b ethwee emn
tensile strength ofsf modi A7a étdoMslelp.a2 aMPa iim cd
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3.5 MPa to 7.1 MPa in -weatshgtempdr éspatct on
t hrenn mal stabi-HFPymembt heePY¥®parat ori sas t h
capable of maintainiem@tiutrespdilpe t ob@TOMIDTr e -
contained t he PHOFAP csoeapt eerdastsBtYaDbFe & h ibbaittt er y
perfeemars the discharge capacity remained
PDA coiag ichgt ri ment to electrolygteasad fimity
conductivity cddRpPase@ awatt.[BaP ¥ Ré ratngd t he use
as coating solution for electrospun xPl sep
formed between PH3Oh anbdeli onwimyncehdetcteictro
sepairsmmmpmroved fr on® rMia f8t7eatocadtilipn8y3 process. Th
Pl separ at be dé&elcaemterdeel yte interf akatatereysi
cel | by 55.6 % compared with wuncoated PI
temperature diescthiaogBboc&phati Sy Cr att O (ca
ratairbe8. 3% and 3.8% for LIB with Pl and coml

Figub.e SEM i mages of el ectrospun -dEPar ator
me mmred é i sc odaitpi ng [&B(tbh -FRIEAmMe mbr an-€ dafainbger s d
wit h[8H(©O©) Pl membrane fibers[8dhered wi

Di-poating solutions <containing ceramic n

modi fy electrospun separators. The additior

22



the crystallinity of electrospun pdley dare me
to Lewbhasseaciinteractions, |l eading to egr omot
all8pf abri cated t Hd) eloanptorsa 2 reurs ePpRIr-abati agd

wi t ho BVBIFP ( maedfs 1lrO0atli)o di speFs goam(eb)Rs Sih@ wi
nanoparticles are filled into the #HFtPer st i
as bad,ndleekading to i mproved tams®isl ¢ het avrg tal
size and poamt®i HYH4f noomabhd882. 2 % to 59.1 %,
ionic conducti vi t-BU odepareatedre cit morsgSalgrens Efl r o
lafter modi 2pardt iwiltehs .. @ifi€itaundgi ed t he perforr
separator c o adDemarwiitch esSi OSimilarly, t he
sacrifices the porosity and el ectsrimdoyntie upt
conductivity from TThi&ilFdiROt2t.eor2y mEAcm with

separ at ost hgerae adttesastcthar ge capacity over vari ol

20 C rate compared to uncoated Pl and comm

Al t hoagth wor ks focoaaedngnpithhaewel sapl sed floadrs
on the modification of electresp8ajflappédparat
ani8si pol ymerizati on met hod to modify el ec
nanowires. Af ter I mmer sing t he Pl me mbr a
pol ymeri zati on wavataah rfiacerd 4o uht tion faonr m cteh e

As shdowmub(fec )2. t he mo de xfhiiali taewearba lminea | 3D
where trma&nd®wiNMes uni formly grew on Pl nanof
of PANI nanowires, evern tslkepuglttolme dreediefaise
and electrolyte uptake amount, it o still iom
mSAe€mCompared with Pl and clatmeercy adelsle pwir
modi fied sepahathbrdgmagetanpaci t-yatvet hr omc D
to 10 C. St sbhalt ec glciygidmgFerPr@alnscoe achi eved as

capacity retained after 500 charge/ dischar
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(7]

trategy was aelad[d® ptaop pmoidel df yb ye | Peacrtkr dis ur©® PAN

articles. The electrospun PAN separator wse
i Ayulnct i omadritziecdl eSsi Cand 10 wt % TEGDAffomand t
ol ymerization bhpaweieol exraandv dBO®DAMAr olchees sn

nhankbe tensile strength of PAN stepariotorcf
onducti vbt g(nSAonbBete [@Patp p| i ed at ointiicord a(yAelr D)
echni qduief yt oe | neoc t-H FOR psuenp aPrVeDeRpa r twii d lhe Al T he |
| ectrospurBimesmbrtareat ed by the pl-ddesmiav ed ha
ree radicals on the polymer spuanfdceatelrhen

sedeaxalumi na precur sormr eame cTohkey goebpt as onuerdc en

membr ane semar aboel presemet ur e2xOz:dahedlbowetved

d
i
d

o

eposited on t he -HsFUPr ffaickeerof Delaecsht @PbviDhFe t ¥ h €

nt readlduccer ami c particl es, thebmedt bi endai mé m
i mension and porous structwhedchabl eobmpéenat
pen circuit voltage of battery cell oper a:

21. €omposite separators

Anotefefrecti ve method to enhance theheerfor

addition of multiple organic polymers and i

0 directly fabri cabee ctohoepfoedrienet npamyostii cheel
| ectemi cal ofddiofpfeerrtenetshpolcyormgprosi te el ectro
ontaining multi ploeg mpbl yméprvaamddetrsiieadesic o mp a
eparators derived fr[@2 ORI yWoanree vpeorl,y mer ipsr
hat i ntroducrntigclods itnormambrca pm@ eretpamrcad otrh

her mal sttheebetitgl aned affinity duegtreatthei
ydropRiIB9RBR city

The directl y bl esnodiuntgoedondsc tt wos piond ryimeg i s a
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prodauacmposited electres$p@ilstsiedpiaechtohe. pXop
composite separiatgort hbey ne Ixetcutrreo sopfi nPiMI A and
iselected for i1ts high tsher mohset dabiglhi tiyo nwli
ofhet composi 9%l sByparnatcorrasi ng the PMI A/ PU
el ectrospinning solution, thepawvatagsedécbe
gradual ly fegmom a2n9d2 tthoe 2lemnsfrems2bef@gth dBséc
Exept for the PMIA/PU ratio of 2/ 8, t he PM

shewt able cycling perdto.r[@fsfnacberss ciamn etd |l BB.n  2h:

compite separator with PAN and |lignin. Lig
i n nwwtuhe pr opkeiradegr aldiakbe | i t vy, bi ocompatib
i ncreasing the | ignin csoonltuetnitesnd af%joomh iNnGay p b e

of the obtained compgsi ¢éadsergaratioheac¢lsecitir
i n the sepdrraotn r3 6i8mproovied 0 %. However, at t
the LIB with suekhgrbed pmari evce Itsye pdeaorwh toeemw a eia s e d
with battery cycling, due tein htehd aelte dthradl

cawsslee battery system unstable.

Apart from the direet ebtendpnbameghepdpobet
studi edcet oc opmpoodsui t € membr ane separator. Wit
di fferent pol ymer solutions to the isame cc¢
expected to combine advant ageseqpf tdiefifreroemm
propddh i Ese.fBPf abri catHé&Ed®/ PVDIE o mp o seimber annaen o f
for LIB seopaeatoospiancng @aloertBbei At &irnd
composite membunadneer altMPr&BF5Pt he b PV BFpartially
its Il ow melting temperatur e anidmpsreorvveedd taesn sl
strengt hc oarfp otsh t e membrane from 2 MPa to 7.
reportedetbhjyapfat kdeatrospun PAN/ PU composit
i onic conductHvitenc2l @7 smBRomth (10. 4 MPa
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5. lardebserved by the resultant membrane sep:

Corsdhel |l structured composfialeri mambdantey
el ectrospinning apparatus ( Wiatvle dormaern trreisc
attention in recent years due to its uni gue
to provide thermal sthbiWwhtlyeandemshbahhi mat
the electrochemicabf 6if%9®P YV iHugatndgpnBe x e Fr act ed|l
cellul ose acetat e ,[farnodn uwsaesdc eiateli egdatrraa st pei nfnii
process to fE@PVYDRRR emmxaediltud omembr ane as LI
showhkRi guG(ea)2. t he celarteubbg waappeHiFfechbgt of he
form-sthedd dtcompe@senembrane separator. Th e
e X hgghoiotd tensile strength of 34.1 MPsa,wdlhler
as high ionic omoShdimkit aevd. (0] Goefp 06 ¢ &RIb eal |
composite separator wittsitPiigAr manld PHBUSt dswnc c
shell materi al s, rteismpge ca fi vVRRB S . s Mailel ,t oa t hemg
compositeioenesndmraece after tr eatwhnegrtehabse PmA mbr
core polewmera sdralbl e sheldi mansbomal ntat agt
i's expected to improve the battery safety
the battery short circocnokitatu[adidre ptondbretiaela ab
strategy to i mpnrdoevre hbaartstheursyocensgai¢teitoyrs umayh | c or
separat orr esmiarhd anltanper operty. TPP,i ss epdo pausl ar
fibewi PWDHFP designed as the fi bees ps hted |
160, theHPRDFhell melted to release the enc

or deerprtevent the f | aimgmibtlieng !l ectr ol yte fron
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Figuée SEM i mages of el ectrospsumorceo/mPVBHKF t e
HFBhell compoRBiBtognurhaonbe /asntee IPIl /sPtVrDgro scwotme d

me mb r[R0j2c )SiPOAomposite memhoO&8ne separat

The fabri e®eahebh efectomospun sweiargatxdral i s
el ectrospetnfaddiiRe.poRdhcéd a@dnr@dt | tstructure can

formed by wusing one electrospinning.gol uti
PVDF/ Pl) through a si nigvlee yn ereedioev innogz zP VeD F Acf
sol vent extractioonp hwiltohgya coeft otnhee, rtehmeaimed F
ultrafine fibril-Z00winm. dilmimetreesulotf i1Mdi ca
P@ PVDBRparatocories/ sakluttied t wut h Pl core fi
embedded by PVDIFgwdebgh.owrmei mut hors <c€onsi d:¢
core/ sheilBorstheaead cttawrtehe compl ete isolation o
As the two phasesi nmitxheed |hiogmuigde tesbqilsuRYisathr o p |
arfeor med and coalesced into |l arge droplets.
core whenpgbgmer sobputicoedi $so flow through
during electrospinai ngo, mabei ofho re ? kunnt Ur &lf Ip yn e |
strinBgegDéawntder sheolrlep.ar Ede casnposi te mnmembr an
stable ther mal and electrochemi goalat peopper

capacity decay rate for 5¢/0cycylcd.es was rep:
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I n addition to incorporate mul tiple orga
approach tosprteperlecdammspun separator is t
The most widely used i mArO®a8Ti gl @RUQ i@ es, i
[10]ldnd Myg[ALl can be dispersed into the el ect
pol ynreirgsu® ec )2 .sstheew typi cgbf manphdlexag r ospun
membr ane with inorganic nambeardteidc li enss.i dTeh &
with some amount di spersed on the fiber
nanoparetfifcelcetsi vies t o i mprove the ionic condu
to Lewis acid/ base inter a@toil@ans ghretupesemn ft
the 1T onic species[l2blld e visit uufi tk 8&108c tt h@l yt
i nceocefasnanopattriacli encomceéme el ectrospinni ng
the formation of thinner nanofibers and ro
porosity awngtakecorfoltyhtee composi ¢e.[aembr an
explained this phenomenon from two aspects
bet weeenpotlthy mer chains weaken the irnetseurl moilnegc
t hdeerceea s0d | uti on Vvi scosjtthyw san de asdu rnfga cteo ttehnes if
fibers during the[l#H4e@n rtolsmpd ,mtnd enrga fpiaco cneasnso p
such oxcsangid@ihayrged but efhedetf@rci,secthar @l ect
on the composite solution droplet iss nincre
the enhanced radial poungomioit ¢ ohoédheaatbdsmd s\ph

|l eads to thinner nanofibers.

Yani lema[adQ8@ ompared the performances of el e
membr anesg com®@a-ma@oparticles, respectivel
addi nwg %l 2ain@ 2ThOo Nyl on 6,6 solution, the
obtained electrospun membranes decrease fr
whi ch 1 necrneeansbersa nteh porosity and el ectrolyte

the@byl on composite memmMaane oomatkeenped a6 um
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28.6 % and 350 % higher than a single elect
membr ametveparespectivel y. Due to the int.e
pol ymer matri xantdhr@a@Woparted!| 8s0al so enhanc
of electrospun Nyl on membrane from/ T8 OMPa t
compoed Nylon 6,6 membrane separatacesexhib
in bothandLiLCd@eFe®O Generally, the inte
nanoparticles into polymer electrospinning
evethi speorfsitohre [pBar Ali€sdbest he concentration of
restricted to a relatively |l ow | evel, due
high | oadimp@o malyatctaairsye c JAcl]5i 7o périr efdemdnc &3
[11,61]proposed the use of organopolysilazane
PAN/ potgmeved ceramic semapbpai boe mbmbughe el
process. The OPSZ is fully misc¢cingl sowiut h oR
homogeneous without the need for an addit.
| oadi ngs. During thecuelesrcaonvept ed-dégi pO®P$ M
ceramics via moisture crosdliinnkihreg, PA&NNd i ble
experiment results confiarmaihdy wheappedamn
fiber and for mi nreg aamwe trivotvat dmme ¢ taggeerc of C ¢
appeared on WhehfirbeBOswuf %oef PAN/ goen@osi
she&3 % of capacagtryaphe tordmt ic@&mbm®Pienmn 100 cycl
Recent leyt,.[alll9aempgprted an eleompospur R¥RbTRAEO
an attractive t.heTmeolsciamgp opfofl yfmemc tsioolnut i on
mi neral oil through a coaxial electrospinni
the fiberolttoaiened hc o mephoasliltceew ftiwbeu!l aprr essternuc t
phase transitiomref rBY-Beatft roeam@Oraacti ons
and | iquid electrolyte close the pore str

strudt urhe @or ocusdneme ralsit @am @€k eolne ttdhnes TafOt er t
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o

ropped to r AAsm at ermepseurlatt,urtenhe LILBompbs$i tc®n

(7]

eparatea mrals dblt ed etpeempdesrnat uare/ of f functio

~—+

e mpuerreatr eached 60

To further imprefvii oienmass uimr aes.El&li8n LI B

l119abricated el ectrospun PAN composi te memt

(@]

onducting ceramic partiLdDesa.ndBy Aaddi nde:
onductivity of the el es¢troms PuBnSRBAN ndle ®Hr a

(@]

—h

rom O. 6mSOtctn 3 e pect ietel[yyhf abudrcpt ed el ec

(@)

el |@A VDA B oDs helolmposi te separator and intr
into the fiber % HLalTIO. sTlhge i ifst theegq dtpye c Mpoodea
of the electrospun smPamatt eadi ngmt?. Qhet @
di schacgeycapaldlsdbmpamad to LI BQ@PV¥DHEP with

(7]

eparator@fl1aacmecmimhl sepa@Yt arnr (01124 .C8 rmAle

Or gainnnocr gani ¢ hybrid nanoparticles have a

pol ymer separ atto[ta2l0 at rbdBce@Phedythegphanylol i g

(7]

il sesqui oxane RAMIPFS)poplayrnteirc | neast riinxt ot hr ough
mol ecul ar-im@ags ganganiatramol ecul ar hybridiz

shapedheot e EltZ2flu dther ecoran obr @151 ¢ sker nel C ¢

silicon and oxygen ealremenotf, ilneoardgianngi ct on atnlo
el ectter odfyf i nity, t her mal and oxidative stz
mol ecul ar can |link with organic groups, w b

nanoparticles and pomlayimer matmeins.i ocBse m)f o OPF

thamaditional i norganic nanoparticles, S ma
modi fy the physical and chemical propertie
OPS particles i nptuengrRY 2K svepgdir aetloerc,t rtolse t €

obt ai ned me mbfrraonne 1li.n6crtecasle2. 7 MPa, samadm oni
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1.4 Mm@ M. ZThe Lbhatti €oyx hdednp owsiitthe sshpghator
di scharge capalfctoympafr etd48 .05 omAlgi naadt cerl ect |
(102.3YmAn 0.5 C rate. Similaretr[tagdwité wer
el ectrospummpMIsA/a@PSepsVith 2 wt. % OPS adde
di ameter of the obshbhy ndetvheedpines atnen gdielce eatsre
i oni c condugsbhbtyi MiOt3y 7i Mcramals 21. 7 % elrleswietch i
PMI A/ OPSors epseaisadnncte d di scharge 3dapa@i 5yCpofa

stable battery performance as 89.04 % capa:

22Met hods to integrate PPy with el ect

As stated in Sectiiovomted? gdpt AMet/erxkee sSieparat
integrating PPy witPPyed eat egppumifioahbyi ber
pol ymer ictth viwdtdaah be produced by the polym
usicnhge mi c al oxi dants dr pelrea otl remvwsoolpeurt,es roiinz &t H
PPy is an insoluble and brittle solid in t|
direse ©chr edei nning as sole pol ymer precu
pol ymer precur seii stoubelThckirsesfmbwegd tahse f ol | o

are proposed to integrate PPy with electro:
22. Coeel egpi nning PWiyt lpadticvémrspol ymer

Ceel ectrospinning PPy particles wiftolmwd dr i
met hod to produce PPy composite nanofibers
t heel ectrospinning method tiotlhpromamne®a rctoinploes

i ntroduced in the Section 2.1. 4.

Chr oreakl[ilagd]8 e p o ret ef da btr h PcCEEQPiPoymp oasfi t edsmManof il

sol uwiit@mPy : PEO weilghad Or avtaiso pt feepl aercetdr ofs@ri n n |
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proclagls ansef eptrhoed nma e d fairibee rtsh e B@OMOglenn@wrfe &9Di ng
t he cPhiyt ent 1 n PPryd PEIOthesdr iBaafsii megr eoof n deu cetcitwvriitc
fromioPt 8 102m@SAML | nst @d d eadtdlpynpgr e pRPgar t i cl es

i nto spinrCien gense@lytr eepdahsepi nni ng psodlyurteirao nz i bnyc
P yo nP ( AdN®/Ac ) md tnr itxh.e pCedq N x ie dRod htdhdervi ng

pol yRmMeAdNo/Acwi iini al r ataiPy / &€ &/Rcr)angi ng% for o m
20%eraedded ismptionnt mgT hseod suu li toaonnip oBRPY e nanof |
exhi bditeendet er of 290 2Zm3&dmImtonductivity of

Zha®d.[laZlbabricated the PPycoparetciclolBg®uwint mg
di ffdopantisncluding toluene-bewnlzlfomratsaul § &N
sodium sal't (DBSNa) , dodecyl s-0ktogi benaygli ¥
sul tosma sodi um weail ¢ I D&M Groelseptelcttoi vperleyp ar e
dopdy ParTfhehesi no Inwgtoi not nadi onpi endgp aPrPtyd cd eRB VA
(mass riemes ®d flor elDeettospiheniamg. ti onal
by dopants, the mobility of electsmmsovedth
[1 2]6As rethel tosbt ai nedcompyrsabiaeteed leireblietct ri c al
conduotf 6 M1iGt .2 2 § mSAm™.

Tavakkdhb2a7v epedowe ndtadga br i c abta sneg nPabngoifnigber s
cel ectrolepit efpidn ¢y mep yi rzribmeaflcer e el ect rbbBei nni |
pyrrole momomeds WMy rr o9l ®r% el ec,t rospi
folddoywo-pbl ynmeiroiRzPdpyho net @ p wdt ep prno ddsdse@n e
process, tR¥¥ VPl e@thoodaidencs |y col | eecttheadnaln a
batbnt aHengldmalo p éamtt hr ag-ssulhooei ¢ aci d sodi um
p-Tolnkee sal &ond).FOPTE KH etpwqg rheec eed sPoRV@d e pamt
nanof i braagfieisp evéefibeseline al uncion u eercidooitrlh en tianmer s e

aFegdafbr polymbexpgatirmeesnsthatieh at -shepopeoces
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| aist @ hkrei gher el ect r(is5c2aBEmicmfindulc ®Pgiompbsi t e
membr ane comp-ateg {dé8&ms)st wo

22. El ectr ospiurbdiermP By ff issaodl flayct an't

Addi ng soulradragced amdl ecul es iing d fhfee cPtHiywies oiling bii |
because the inserting -ofiaisrug fiamt @ama c twiearkse r
eventually improves th@g2$olTbhsl ity 06 fbhbas
the spinning solution of sol ub!l pr ®Pyc eankRP

nanofi bers.

Kanegy .[A12]8 1 respoth & £dct r ooskpoil nihist ynegn a mpa feipkae red
by uasmmoni um AP hasaud ifdhaded daoayl benzene sul fon
as s urTfhaec taadndtiutrifaarc taafnt mersdksent ube | payt o€l P
i ochl orof a.Ho we,w lety leterci ¢ a | conductivity of the
decreased nighsguerrf atidghmmdd ed ecd t r ospsakRinmntof i be
conduothi ¥VGmS&m?, whi chthanhapats®1l6ndkm)
derived fr om tTha ss a mke eppoasdss mohrge r ¢ omnmosl i esct uel nat r

ori embht PBgi mhwdcuend heg ect rospinning.

Jet. aldepoappeld ctRhPdf aosne d fnanott Beeaat slo2]%®e
SolublwasPhyr epddedghbPBEAf ast apdaamdxd dEaec€Cl to
pyr molne mere. PPy weamet x\eid selos| f opnoalt getdyertehnyel e n e
but yisteynreessSeE)B &)sS bliamdie 1S (apeelre cR o h d hitdsmrl vent
fo el ectorThhepien neidAtiBryo stpausne d ¢ antamonldtéabilenesc t r i ¢ a l
condu otfiOBARM, anal ectiglod gyttreode i nt er fmalcni al roe
the LBl Hhaltfetshta cmitgr o s p u na cPhA y@ Onefefy’hda dsec har g e
capawhitonmuchhs ghetrhcdatsdan f i | m@ABP yAdthd wieowdeer , due
to thelyelpaorvspinnability of the solubl e

nanofibers using this method. Othée@30esear

33



22. BPysipgpal ymeri zing on electrospun templ at

A feasible approach to f aibsiifgcaatyemePrRAyz aitnitoon Vv
onto different tCum@PRBtearlo3loeeixst fltiBRN dav,der s
pol yuret h[d@Blé&halveanmsseen reported toi#®mpluemen
pol ymer i zsast itoon fpaborciecat e PPy ¢ onploesdttress pw n

nanofibers have al soobséepauregmeri radt iasnaot el

Leet .[la3]4 epor tged WifhePPy laagleectomabpicoct i c
gl ycolRlcOQmamnadf i beT heleenptl Pald Gapeurmb r ane was i mme
i amqueous cseal anbonnoonysarnax i dFeerdtlo faBPkayer on
nanofiempifrbeesud armamd s i t e de xrhacrbasflieblelr swit t bct ur
amaverage f i b5e2r0 dnina meThheec bvibaglslbseh eFdHbyo ut 85 nm
t hiTchkel ectrical PRpasedncan of whdre? thgsnd.r ane
Ot her researictmielr ar afdeeh thiemla csdRiRBkeased nanof ik
me mb r.a nTehseof e bean me mbrfaomre sy aarieo guseadpd i gl i or
ti Is3te3)]8 i ssue r[aGegrearvayt imen al oo pddc anal y s
[L3Wwi ehectondattaingifrtoiGeist 0 0 mSAm?

I nst esdpgaf yzmewRH Py | mp hlgisgemieeds e ar chifee mi wasled
vapor depositidmoB®PYD) et echmiogipeioom ntame f v @
phablaien .[A4]0 nvesttihgehfseditwo chemi cBESaonxdi dant
Fe( @QTsqgr atolme cRAR-§i aosne b fredmef ioxerdant s were fir
polystyrend o(rP &) esxdlhuetlaipd inimi aaigamfeidb er a me mbr a |
exposedt uPgtaepdofr ortm P Ryfeiolmé 0 CGounrpfad abed. € |
i nduncaendo f(6 PBMAMSAMY), PPy baseddaanuvéRd(@E@®sn

pr esgernetasv erfacgpeer di ameteteofrb2al dfmdaddct i v

1
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23S U mma r

In this chapter, Secdvioeamw 20fl tpheveldest rao dEeu
to coverofatrhte rsetseetaeg ch progresses within the
strdioghwtard and industry prmaanoftmbmhler areedi.no
As a ,r eesluelctt rospugaime mbnanfearseahsgas ¢ pat atoor s

i mprove LIB performances.

Monol saggreapatpared by only one precursor n
el ectrospun separmdroogittfipatalr ey bb&ge hgQ &l
surfacet yapieas! | Yhadbmod/ ei Mtlermonnected porou
el ectrospun monol ayer separator wi t h abil

el ectrolytes andi onfd etrr efdppeartti vehdnnnélium n

weak membrane mechanical properties may pos
term stability, however, i t -tcra@a tbnee nit mpsruocvl
mechani cal pressntand/ or heat treatm

Mul til ayer separ at oiredc abny bseeqgdiemectal y yf &b
di fferent polymer precursor solutions. By
multilayer separators can readil yr agdrnteives
as wel |l as diff esr emutc hs eapa rt anhtea rm a&flsui nsdttai tnad m w rh ¢
met al i ons capturetcovercharge protection,

El ectrospun me mbr ane S epartartecartpmeoache sls e s m
especi alfclomttimgt, degp ifmprove its pdrmateanalks
adhere to the nanofibers and alter the mo
i mproved physical and electrochemical pr o

mechani caleranarl ersgtal, Itih 'y, eteotuovotyvetsffi

El ectrospun composite separator derived f
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precursors carmpgdasmegxlaarldtyorprporvopdeer t i es f or L

to the smepéarbdageyr the combiinmataoonompoditée

separator also renders novel design strate
acting as an inert barrier and the rest to
Des pi tse Ipirllbega elsisev e d, mo s t resea@aroh wer kg

mat etioaldevel op el ecHorwesvpewrn sSeoparan oadvanc:

separator can actwually Dbe r en(daesr eidn twi o dhu caec
preceding apnadr agveamphget i nvol wendDeve !l @ miengb
functional separator for advanced LIB is a

thesis i s ai medacatti vdee vsed poapril astgotrr ebdapsyend rn an o f

further enhancing the batttieornyTikadplakbetyr qar

materi al of PAN is selected in this thesi
spinnability-acSinceytbat tbdopr opdosferdo ns etphae
electrospun fibers, thateel attiieon noft trlkeet
Pol ymers such as PVDF, Pl PMMA, etec. (whi c
separator as introduced in Section 2.1) <col
In atdidoin, Section 2.2 briefly intdsoduwaes

i ntegrating PPy witPPyed eattygppumfnancefcitber
pol ymer wadcthi vieyox The pristine PPy, pr c
pol ymer i zaltubolneg adarsd ilnrsi t tdsd nmepd lei da-fgdawsttrirdali egs
met hod to produce PPgpekbempoespenmiam@f PBer g
driven.peélowmeger, the PPy particl asnsdhdee ex p«
el ecumr ofsipbers (-8l mmct abpsponhhaegceeloast hasotdiesc u
in Section 2.1.4).OmigdacéeéewbPPyhparmetched «
sur flanceaddi ti on, the use of PPy ptaor td aU e

clogging of the electr ospianniomg onfe ePdAye sp ard
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concenfThatshiom. met hod i s not suitable to pr

considerabl el oaanoiunngg of PPy

El ectrospinniagprofd uscadl eRiRIyea sPgPiynb er s. The &
cert aacnt asnutrsf can i mprove the solubility of
from PPy solution. Howevespluheopoos spi hh

't is difficult t oameaifntbairn paondtuibrowalnl y ss tn

Insipgal ymerifzeaasioml € smat hod to integrate PF
First, nanofi brous mdamrsgpnenni agpr ddheoced i b
templ at e ifirp ofd yrnrealiez at i otme. mbTr babnteci@sdalet d nt

fibrous structure with the electrospun nan
process can be stthawsl ,e tamids crneentthrood liasb laedopt e

redaocxt i ve separator whicloctiro skhpaisme chammm fR by rc
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Chapter 3
Numerical Modeling of the Effects of Separator on the

Performances of LIB

3.1 I ntroduction

Numerousemeshavehexperimentally studied b
perfor mancdgls4s Bhmawrgirzend rel ated works by a
LIB technopedi esedewvbBéopast decades. This

was devoted to the 25mmeraminalvellIsBrlgatotiertyh

Research and devel opment i n many aspects
electrolyaed eapmentocpll ectors, continues
energy capacity, ande saXmgerni memttalr ewor KHO war
consuming and costly.

Al ternatively, numeri cal model s hdawve beer
optimization of b all 4-4]4 Tdheessieg nL IpBarmonce leg s ¢

comprehensive understandings of elastutrerdy pgal

()

xampl e, ntodalnscuryreel ectrolyte concentrat

can only be det@dmdded numerically.

On t he odadarelri ddranmgdel i ng works are mainly
anodes.etS(a4h7arf or exampl e, i nvestigated th
thickness, and tortuosity on the battery
el ectrochemical moddli ssnefThaywodep aviiadrdel tetsast
uni form tortuosity results in moreetstalbl e
[14&i mul ated the influentediofhgcathiode ele¢e

binder, and conductive additive, on the LIE
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balcanof cathode components usingtt[iadlPr mod
studied the-lafyffftectls potambbtde on the perfor
el ectr otcthermmalalmodel . They suggestedntdo i mg

to redurcer &tiadant dresdiemgl-iv@ ¥ éar ed por os iDeys pd it set

these earliies @tlualclsof theme@éament al model i
separator on LIB performances.

Admittedly, manyt heisraegxmerismerepalr t war ks f
superior separeatof@@prberdédBa. cbemprehensi ve
experimental works focused on LIB separatol
separators on 3ddBti.old wnitebawsd ietl ieen r olsgpuend nan

(7]

eparators with aesf oocfibafsiede rs @ p a rpatogpress t & nc
performances of uat Mg Dech Ddp aocraarslolaibalv] e
experi ment al studies on the battery separa
These coin cellrédastevncesr alhlowewied-élbement f
commerci al LI Bs,riwhil[d B§0ch & ke r edyd maddeuldiyn gi s
needed to analyze the i mpact off <omaadt or

cylindrical LI Bs.

Thchapt @esae nttwsomensi onal -tehercmalocheumplcad mo
separator in a 38LI2B. cTiyH iiamitreirpod leolfL iklkae R @ r y
many applications i k3. dTlimigs emoedccelr iical f ivresh
experi ment al data obtaenedl fdamedi medat ur s
i mpact of separator design paramettirsity,ncl

and haeattgapon the battery electrochemical
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32Mo d e | Devel opment
32 Model domain and assumptions

FigufLel IBustrates domaadfnc ytlhiendeli € dfer onah e mocdad
deved ofporer this study. The @l ec tL4lbi@POMt ealy s
cell is on the basis -difmansvi d@b]f mbeephedi ¢
mod el includes a battery anode, a cathode,
generation obtained fr ocnoutphl ee de lweictthr oac h2Dni &
t her mal mo d e | as theat heouwrade btehravi mul atf e t t

uni t .

(@)

— Canister

— Jelly-roll
_— Mandrel
8 5
— += (]
Bt © 9
o o © 2
= o o =
= (= [0} ©
(@) < (7} (®)]
R
—>
1 2 3

FigulscBematic g+ ampmh baftatlegtybdtomodhemi c al

t her male vneoldoepl medn t
Te model assumptions are as foll ows:

a. The aeclteicvter ode materi al in cathode and
particles with uniform di ameter.

b. The el ectrochemical reactions along th

c. The si de reegalcitgiiobnlse.ar e n

d Al | battery componentlsi qgqauied weell dc ti rmomeyrtse
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These

i n

32. Boverning

3.2.2.1

Theoal

But-Velrmer

current,

assumptions ar

Section 3.3.1

equations

El ectrochemical

Elgdat i on

Y

3a..F. 6

. e
ni = Joi €X al /7i & EXP -
i = o PRy 1 G5

e valid

ki net.

bentstrilteye e lpac t i cl e

o

&, F

jo,i =Fk qaa'i (Cs,max,i - Cs,surf,i)aall %ihrf i

h=1¢ - fU

u_ .

Ueq,i:Ueqref,i 4M(
K

T-T,

eq,i

ref )

anas i dhitgsowduse

Ccs

sur face i

(31)

(32)

(33)

(34)

U .
Whei=a,, cdenotes to anode;léecneganal—ﬁcad@, tthes p
T

open ci

r c uift

epl cetcet rtoideael s

and [

v

t s temper atu

. . Ui .
temperTat)uk es (the reactlW,gandd% é olciomesidn t .

LiCsel ectrobdeai

state

ae &

okiishaageul ated

f 1 &8

e 2000031 1

W

usi ng [1t5Me f

k =3 310™ expz
a Réa R

k. =1.4 310" exqg- y) exg
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&7~ 298.15

3000041 1

R &r 29815

tihegr atr er edependent

ol l owi ng

(35)

-1-0:

(36)



3. 2. 2.c2onMaesrsvati on

The masserofatliiami um i ons in electrode part
[15]5
Cs | i Ha,
o B o B (37)
He
wherDg (i=ac ) i S the solid di ffusion coef f |

respectively, and they ar dl4&£8®9&54 ated usi nq

26802578 1 1 §

D,, =1.45 310%™ exx .= 8 38

' TR Bs T ¢ (38)
& 3500081 1 ¢

D,. =1 10" ex C 39

% R &7 298.15 S (39)

The corresponding boundary conditions are

_Dsi& 9,atr=0 (310)
Copr
b, Mo o atr=r 311)
T :
The masnserovfatliiotnhi um i ons licnultah e de laeccctorr aliy
concentrated solution[lBbeory, which is des:
HCI| f’q H
Deﬁl?l -lA(l- t+)Jn| (31 2)
D, et :Dﬁjbmg'i B13)
A zges,i /rs,i (31 4 )

whei=eacp,pdenotes to D|teffh1ies separatfoecti ve di ff
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the electrolyte phase, whfchThe defhtsdohoc

for electrolaglt4e5 i s calcul ated

a 54.0

] 3
D =10%3 10'4'433ng “220.0-0.008 ©2210'C
=

(315)

The corresponding boundary conditions are

D. Si=pat boundaries 1(3aéd 4
R '

As showmngulrfhpea)3. t he boundary numbers 1-, 2, 3
anode boundareyp,artal @eramodeadatrlyode hleo sregpanmy,t

cat hcoudrer ent col leesopteccrt ibveedrnydary, r

3.2. 2. XoGhsaerrgveat i on

The clhasge nadl od el ectrode parti[th®s is go
Is,i = eff,i l"lfS,i (3 1 7 )
O = pls,i‘kéug'i 318)

t beoundary conditions are

f..=0,at boundary 1 (319)

_aq, M gat boundary 2 an3aRo3
X

-%ﬁ,i& ,at boundary 4 (321)

app

The chamgerimatliiogmui d[le&ld&)ibt r ol yte s

i =k |Jf|,i %_keff,iRT(l-L) |J.|I}\C|
. . } o

322
J eff i HX F Pﬂ ( )

Koy = ﬂkugug'i (323)
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k;=1.12310" ( 8.25 ©.0532 299 1> 0.262 9.31 OF (32 4)
+8.07 310°CT? €.2&% 177 18G°T )

The corresponding boundary conditions are

&:o,at boundary 1 and @25)
X

32 2.4 Eoews/gayt i on

Three different t ypes ngfBtHogadr caea EaSigde admidsad hee

they are rQeezgctoihmri Qom],dwaeaamtd, a c tiiowne %goalta'rhieiat

cal cul ations are | i[¢$b5]l@d as foll ows, respec:
o
= AFj, T—+ 326
Qrea AJn,I IJ,T ( )

2 i ke i ’ e |RT l i
Q=g Ws1 Qg M BTy JUINGW, (55 7
C X = ® = F X M

Qut = AFiL /1 (328)

Then, the calcul ated heat genereatti lben st hweerr m:

behavior of the cylindricalcolnlsB rempaitditd(nsme ei 9

[15]5

e, gk B @, Q, Q (329)

put ea hm ac
wherre C,anli;y are the material density, the |
conductivity of the battery wunit. The ther

the radial direction is diflfdr daheyf aom TChat

using the following two equations, respect |
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K, =ab (330)
) ai
kT,i
kT'Z:aalﬁE'i (33 1)
The cpamdckisng boundary condition is
Q=h@,, D (33 2)

wheQeis the heat flux ohithe hleatltuemrpye ds threfa

coef fihciisenget ZdK!'[N1HI W mhjswbhitaoldysi mul ates

convective condition.

322.2.5 Numerical solution of the equations

The el ectribehmanli cabispbetdveddaeki ng thesCOMS:
5.2 software, which is widely acceit4g8d by
154555abllanabl2eh8ws the model parameters an
respectiivheltyhi sustctdbédyt efFTwypisegarators are m
polyethyl ene, pol ypr op4® €nies, samidd\yep otl vyearcmall
conductivity, heat capaci tidlanid, 7dbeChasd dkg of
90Kg3mrespteactriepligsent typicaépadbméd of p

TablleMo3d.a ng par ameters

Par a me Unit Catho Separa Anod Ref .
Li em 55 20 39 [16]2
Fi em 1 4 - 6. 5 [16]2
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e, 0. 51¢ - 0. 58 [16]2
e, 0. 36¢ 0. 54 0. 41 [16]2
Cs,i _ma mOoAN3 22,80 - 31, 3 [16]2
Cs,i _in mMOAN3 1, 14¢C - 26 , 6 | [16]2
C.,i _in moMn3 1, 50C¢C 1, 500 1, 500 [15]3
a,. 0. 5 - 0. 5 [15]3
a. 0. 5 - 0. 5 [15]3
d Shnt 0. 5 - 10 0 [16]2
brug, 1 8 1. 5 2. 4 [16]2
t+ 0. 36 0.36: 0.36 [15]3
Tabl2el h3e.r ma | properatlises of
Materi k(WY Co(J7'kYy 7 (kgd)r Re f .
Cat hod 1. 48 800 1, 500 [15]3
Separ at 0. 3 1, 700 90 0
Anode 1. 04 64 1 2, 223 [15]3
Cat hode 23 7 89 7 2, 700 [15]3
Anode (C 39 8 39 6 8, a0 [15]3
El ectro 0. 099 1, 518 1, 210 [15]3
Battery 14 46 0 7,500 [15]3
Mandr e 0. 26 1, 700 1, 150 [1 5]5
*Current collector
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33Resul ts and di scussi on
33. Modeh!| i dati on

The model for thelB8LRPOstypal LdBEERP® by com
the experi ment al d[h 5].& hreespudFRtit eudiseh o3vk i t @aat o
di schhtggevepl ateau and capacity decrease ac¢
0.3 CG.o This is because of the greatgae nt a&trea :
[163 On the other hand, there iIis a rapid te

the battery celdli scpherragtee d adte [45%biexthearust ed

Overal bdelt hagmees with {18 oerx plelrB mking aHl a rr
vari aes, ra&xcept for the working voltage ¢
temperature rise for the discharge rate of
valid for the el ectrochemi call dinsdc htahregrenda |a t}
and 2C rates. The mean relative error for s

of the LIB with discharged rates yof 1C and

(a) 36 : , : : : (b) 18‘ . . . 1 .

e 0.3C-Exp. & 0.3C-Exp. L]
34 A 1CExp. | 151 A 1C-Exp. . 7
e m 2C-Exp. m 2C-Exp. L]

. Simulated —— Simulated u

Working voltage (V)
Temperature rise (K)

Discharge capacity (Ah) Discharge capacity (Ah)

Figu2@ompari son of modelt wdit hf exertlr idendad.

working voltage and (b) temperat
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The validatkren mosded to study the penfor man
LI'B by changing the separator diessgh par amk
rat of 2C, due to the Frriastieflgg 4tBf5e nfch eo fr edd v elf
c happtreersemé s cal cul at ed bat eéle gt reonleyrtgey cdoemcs
di stribution with diffe#l®®n) saempdarsadpar atharc
( 359% %) , respectivemper anuredditsen, antdet &€ mj
within the battagalyspacstiedisehaeai at s with d
conduct i-%i Wike)s 4 mMd 3heat B8&POCKYikegs e(shpedxl i v
The ranges ofs wheee chasamette®r cover typical

[7,4 31 6]6
3. Ef fects of separator on energy density

Fi gu3(ep)3esteatsf fect shotkeepgarandr porosity o
of the LIdBadi sacChhawlperod t2he effects of sepa
the dashed I ine and the separafTbe patodoervyy
density dr opgeldl Of.r6o mMVh1/4k8g. 8whten t he separato
to @0.0 Howehveerseparator porosity has neglig
densFiitgu.r es 3(b) and 3(c,),shlmawtthlee rdig$hd h arfg
t he batht ediifefserwintt separaffToe whr&kmgsyoamnad
di scharge plateau dvdemed hed skeypaalaawtr @ ho 2k
5 toOmoOOmeanwhile, WyhededireaBadgérompdditl t o
septaoora t hi ckness, separator porosity does
di scharge profile: thewerkwaesgonbltabegwhed:é
porosityromaggeédt o 95%
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(a) Separator thickness (um) (b) 3+
0 20 40 60 80 100 S
T N T T T T T T T T T g
150 A 1 S
J AN 1 )
~ >
145 1 2
— 1 = n n x
Y A =
2 140 “ 48
<
< 135 . - 2.6 4
3 \‘\ 0 2 4 6 8 10 12
‘@ 130 H R 4 Discharge capacity (Ah)
c (c) 34 : : . , .
S ~
- 125 - 4 = P
% E s 35%
c 120 A i %
w g \\\ g > 3.0
115 4 4 2
] AN ] =
~. S 53/
110 A ] 22
. T : T . T g T . T u T u
0.3 0.4 05 0.6 0.7 0.8 0.9 1.0 e = VU e
Separator porosity Discharge capacity (Ah)

Figu3EeffBects of separator thickness and po
@i scthaage?2®G)r avi ¢ h detail ed discharge prc

thickness and (c) separator por

The rmppdofl energy degvaelfifye citnsd iocfa ttehse tsheep a
on the battery energy density than that of
i ncreasing the separator thicknesat areidailcse,s
which consequeattgryeduseldat e dapaddittyi o(ns,
increasing separat @& rtéd wlktne sisn firmar &a ¢ eod 1i
t he b4aRAtseray.resul t, the initia®n diespcalrart per
about 0.r02 h\anl aovwlmts aipa mayt @r .5

Enhandieddlchar ge riastegpocdmabifloirt yc oi-pnorcoeslilt yL I
separ&@@Od@r sit means that increasing separatoac
energy density that dischargedeatf oa fthaet 31

cylindrical batteries withsthghgeCGpatratof

This diminished advantpqgreo nift y3 8sle2a rLd tBo rwi i
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the heat generation in theuc3B1lgrOe actydri ntdhra rc
coin cel |l battery. The cesultthaentmatsesmpter ar
el ectrochemical reactions for 38120sdéd Bs w
Eq8536 adid&®Pn t he dent mar yemperature rise of
by Wamnh.§la6l:7 t he temperature rise on tdayys surf
bel ow 0. 05 during bat.tler ywdapoduira tirieosnu latts vse
the energy density of 38120 LIB could be i

separator porosity increased frotdmfid3i%eto
temperature rise of battery is omitted. Thi
has | ittle impact on the energy density of

3. 3Ef3f ect s of separator on electrolyte conc

Fi gu4dseho3ws the electrolyte concentration d
domaiin h di fferent separator thicknesses an
the | egends are the &electhrodgiyaphscoscewt it &
el ectrolyte concentrations decrease from an
concentration gr adiFamgtugd € a@Brwsdh sth lebaad it fefr g r ecnec
bet weernoleylteectconcentration gr adareeeigs i wi bhe
when the separator thi Okmne O ither eodnagg afryo
shows et ltaotnctemtrati on gr adine defcireenac®®R oz epar

3. ;0°moMn*as the separator porosity increases

50



(a ) T T T T ( b ) T T T T

VE 165049  Anode Separator Cathode 7 "g 16004 _ Anode  Separator Cathode s
= = T

g —— 100um [9.8x10° mol m*] g . _

-E 1600 3 -~ 50um [9.6x10° mol m"] - Z 95% [3 5><1()5 mol m4J

s - = —mBum [9.3%10° mol m] S 15501 1=~ 85% [6.2x10"malm]
5 B == 35% [15.7x10° mol m™]

z 1550 =

[7] [}

g e

o .

8 45004 g 1500

Q L

= =

S <] RGN

E 1450 8 1450 ,\.‘,::_\::_ jjjj
] wo T

1400
T T T T 1400 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
Dimensionless distance Dimensionless distance

Figu4e E3.ectrolyte concentration distribut

thicknespesoantdi ép)at the end of 2C

Durthgtbery discharge, the |l ithium ions ar
particles followed by intAscahdWwigaoareitBteo t
el ectrolyte concehtr dtaitdrer gr a&cil éd nti sa ccracussse ¢
resistance wit hi nThteh el nbcartetaesriyn gc oenmhpeocnternotl.y t e
within the separator phase indicates a hig
Thus, t he HFiegsudl@ )s3 if ntbhnctat eqpqcsepsar at or por c
effectively reduce the mass transfer resis’
al so be eExgmll&i)nednlty easirmasitthye cem adiarteoat Ip)
ef fecti veeo dfiffifauisd mtn, e n h a nnccirnega sti hneg nsaespsa rtart @
i ncrseaseall batatletrhyo urgehs itshtea nsseapawsaigd i gt bl e
effect on the el ectdricelnytt;e tchamceinst r alt $ @on s @]

contfcreati on drop f rsoefei godade 3t o cat hode (

Reali zing the i mport arnde foshitrughyepratrtishiteioe s p
correl asteino mphdee sivor porosity and the electr
correlation shows that their relationship

Eg333 wi=tOh 9Me9d6i gqul)eTh¥ £ suggesstws that the ma
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resistance remains relatively stable for t|

the porosity of 80% canf dore sceomasri adtearesd. as a

Cg =270 3 10 exp (g:- 0346/ 0.8, ( 08, D595 (333)

1.6E+06 - E
1.4E+06 ,
— Eg. (33), R?=0.9996
1.2E+06 - E
1.0E+06 - -

8.0E+05 E

6.0E+05 -

4.0E+05 -

Electrolyte concentration gradient (mol/m®)

2.0E+05 +——1——————————————————
0.3 0.4 05 06 0.7 0.8 0.9 1.0

Separator porosity

Figus@uBve fitting of correlation between

concentration gradient

I n adHi g uepe e.ents the tempolrpliecbtamgenst oé&
separator boundaries for separat®oirt ipog,ost
electrolyte concentrations at boundary 2 i
beginning of batterwodi pohasptiefprthetal e
reached theiirn chlmowti n§0 psai nAkAsd wer hdawe adople
the mass transfer rate positively correl at
in electroilyne acmnicleentsa@apar ator boundari es
35% porosity thabnhythAtterthe@&B porokeir p

el ectrolyte concentrations remained rel at:i
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duriengditshcharge period. On the contrary, th
with 35 %% pwrypysdégreased at boundary 2, but
current is cutoff at the end of desohaede,

back to its original value within millisec:

1540 —————————————————————

1530 .

Boundary 2 (35%)

1520 4

1510
Boundary 2 (95%)

Electrolyte concentration (mol/m®)

i Boundary 3 (95%) I
1490 -
! Boundary 3 (35?_’5‘) __________
1480 +———————————————————
0 500 1000 1500 2000 2500
Discharge time (s)
Figuée T&@&mal changes of electrolyte concent

separator porosities with the 2C ¢

The precediFnguGceasndlhtes @xp | abunreidn ga sd ifsoclhlaorvg
showhi guw et Be battery temperature quickly r
the electrolgte@Bim@&sEdGdhanefore, the concen
and 3 decr eadc,edr eannpe dthicweelays,e weakening the
the discharge time. This enhancement i n ma:
negl ifpirbltehe separator with a 95% porosity.

resi staade athieved by high porosity as st :
3. 4 Effects of separator on battery ther ma

The heat generated i n aa LolrB icrerlelv ecrasni bbl ee rheev
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Section 3.2.2.Q,) tihe rreevaecadiiiobne ehpaaitdQt)ize@ta on

and ohmiQJg,m ghreeatr ey er si bl eat Qansl yg eonhemriact elde i n

because of the t[ldbsPloug, ofhéihdatumewmersat i

phase i s caBzw) aitredt tbiys Eqgt. udy .

FiguAd(ema)3.shows the calcul ated effects of
on the heat generation rate within the sep:
95% rstdhuecearat agi o7, Ad@bet brdm®BN7 0t W&/ not her h
separator thickness has negRAd gdibdccusdddcitn

33.3, the electrolyte concentration gradi el

Thent he r ermturcaetdi @am ngreadi ent lJ|nQ':1/sP4 i mdE27agt(ed b

resul tsi ntygeat owemeration rate within the s

separator thickness n ntohe olbheatougerbercatuisae

thickness has I|little effectseFa gtullee e3l.ect r ol
(a) Separator thickness (um) ( b) Separator thickness (um)
6000 0 20 40 80 80 100 0 20 40 60 80 100

7000 +

T
= 6000 = "
2 1 4
8 5000
c
A=
=1 4
8 4000
Q
& Ca
2 3000 ™ 1
@
)]
T
2000 + 7
TA
1000 T T T T T T 11 T T T T T T
0.3 04 0.5 06 0.7 0.8 0.9 1.0 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Separator porosity Separator porosity

Fi gurTef Bects of separator porosity and thi

t seeparator phase asna dfb)p adke d emgtea rait aulr ei
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Figuf(eb)3.compares the effects of separato
temperature rise i n tthhee nmatBer iTahles gipeanophee da til
16.9 to 11. 6 tkorwhtehni ctklafee ssga pimlndaroeldlsded t he sep
por osga yl ihtat | e i mpact onThehedabaetrgry ememp
decrsewaséd separatauséhiegkseast bee el ectrode
the battehgncehesseparator becomes thicker
generated by batflejbywbachodemamdtasodéde ter
oper amthii@ddhs ol aegxiys t he negligible effects of

temperature rise of the battery.

The excessive heat accumulation and uneve
degrtahdee[lLd.B Asowhahl@e t3he heat conductivitie
the electrolyte are much | ess tharmetalinose o
resi ®of a@osBeOpar at or contributes to about 70%

along the radial direction.

Fi gu8&senodws d¢the @ff feeparator ther malt hcconduc
temperature rises and differences of the p

qui ckklyy di.op K when t he sepfarramod. T okna ulc.tqd v

1 Furtéhseg iimctrlree conductivitemgpiedanaot esi §19i
temperatursédnodviséf edmi eacetrend: the temperatut
K when the thermal conducti VKty Howeveased
separator heat capacity, deo etse mmpoetr ahtauvree adn f
The temperature rise linearly decreased f

capacity increasingKif rvam.flaglB eperdo s3I m50@&rJ ek
of separator thermal cowhumthi vatyi adi agt aby
assumed joul e hesatheagt psoomerrc es,alwheesr eas t he

calculated by el pctArcsehbeamatmbal modedikngi vi t
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lwas reported toibg etheeteimperahureduoucse f
prismatic batteries. As a tKlsahtbeacohser dali
a design value for LIB separators.
(a) Heat capacity (J kg K™) (b) Heat capacity (J kg”' K™)
1500 2000 2500 3000 3500 5 1500 2000 2500 3000 3500
T T T T 4 T T T T
16.4 4 '
Q 224 E
Py C | e .- .
ﬁ 16.2 - - g,’z‘o— .‘\ -e |
o \
S o \
“;—3 16.0 — % 1.8 - \\. N
Q N
15.8 4 a © 1.6+ i
5 g \
E S -
x D 1.4 T -
= 156 {4 F T~
) 1.2 R e
15.4 T T T T T T

T T T T
0.0 0.5 1.0 15 20 25

Thermal conductivity W m™ K

3.0 0.0

T T
0.5 1.0 15 20 25 3.0

Thermal conductivity (W m™ K™)

Figu8Eef Bects of sepdrnatidry tamar maelatc cragpllac i
temperature rise and (b) temperature diff
di scharged at 2C rate

I n summary, the analyses in this section
can be i mprrecavseidn gb yb oitnrhc separ ator ther mal C
Though, the elevated temperatur erfyacciellilt a(te
di scussed in Sections 3. 3. RQaamaflkicdtsuedsh, t h
usg nit for bi g mmptionéghtgh eprancakls .p elffhfuasr,sna@ngles b :
ceddn help with the | osgabl eyel ectalbsbelmelp
by minimizing undesired side renpetriatms eamd
and uniform temper atfug,@6]8iFkdr itblue i @eas e oonfi
Figure 8 illustrates the temperatuide¢ phofvis
that simultaneous increase in Whaendeiptag aht eoa
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captaycit o 3EBOOedluckgs not only the maxi mum te

material by 1.3 K, but also the temperatur

[1314.5K
314.0K

313.5K

313.0K

3125 K

312.0K

Krg=1Wnm K1 Kre= 0.3 Wm K-
Cpys= 3500 J Kg' K- Cpy= 1700 J Kg' K-
Figure 8. The LI B temperature pr@ofile at

34Summar y

Thi s Chaptulde ei mpact of the thickness, por o:
capacityysoéepar abtadrt eoan the electrochemical
commerci al 38LU2B0 bLyi Fet®@er i cal model i ng. i

el ectr otchhemani deldupmodelis f devdllBped and v al

experi ment al data i Bsedet bi sematate béakombe
di fferent conditions. The foll owing conclu
herein.

Firstepatrteeiocsknesssr esmgweffects on the batt
battery enersgyomeddiB8tyg dood10.6 Wh/ kg whe

i ncrskaem 50n.o TheO reason is that a thicker
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batyt «erani ster allowing for | ess packed el ec

Second, t he mass t rsawm stfhe rd erce seiassti anngc es eiprac
resulting in increased electrolyte concent
correl acteim@ ntshhbepa wat or porosity and the el ect
descri bed by an Tehxfpsonncetnitoinali nfduinccattieosn .t hat
have an optimum porosity of 80% and that

comturtliags tl e to the mass transfer.

Finally, it i s necessary to improve the t
great heat transfer resistance. Simkitaneo
land heat capait yeasophmdi@st ¥ ekgce the batt

rise by 1.3 K and temperature differences |
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Chapter 4
Kinetics of Preparing Polypyrrole-based Membrane byin-situ

Polymerization on Electrospun Nanofibers

Fr om Chapt mpo 3t austiiosnohbht the use of a thi
porosity of 80% in a LIB cell can achieve e
mass transfTéee heghspamosity of a separator
el ectrospusepanodfuebrtooust he el ect pos wass t me mb
high as [dBdowe 7@, t hi cknessds nofaca usaelp araattoer
cannot be reduced to extr eoniefl yb etthmiene.n Bae csaeu
thickness and i tAs sre@ahtaot iodwren Ihsassft friemigamt. | y st
mechani cal requi reseeeanmbs| ionfgn tdphreoackedstsgeny i t s

during battery operations.

An al ternative sdctait\weaysoa 3adodbdputoiae maslid oy t
t he Yy adTgHedrr ef or ea,c ttihvee rseedpoaxr at or s wiushed uf f i
in LIB cells without cOAmgrl amgiesi nsg-ataltd verdr
separatorimst pibmapeklesins i ntegratindgi PRy swi t
On t he oinbdegalhyamdr, iczoantsii arefréeads iabsl ea met hod t
t hRekPy composite nanof i berTshuass, dihgase SaEheadpdienr
detail ed kinetisist i5tpdlyy mdr ituhret nPaPmyo faimb el € ¢t

tbetter tumeéemettchmdi $mbrbehtnont peocess.

4, Lntroducti on

Polypyrrole (PPy) I's a typicadcttiywiet yaf cdcen
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stability, anpld2]ee aPsPey ocfa ns ybret lpesoidsuced by t he
(Py) with chemical oxmdahtpyorolé¢éesodlrowpiodry.
suitable forosampl a pabpeapattir,yt isree tRPRRY .i H a
and brittle solid in the forms of particle

i n many fi e@aloduss WHerxd bd ep(emag eat a¢rfl S|Sepa@uat

A feasible approach to fabrscmal yge PiPxatiin
of PPy onto differe@ul CtPlPmmlaalb&dh.ete&E st i li evst i
132 and pol yyr3ddwvwmebdomamseported toni mpl e

sigal ymeri zati on PPryo cesnyp otsd tfessbrwiadat edi ff er

El ectrospuaveaaabétobbeenhrepsrnfiaedy mser az &aeim
of PPy. The resultant composite mainmteaxitresd t
porous structairtey,, sarmpdcrs whb mipoorroon pofreer si ze
applications to filttirsestuppboneeenerggyé&tv.talkagaea
[16laseaelcted ospun pPIANG c rmelmbmriataréielags oaspeymp ol e
polymerization. The fabricated compoyite me
adsorption compared to pristineet.[RBA&ImMeomMbr a
I mpl emented i BShéepwowlpymenil 2zati on on el ectroscrg
(PAA) biM@®br anes. The PPy based fibrous mer
electrode for supercapacitorss 4wiFt ghaentheag i |
all[13@al so fabricated PPy/ celisuftabagr icoanpiosn t c
pyrrole on electrospun <cellulose templ ate.
i ncubatdéae ometmbrane to test the feasibility
for neural tissue. After -H&d edme/msbrodne ewds da
to a neuron Howkeephenbhtepmre.earl i er researc
el ectrochemical properties of the PPy added

specific applicawigusy méhezatnehi o pHrrol
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nanostructural template is rarely studied.

Only a few st whiseys vaepomnmsedfthmen i ncrease
pol ymeri zati on wt.fla7]it eeproprliast dgt.@wllBeemreaa cz at i on
omano graphene oxide platelets. The pyrrol
oxi de pl at el ie#s sgarMeyr nee raidalaetdi ars t e mp |l eatt.easl. | n
[L32Zompariewi ganley meri zati on of iIPPgr osnamd vahao
t hat the PPy generation r aG%. 8% dalMd 5®., 4 vy i
respecti vtellye, fwibtehr st eexd ded i nto the polymer

studies, the mechani sms bemamnad [lumE7N3emacr eas

Therefore, the obgtewdy vteh e fikstingeaisiyovse rdkfz iat$hi &
o f PPy with electrospun fibbethemwme mbraane t &
mechani sm iosfi ppof ryrmeelre zati on. Accahaipmnsgly,

organi zed asd4Zionltlroowsu.c eSse cttwioorndi f f erent ki ne
on existing PPy polymerizati onameachanop$myp)
monomer at di fferent rdg8a citnitorno dtuicreess .t hleh epnr
met hods iodipglme oil 2zati on. Pol yacraypeoomduced e
by a | artaadreated reycd & is gfeonl Nicsivgpd | yymer i zati on of
onto the fiber surfasepgdwbymer imz atesmdaaarnreisad
out in aqueous solutions at different temp
o X i dTahneto.st s ui t a bfloer npegcthyaome esisyg a tdiemn i f i ed i n
44. 1 and adopted fotinhgethesmodel sagdynbkby &€
on the knowl edge44do blt,ai8ecd? iipm eSdeeptisio nakni nient i
study iomi ptahley merofzapymomol e, foll owed by th
activation entnh Slegyt i dmdSTeaddrodpydeiscr i bes t h
of dopimwmgpowlny meri zati on. Dopant i's commonl

practical appé iictag ioomrsdu ot ii vmiptryo.v Tih#est ut he
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pol ymerizatiosnoprooesrest.

42Ki neti cs models of pyrrole polymer.

There are two pyrrole polymerization meche
wi dely suggesmedqdepepobhadi as sMadhiesnibsaased on
coupling betwelgAdrAadi chid gulad G dod 8p yYnomo mer |
first oxidized to produce radial cation.
deprotonated to produce a bipyrrolceat iwhni.ch
Repeating the preceding stepgsarrges urotlse ciun at
The polymerization reaction based on this

and oji7lbamhus, the rate equation for pyrro

% *6,0, [Py (41)

whekeé s the reaction Ymiat,eOfl9nandnt] PYL Amale
concentr @t oo$ ¢ mel APS (the oxi dpyrtr od ed

respectively.
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NH “NHH
2 [ TR N N
NH H NH AT NH

NH. > | L NH + e

NH ) NH T e

- NH H + n.‘ ., D

NH 0 SNHH
/NH_

—> ‘ \ ]
N IA

FigulMeedhanipymnol e pol ymeri zati on

According to the reaction st@i7léhilotmBt mgl o
APS O is consumed for unit mole of pyrrole

AP8Sma be calcul ated as:
6.0 § S& , 825 Py,-[PY) 42)

wher ©]{a&Snd ofaPe] the initialA?l)cowrfceAPtSr adandnpy

respectively.

ThenAd3&gobtained by¥2sub#ddi Eqting Eq.

i % *a[Py] T25[Py’ 43)
wher e,
a=gs5,07 gi1.29Py], ( 4y

The sol u#43 oins tde Eqr.45b:ed using Eq.
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ka exp(kaC)

- expkat) 1.2% expkaC,) (45)

[Py]=
wheCikes a constant deri 46)d tammden ¢ waners[tOP:ys]at 3

(46)

C, = In gPy]o/(l.ZSC”k [Q/]o ak_)

ak
Anot her mechanism of pyrrole poliymearsi # atlil
172 As shRowonz entnthe pyrrole monomer is firs-
Then, t haet iroandirceaadctcs with a neutr al pyrrol e

bi pyrrole is immedothet ytypypedofzedadioc &lor mat

another neutr al monomer to generate tripy
f or matoifo | arge mol ecul ar PPy. The &iyrrol e r
d[Py . ]
% % 65,07 [PY] klPIPY] (47)

whekiankdare the reacti ohmirha;t,:@f]s ofsPtydnt san(dL AR
the concenitly avf oABS(mpyrrole, and oxidized
few repeating units derievagdbifpym &g ot rei p

respectively.
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\‘"N H'/ )::‘NIH:': “~H
Y, O H 2H 7
+ No— NH"/ _NH o> NH NH
NH NH o \
{ W NH. i NH.
S > H. H + e
LM N v [ >
NH “NH
/ONH
» LW _.::' |
\ /)

Figu2Medhani gpimrrol e polymerizati on

Theoxi dati on of a pyrrole ol i[lgrp2meat ot h eP F
concentration of the oxidized oligomer i s

gener at ed:
[PI=[Py], 1P (48)

Substitd2i ag8d Eq&d Eegskd.t s9:i n
AP ey ey 49)
whefr eanid arceoef ficients:
b =1.2% -k, (410)
b, =k 5,07 g- 4Pyl (411)

Sol vi A9 d&Eigves the concentration of pyrrole:

_ b, exp(b,C,)
[Py] = - exp(b,t) +bex b,C,) “412)
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whe@es aartonarnd it 41u3s tt os aetnissdrye Hight.e oinn iotf i 4

[ Poyalt= 0.

o ngPYL/(6.9PY, +h)
2 b2

(413)

Equatdbor4ld® are wuseddoy nff itthitshe experi ment e
pol ymeri zation. Aceocdnkkyg b pkbrasat eh eo lrteaaicrt @ d nf n

fitting resul ts.

In addi ti o#ai,s phesfximgéldir)( to quantify the ex

oxidants used in pyrrole polymerization.
/= [oxlldant]0 @1 4)
sQPy],

whegies the stoichiometmt cpemedhitci emmberf oh
studys 1. 2APSooxit@HGnBf4 s hoaswsr eeahtaetr t han 1 i
excessive oxidant used foral pygsrldliendp clayt me

i nadequate oxidant.

Moreover, t he [LHyirsi nws eedq utad i s cr i reattehe ¢

constant with temperature:

nko- B & ke 415)
T R T h R

wheTies t het empet aRims et {f&K)gas AdoiksdrhoBe814
to the Boltzm®a P@XKtwinss ttahnet Pl ah clkBEIAS D nst ant
angSare the activaadtoinvamnidd)l @yt e IPecathidvel y

Eq415 shkhows near rel atkiMlona Md pTLtbies wetehe | @a¢t
ent hal py and entrompy heas| bpecahdaivaeiTed ciepo

pl ot, respectively.
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43 Experi ment
43. 1 Materials

Polyacryl onwtlr50000)PANpyrMol e (Py, purity>
( APS, pu,y istoyfd> U8) f er r gFeey(agMNi)dgu r i( tNM>-8 8 %)
diemt hyl f or mami de ( ®&MEUr cphuarsietdy >f90r. 8 %31 g ma Al

Pyrnelkeal ed and stored in a refrigerator af
43. 2 El ectrospinning device

As s hoPvng u3neh el .el e c tervoiscpei nunsiendg sdnc U hti sm sd arsdiy
and assflkembmaedn components of thiFuusdeoewni Q& 0i,
chemyx),, USA -mbde ahbgdiowsnlptpdgye a metal l i c n
a needl e agobdededddcdumrcov( Tongbht T&dlhé er Chi
alumi num frames and structure of, tthe devt @nr

build the encl osur e.

67



\
- R

= I E High voltage power supply

Figu3e La.bovaalteorey ectrospinning devi

433Fabriicmtof PAN nanofiber

The | abmmadda oglyectrospinning devicktoi bowsed
this procedisr edi skiorl dte,che R A INf, Nr mami de ( DMF)
PAN solution with a concerltuidadtoimem dfoad@ dwt
mL syringe connected to a metallThkeynreiendglee w
pump used to pump the sol ut i Dmleal o rasatdcereya dy
positive higls vcoolntnaegeét heallulpipd Vimeye dlued.d e an

col |l ezt oa r ot at i ncgo vsepreeedd-swiif tcH8 Oradrnpmi) num f oi |
wrap, isUSA)aced 11 c¢cm away from the needl e
Continuouase fgdreaer geeadgetbtidp ewhen i$s hé. YyokVager
nanofaebedsposited on the <collector to for

me mbr anpeesel ed off fromntdhe udl dmitrou nd gfeamir le s

68



further wuse.
43. 3 Plywmrnpubeymerizati on

Therocedur e -0ift pypaloymeriinzati on oist caelreedr
out as foll ows.adBdiedsti,ntpyrlr5olmd . ©d8 amd lo/nl )z
cooled to a |l ow temperaturleermr.amAgéenmo § pwom 27
me mbrigniemmer sed i nto the pDirfrfoweegstoalfutA PoSn
ardee ssolved into 2 ml of deionized water an
pyrrole solution. isFiadableldyh e tphyerorAdP|®e spavius € ot
t hhesigal ymeri Zaei concentration @f OAPGrol n t h
0.012 L mafFter a predeter,qmilnfedorr ea@t mon) t i mi
membriand mmedi ately thakesmlsatmigdfveeenmerr i nsed
thoroughly wusing deionized watwacuWwMmamhiwlht &
a B¢g¢chner funnel connected to a vacuum pum
ae then dried undwraeauvuamuawmentf 80 at I|-east 1

001, LeDAB, Canada)

Fi gu4dshodws the overall reaction equation
aqgueous environment [l Th eARRINna@asasdadpesddBaR
i nsoluble, thus it precipitates in the rea
amount of pyrrol e isc ocnaslucnuel datfeodr uesa diiig7,8e sgtr a\
17]% ekeqdl 6) .

W, + (Wm’a - W, b)

[Py, =4 == =5y (416)

PPy

wher e (mBy Y}y L) iI's the amouwhi{ gpf i pymiieltavec gh
preci pheaWhe@g) are the tweogmhmurs nmdmhmhmanel a&fct
t hhesigal ymeri zati on rMragcd/imnanl,) ries ptelce i mel ¢

the repeating uniVf{LpPfisut  hdntee o kmme doPPyat h
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7\ NH NH ) .
4n \H + 5n (NH4)2S:04 T T e T e n SO,% + 4n H,S0O, + 5n (NH,),SO,

n

Figu4a®Bheélpy meri zation of pyrrole wit

The pyrrole concentration in |iquwld:at th

[Pyl =[Py, 1P}, 417)

Il n addition, deo fFibarg Nf) ewrsreodc yaasnia dopant to
on itddpw!l ymeri zation of pyrrole. PPy pol yme
addition of dopant to i mprove its conducti i
del ocal i zied teH e cRIPgornmioth Sctawsd 4 e ( Mids) a daspt e d
a dopant for PPy synthesi sgbeatu®é etheodh
properties, which has been repoflt8dihas, a p
in Seddt 4on 0. 03 EemeidN) addeNh t o the pyrrole

addition of oxidant .

4. 4 Results and discussion
4. 4.1 Comparison of mgyhramolsenspol ymeri zati on

Figure 4 shows the depleée¢ianh 87¥7Kywroheubyv
el ectrospun membrane as fibrous templ ate a
and | 1. Bot h mecRah.i $38ns wietl H thh é&a , eckydwvesiritinmee n t
excessive APS for pygrioBewewéry meonk st iMerch
(R=0. 9&W) thithe experimenti svhade qAlPaSt0ec 4N c e n t
whertehaes fitting raswuilat @d Meam anh icird@xep ewr | me
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0.653.

(a) T T T T T T T (b) T T T T T T T T
0.008 4 0.008 -
® Epx. A=04
- " Bpodsta . = Mechanism |, R*=0.653
J Mechanism |, R*=0.983 = —— Mechanism II, R?=0.989
= 5 = ;
g 0.006 4 Mechanism I, R*=0.994 g 0.006 4 d
[ —4 (=3
] K]
£ 0.004 4 < 0.004 1 4
o L T 5}
[ 3 | -3
<] 5]
o . o
> 8 >
Q- 0.002 il e Q- 0.002 -
0.000 T T T T T T T T 0.000 T T T T T T T T T
20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160 180 200
Reaction time (min) Reaction time (min)

Fi gus.Bhdoretical fittings of pyrrole polym
of APS at 277K.

I n addition, abet Wiitne etdlae@ i sxnser i me plt7all dat
17,28]{sefFei guB)e dhe results are theondamensagd he
Mechanfiismaesl | to experiments, r eganrtd]luessesd offor
pyrrole polymerization.fiQn tphoeord o/n twa birhy ,t hM
data when the oxidant c¢&nenlt2t dtei el ical ian &
using Mechanism | i mplies thgtdtbe pol ymeno

after the expeilisimeonssscsaenedwi swhithe exper
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(a) T T T T T (b) T T T T
0.24 4 B
®  Planche et al. (1994)
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c —— Mechanism Il, R%=0.999 g —— Mechanism II, R*=0.998
2 £ 0,02 |
© 0.04 A=0.076 : £ A=0.027
c =
© Q
15} Q
c =
o Q
= > 0,01
& 002 . a0 y
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Fi gueBhdor etnigsaloff iMetciHddiwamdh t he experi m
obtained fronl8Md)/llt@elatndi{1¢8H) a)

The preceding results ihnadsicat evi ddat apMelcih
Mechanism | .|l | ntMechaneamted pyrrole monon
oxidized by rt hee axhiad anntprprpiaggati on step. Th
oxidant is consideredtkeswnseal the poalgmeme
rate should be extremely sl| owWowkreaemarctthuéalo X i
pyr rpoolley meri zati,dmeeyppyermriorhentcsoncentrati ons
obviously LktaWweuleshstidng hMe cshekan iguawbd i Huer e 4 .

b, ¢, and d). This indicates that the poly

| ow oxi dant OCoondemtomtam d onBMechani sm propo
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oligomer can directly react with a neutral
of oxidant involved in the polymerization
the Mechani MaslmanTlcasn be well fitted with
oxidant is inadequat e Ffiogrubgeiidrgaub) e prohleyr neef roir z
Mechani ®fmmedi ¢ he most smufbabpgr methapol yme

i's adoptedpioe rsttiuidgy g ailhyemer i zat eon of pyrr

It iI's worth noting that idjdgrfaewviemdt raxpema:
hi gh perfor mamateoglriagiiyd mehhod, andenucl e:
spectrosc)opayr ened sheodd i nT heeixfpfee n enetnk iond widlead &. |

seems to fluctuate more thah7 2 Bf@sse€ei gapert e

46) . However, the results in the |iterature
reported data has acceptable repeatability
dat ai fiht Mawchani sm regar dl egrsavofmedxp ecr i meet
used in this study is featured by |l ow cost

for conducti nghamteemthbhdy s$nmthas research.
4. 4.2 Kpypetiogtigtadfy mer i zati on

Fi guhséhodws t he pyrrole depletion over ti me

me mbr amseigaad ymeri zati on template. The pyrro
dereases with increasing oreeacrtamindlItyi mes tah
temperature increases from 273 K to 285 K.

ag notably faster once the electroopumatihbr
as a templipaleyrmenri zatiom, tmeadohedMeehanoas m:

agree with the eRxgpreeraitneern ttahla nd at.a9 9wi t h
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(a) T T T T T T (b) T T T T T T T
0.008 = Without adding fibrous template | 0.008 4 . Wi : —
" thout adding fibrous template
4 Adding f.‘bmus template A Adding fibrous template
—_ Mechanism |1 E —_
3 Mechanism 11 3 Mechanism Il
3 echanism 3 'y Mechanism II
£ 0.006 - 4 £ 0.006 : -
= = A=1.2
Re] RS
5 s
€ 0.004 - - € 0.004 - -
] «
(5] (5]
c c
Q Q
(8] (8]
> >
0 0.002 4 - 4 0 0.002 A 4
273K < 1
0.000 T T T T T T T T 0.000 T T T T T T T T
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Reaction time (min) Reaction time (min)
(C) T T T T T (d) T T T T
0.008 = Without adding fibrous template 0.008 = Without adding fibrous template
A Adding fibrous template A Adding fibrous template
- Mechanism |1 = Mechanism Il
3 Mechanism |1 3 —— Mechanism Il
£ 0.006 R £ 0.006 -
~ ~ A=1.2
c c
i i<
g E
% 0.004 4 s g 0.004 -
o o
c C
[+] I+]
o o
> >
Q- 0.0024 R Q- 0.002 - E
0.000 ; . ; . 4 ' 1 0.000 ;
0 20 40 60 80 100 120 140 0 100
Reaction time (min) Reaction time (min)

FigulT.€@ompari sons of the ex@pteiromeddtad wiytrh otl

fittings at different temperatu

Tabllprésents the r é&aokkcahculadartedonsomnt se
usi ngdlbgdhld at differents.rdbhetiedrectt e dmppuat
isipal ymeri zation templ at e h asst dn tnHogw eivgeirb, |
adding the fi br okubsy t1eB®®Ol.2a06t%. iTrhc rse arseessu | t i
presence of an el ecthramnscpewsn tfhieb rroeuasc tti eomp | ba
o i gomer and neutr al mo no mege slthref ace sarme d,s

above’i[#34t of the electrospun fibrous t emrg
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TablleReda.cti on rate constants obtained f

Temper a Ky k2 Ky ka
( K) (( moi¥mniH (moimiH (MmoimiH ( EmoimiH
Without fibrc Adding fibroi

27 3 0. 82 0. 47 1.02 1.36 (1
21 7 1 47 0. 98 1.75 2.52 (1
281 2. 28 1. 95 2.23 6.05 (72
28 5 3. 55 26 2 3.19 798 (20

“Ilncreasknogmpfaretdeto the one obtained witho

Fi gd8shows the schemasifaoloyfmetrh ez afiiybormouve t |

templFagd8a) compared to the polFinge&8be ati on

Durisgpgal ymeri zation, the generated pyrrol e
sur faces .o fT htphyer trfloidbee rmsonomer s i n the | iquid
withe oxidized oligomers, growing tihremol ec
surface. Eventuall vy, the PPy polymers forr

Thereef ocrmrbdiedaearmount of reactiigoimadiytmes iizata

because of the | arge surfaceeareachbsiecer| bat
Fig48&ae . As a rersul beotl wgemeeacand monomer s
On the contrary, tomergemamatoeand ypyarcrcalma | alt
when the fibrous template is absent in the

the pyrrol e momdherbt|fes eco windry sur § areieg uorfe t h
48 Db ) . Thus, the reactions between the pyr.

because |l ess surface area areelpeotvii de@uasy 1
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(b)

® Reaction site Electrospun fiber - Pyrrole oligomers

Figd88chematic of the pyrrole polymerizati

the fiber surface and (b) oligomers

The preceding analysis sheswsf mbatccmmddc ag t
the rates of pyrrole powymbwveratti efli3@8br s
17,18%as stated in Sectiomifpul yvmmengzatromut
i ncluding f abersiicz efdi bperast ed red sn a rAd | these u:
reaeg dedt earsi anlas wi t h [182 84 Bhiud acteharprascedi

this paper can also explairatuouhe. observati ol
44 . 3 Activation enthalpy and entropy

The Eyring equatitonf{(Egthé. thangesukédt he
with the temperatures to further investiga
on pyirsrigilaed vy me atoiceBisg udseh odwbkAT) v er $Tfsor t wo
di fferent reaction conditions. k/fMheand ils/ a
regardl ess of the fibrousetempd afwiett h At het By
equatiRN0.wWAG.h
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-2 T ’ T N T T T

A Without adding fibrous template
-3 4 ®  Adding fibrous template -

In(k,/T)

7

T ) T y T : T
0.00350 0.00355 0.00360 0.00365
1T

Fi gu9.Ei 4tings of Eyring equation to the pyr

and wi tfhiobutoutshet empl at e

As seen in Eq. 4. 15thd hebtst@pegs anndi anadate c
ent hal py and entropy of the reaction, resp
on the reaction walueatobnteetdatlt pyatiThe er
92,493.6 Jiment awét wxpbout fibrous templ ¢
activation enthalpy should be identical be
t he same f or tbhoa hs Iciagshets .d iTfhfuesr,ence bet ween

val ues, swhitchmaiyscMees ult from the experi ment

Howe vtehrer e i s a strong i mpact of fTihber ous
values of activaKtaonnd eAdtwridepy farhe oGl .tEmbl a
and abseantphf merni,zartapectively. The resul't
transition state is more disordered in the
because aotpiyvaitsi oammn einndi cati on of the disoa

c he miaatlil &8
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The i ncrease of activation enda oprybyiisderdes

the fibrous template. As explained in Sect

i's created by t heisfiipbarloyurse rti zmpg B @tn@d pird t b 8 L

reactions between oligomerisngnidon clolmesne r g f a
overall disorder during the reaction proce:
4. 4.4 Effects of dopant

Fi gur@@hdws the effects of idoipgaanty noenr itzhaet iPoPny
yield of PFHy tihnecameeadscetse . wiHowever, the PPy f

by the adiddetE&EN)asofi nMMaatatde bpgpattion contin

|l east 300 min. On the contrary, the PPy yi e

n whhee nd osp aanbts eint .

0.030 A -

0.025 - i .

=
o
)
o
|
|

00154 _/ -

PPy vyield (g)
|

0010 7 - A - Without adding dopant )

—&— Adding dopant
0.005 / .

0.000 T T u T ¥ T ¥ T g T L T
0 50 100 150 200 250 300
Reaction time (min)

FigulteEf4d.ect of adding dopant ohLtABSPPyYy vy
0.024L mBa( €EN)O. 0/B,2 tneoMper ature: 277K

The interaction et(veaddand t Ihe pdyorporaonieerl Noaa n
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explain the negat i vrer deld d peaslty noefr idzogptiaina rt .lo @T ht e
dopant has a strong chemical affindtgnto N
be anchored to [I1B&®d Rgraoresmbtecuhe steric
the polymerization process is enhanced, | €
pol ymerization withaowtt i dys pesatud.dd Af wrytsh ermait m-
guanti t atoifve hcehanrgest i on rate constants wit
il naccurate to calculate the pyrgobhei menhckeka
met hod i n Sect hendo3fp Btnhgeb efciaruasle pr oduct PPy
timbat Tis why a systematic kinetics study

added is not included in this study.

Despite the negative edfeé¢€idNy od d thea mplpyan
icnreases the conducthasmeedmbofinehe Thabeil eat ec
PAN membrane is electricallysipauymeéedz dteff
treat ment resul ts oinn tthlkee PfANr rhla itbcelr nsesmiditbidRde v
membrane to conduct electrons.ipuhegmeondadti
und2e7r7K forn 46@Gmi-Bd¥mSamiwi t hout addwhegr dapgpanl
conductivitg.mSeaeébes the (mMempbolaynwmer i zati on
277K font Redt shdFrew(icdNo)pant .

4 .Sbu mmar y

A kineticssdpadymefi zhei drsr riaedessitofwi PRy el
PAN fibrous membranes as templ at es. First,
based on existing PPy polmmericandabl| me ¢ loa)
rest of this study hbey aetbodnpoa rtihneg etxhpeeirdiintetnitnag
sipol ymerizations of PPy a@ar eeloandturcd ®plunat P/

temperatures ranging from 273 toi8385%uK.
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pol ymeri zaarheoghpr otietamohteh cesseecwwt r ospun fi bro
reaction k@het veastaxitdi zed ol i gomesby and
1582M®9. 6% when t hes faidbdreodu.s Ttheemprleaatcet i ons be
mononeesenhanced,ermdbtheeunte obnisedcendmdsi het
sigal ymeri zation process due to the | arge s
the reaction bag hfurmMthher exepnfainmamednby t he

entropy safpotehren zati on process compared to

templ at e. Addi ng el ectrospupolfyrmeroiusatti eomp
i ncrseheeavail able reaction sites between r
di sor deeracotfipot bee s s . I n addi ts ® (O €aNst hdesspeafnfte ¢

al so studied. The result s sHowetrhati tthhe hRF
dopant . |t i's explained by the steric hini

caacd thhye i nteracti ¢asdb@yweemnome(¢ CN)
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Chapter 5
Redoxactive Separator for Enhancing the Capacity of

Lithium -ion Battery

Thereceding chapters confirmatchevempephamat

LI Bl.n addi ti onpr epGhraepst et hed PPy composiut e

polymerizati on, and provides a kinetics s
fabri catiBsans epglr sognr otghree s s e s, the pr-apwisea P
separator I's f abrinc attleids amhda pct leear g & ofiade @ |inagve ed c
performance of the separator in LIB coin c

51l ntroducti on

Lithiounm batteriesof(LiBs)mosat windely appliec
have played a crutdaly tobhetenhwemesbdpanatday i
cruci al componendrsowinnglL IdBe. mpBldd ¢ foana nhcieg hL | B

various appli daetvieomp meenqu iorf es utplee i or separ

El ectrospun nanofibrous separatlort iecep v e:
date progresses of batSteert2il osneapsa rraetvoi re weeds et a
achievements of elacatrtrospuwi nanaffidecws sors et
and t he battery performances swperusoirngb astu
performances with nanofibrous separators a

are still focuemdcah uséeng maeetrakhas batf

As discussed insbBeat eggmhaliniczecebaat sepal at or
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redox act i vaicttyi.v eT hsee praerdactxor can participate
provi de baadtdtigriyoncadpaci ty-aciTheeusepatr asochce

increase the energy density of LI Bs.

I n t hi sthcehapaeof i-abcrtoiuvse rseedpoaxr at or s i s f a
el ectrospiwsnmpiahy mandzati on prpacgeasdo.r Tehxehi db tt
| ayer structure, including asHhalyl odt Pwdtywarce
and anotahyeer of PAN fibers. The PAN@PPY col

battery capacity stemmedefvomtags peternt iai

battery operation. Meanwhi | e, the PAN | aye
batyt efrrortci gltarn tt . The bilayer saepaomsioder alh
amount of | iquiddebveledrpbyodbesi strust weel al

of P ons dur i ngThtisgste ud ye tsdeantrtasi Iceyd | dmayrpaeattdreisz i
the electrospuqachanefiskpauatoedoxncl uding
chemical compoetsabiloint y,t hemamamechani c-al pr o
active sepasséembbed i nto LI Bt ecroyi np ecreflorsmatnoc

using such separators.

52Experi ment
52 Materi al s

Polyacryl onw=t1r5010e60 0)PANPY pM 8 P63 , ( RInmopuuint per
( APS, pu,y iStoyd* U8n%) f er r aFcey(ashN)dpu r i( N@W> B8 %) ,
di met hyl for mawmb @86 . aBnBMH,i gowird tel eed tnr elt yntyd eamfe
car bdreELtie met hy|l( DcMefr)bohat B vol umein Srgegmapur c
Al drich (Canada). Commerci al mi cropor ous
compaatoshadami ned ffraocnt urhee. mAaloks ecdh eansi craelcsei v e d

any further purification.
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52. 2 Fabricati ome thaxtniavneo fsiebpraoruast o r

Figulid lsJustrates the fabacdtciave oneapardatemrs tphri
study. A-mh d ko rednteirtnygo sdpeivi ce i s used to pr
membr anes as foll ows. First, PAN pol ymer i
of 10 wt. % concentration as el d@dtomo d i nlnoiarn
into a syringedtiwi hhai matal Idi @acnoeneneerc toefd O .o"
| abormeatdoer yposi ti ve high vdorluumgéeestuppl yot At
speed ofco¥@repnswiitctk mdrmumi numpf olUSAJ Regn@ll
11 cm away framdtbhsedead!| a f tomeri ncumlulse cfti dore.
are generated from the needle tip to form
voltage is adjusted to 7. %8tk¥dd asnecatdye fPAMN
ml / hr .

The ceodl leelcdgdctr ospun PA Nff frone timbalueninuen foil and pe el e
immersed into 15 mL pyrrole aqueous solut{6r016 mol/L)blended withN aF e ( € N)
(0.032 mol/L) for in-situ polymerization.NaF e ( €EINgedopt ed as a dopan
synthesis because the final product exhibi
been reported as a pot ging.0 aTl ARSmg dissalvédanto f or
2 ml of deionized wateandadded into the pyrrole solution dropwig€he concentration
of APS in the reactiobath is0.024 molL.) Thein-situ polymerization reaction is kept at
275 K in a cooler for 3.5 hours yoduce PAN@PPy composite membrane. Finally, the
immersed membrare taken out from the solution and rinsed thoroughly using deionized
water, followed bydryingunder vacuum at 80 in a vacuu

(Vacuumover001, LeDAB, Canada).

Then the obtained PAN@PPy membrane is affixed to a grounded collector for second
electrospinning to produce a bilayer membrane. The operational parameters are kept the

same as the first electrospinning to generate PAN nanofibers on top of the PAN@PPy
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membane Finally, the bilayer membrane, consists of one layer of PAN@PPy nanofibers

and another layer of PAN nanofibers, is used as redtxe separator for lithiusron

battery.
T Pyrrole solution
PAN nanofibers
= / —
First electrospinning In-situ polymerization
Redox-active separator PAN@PPy nanofibers
PAN nanofibers TN /,

PAN@PPy nanofibers j J:

Second electrospinning

Figur®chematfabopicahedhr metdtbrxdeofeparator

study

52. 3 Separator characterization

The morphol ogy of the fabricated separator
mi croscope (SEM, UltraPRI whikhS BMVARERIid=@,bl @
Uni v e rWaitteyraft@obputtering with a thin layer of gold for 120 s. Thénet f i ber

size distribution and pore size distributi
processing of the correspoodengh&ERCCmMagey
results obtained, two SEM images with diff

i mported into MATLAB software. Then, t he ¢
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combination results of thedeptuWwbapsraddiiana g e
w o 1k 8].6

The fuocbemgoatb psftahber i cat ed separator are ¢
transform infrared (FTIR) t r amPnuinwhamche | s
availableimat UGI2WNerl saibpgr bdbr wadeant obhe waven
from3500Llicnm addicthieam,catthecomposi ti on of the
by rdy photoelectron spectroscopy (XPS, Th
| ocated atUnWikEBLab tiynof Waterl oo

The porosityi méashee dedptparadlernpt kel aesds

using the equation:

Porosity (%)= (W,, W,)/(r, ¥) (51)

wheWeanWware the weights efutdnyl|l sepata@adors

respeagqdiisv élhy, dbeuntsaintdyi sofahnd geometri c vol ume

The electrolyte uptake of the tested seps:
bef oraf taenrd soaking in the | iquid eleetrolyt

is calcul ated as

Electrolyte Uptake (%:)V# 31C (52)
d
The i1 onic conductivity of the fabricated

i mpedance spectamsalogpghehi Shlusong station
USA) which i s coanrtrriacdt oorutl .obdyEtlasdci isn p@hmif ma me
el ectsroodkyetde separators sandwiched between

frequency range of 100 kHz ttbeOi anHeg abtondldc

of the testadd usleapaerdatacsr: i s ¢
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d
R*S

(5.3)

whedies t he separ aSiosr tthhei cekfnfépscso f(vcenm)a,r 8 a p & c af

Rvi s the bul k resistance obtained from the

The di mensi onal t hteamnkidas asactabdi il z1¢g by istepah

A circular separator i's placed in an oven
shrinkage rate iIs then calculated from th
processing in |Imaged software.

Di feescahning calorimetry (DSC) spectra
di fferential scanfAnilgngtad onentes ehUESHD28081 |
anal ytical |l ab i mmtUmi vheeragii tnyg « faattia oosfe hledo ,A C

Me hani cal properties of separatorbd48Br,e t €
I nstronwhiUSW i s available at CAaMI t lmad p uwml Ui
rate of IEGA cimm/t mipre. o f separator sample has

calcul ate the average value.
5..24 Battery performance evaluation

Thfeabaireddaooxts evpea,ed @t rospun pristine PAN se
PP separator a&rsseopurid®hedan dmtmedies (using a
T07, MTI, USA) and assemblhkfeidl li eed ogICR2& 320 X C
performanceél evdlheatbiaan.ery t essteirnvgi cies comamnpta
| ocated The eGloxhayv el .leaRAAN@PPY | aydaaixt iofe t h
separator contacts the ic.a¢e AN el sy aiteh eowvadom b @k e
side in the assembled batéektrycoprphbkl(lsEB)Th@&s$ at
cathotdbjum met al as gaamlodtei, omnals 1M duiPdF el e

cathode is prepared by blendneagflL&EF®ri dar p P
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bi nder at a wei gMat i ooloifd@&@nd:dl umtyy, Nf ol

onto aluminum foil. The final mass I%0ading

The cHasgdaoget hteesaassembll £di 41 Barcwiied celt
yclkcaraan€hi)na n a potewndt.i2aiVer sugudL-2f @22 . 5

(@]

-

afTéke charge/ discharge rate is <calcul ated

omparisobat betwwe éap ldliedpfae me el $C =AHHITh@ mA

(@]

(7]

pecific capacity ofcaheultaseedbbaedeony tCb

cat hode.

The cyclic voltammetry measurements of th
usiamg el ectrochemical wor kSéhat voean (PME2HMOA

(versus Li+/Li)f ab. 2hmVkk€anning rate o

53Resuwmhd sdi scussi on
53. 1 Morphol ogy and composition characteri z

Figu2®hdodws the digital phot ad can éa cStEievded xna
sepafMators.epar af acneednsb raa nJea nui st kaca i1 lvlea csk dree ca
white iLn8ot hstihdeg esreppaafat or are consisted of
and exhddédvel ovged i ntercoomnestedhposoaund aser
the inert | ayer is smooadbti whelrzpesr sihhe Mmudl
Fi gu2ce 5e.) . Moreover, the detail eskFRISEM & mac

52f onftimenscore@shell structacrnté vef |talyerfi be
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4 VU A TN T
.‘w A

[
h.—

PPy shell

Figu2ap.Digital phot eacdfi vteh es efpaalrraitoat. e d br)
of ti neirdeepédrahner. (d) (ejdac(tfi)veSEMdiemade d h

Th e fabricated separator exhibits a bil
constituting each | ayer. The inert lrasy,er i s
wher eaqiatntof i berastiirnvet Hayreed o i (f aalbyrmecraitzeadt ib
of PPy onto PAN nanofibenasti Thel Byyackindl o
PPy f or meids ifgrad iy ntelree zati on stayr oalftesdAdNut |
nanof i black is the chaacteristic color of the PPy polymer. This speculation is
confirmed in theF i g u2 (@ whieh shows that the etd/ospun PAN nanofiber is fully
wrapped by the @mduced PPy polymer. Thus, the PAN@PPYy «irell fiber structure in

the redoxactive layer is confirmed.

In addition, the forming of the PPy is further verified by the FTIR results as shown in
Fi g u3. €he bfraed absorption peaks of the pristine PAN nanofibers represent the
characteristic functional groups of PAN polymer. The absorption peaks aBa€821452
cm represent theCH,- absorption and its scissor vibration, respectivEhg peak at 2240
cm! refers to the-Ck N stretching vibration. The other peaks appeared in the spectrum

indicate the existing of the DMF solvent residue, aspbaks at 1664 and 1385 ém
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represent the C=0 and =C groups, respectively.) The infrared spectrum of the
PAN@PPy nanofibers verds the forming of PPy polymer. The peaks at 896 and 1032 cm
! represent the €1 outplane and irplane vibration, respectilye Peaks at 1448 and 1553
cmit represent the C=C and C=N stretching in the pyrrole (alhthe above information

is obtained fran the FTIR handbooKL87)) Moreover, the PPy loading the redoxactive
layer is determined as 99.99 . 4 i dyAaomparing the weight differences of the

electrospun samples befonmedaafter pyrrolen-situ polymerization treatment.

1385cm™

1664 cm’’

2240 cm’! 1452 cm”

1553 cm’

1448 cm’'
—— PAN nanofibers

—— PAN@PPYy nanofibers

1032 cm™

896 cm™

T T T T T T T T T T T
3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™)

Fi gu3EeTBR spectra of electrospun PAN nano

Fi gudséhoSvs t he chemicali bempebietl onhafathe

s p e clthrea.PAN fiber core has negligible inter
becaultseoxXnPSy tahé oavsal ysi s of el ements in the
[18]8t he wall thickness af tthhaen PRy nah e lwhiicsh

in the contexFigbxdbsporerduhgy s8bOwWs that tF
doped AZbayn dASTF&,( ClN) evidenced by the ellheement
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S@is derived from t hei BAIPISHI o/xmied

dmretat u9ad

Fe( €Ny intentionalFAiynaddded tahse dctdpeanitc.al
fiber shell fabricated im A8@)kMidFeftCNyy i

S

iw i

col

calculating the proportion of T&8e2popnagFeé¢e

of t he ¢“ Fest CMomparable to the

( RP¥e(€&N) which f abrsidoaped RFMye

result condksughenud ytmeat zaheon of PPy onto el
negligible integfdepémge on the Fe(CN)
6E+04 T T T T T T T T T T
C1s
5E+04 .
T
g 4E+04 O1s N1s -
g
i 3E+04 .
o
2 Fe 2p
S 2E+04 4 4
o
o ] ]
1E+04 - .
g Lm‘\"\jszs 1
0E+00 S2p 4
1200 ' 10|00 I 8(I)O I 6(|)0 ' 4(|]0 I 2(I)O l 0
Binding Energy (ev)
Figu4e XP.S spreN@R Ry odfanofi bers
It i's wortbhometadpgatcdmt PANQ@P®Rygtifudelrayaem
joined toget her saetehwh er eFiitghuBges chh ng uRegd . .
This i 9 rroemsd lhdemldy meri zati on of PPy onto the
The PPy is formed to wrap both adjacsant fi
Sigal ymeri zatie®nj @irmtc efsisberMhiesan | mpheve th
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fabricated separator 53%hich is discussed i

Fi gbcecompares the fiber and pore -ascitzievedi s
| ary eod ftehbri cated separator. The inert l ay
exhibits an avera8genni;i baenrd sainz ea voefr4adgieB .p70 r e
The PAN@PPoyfi ber sadtni vehel ayeedroxexhi bits grea
61916. 2 nm; and small er 38vewrmagel hporsa zei za f
the two fabricated | ayet BPFePayriedsdaetinirti lbatraedd.
active |l ayer. Thdéd eintcrrmiarsge so ft hderhdde iclhReya s @ is a 1hé

Avg. pore size: 750.4 £ 44.0 nm

pore size. I n addition, thactinceg elagyerofi rn di
the wall thickness of the PPy sheath is ab:
(a) ] Avg. fiber size: 478.7 + 4.8 nm ] (b) 304

4 ——Fitted pore size distribution

— Fitted size distribution curve |

500 1000 1500 2000 200 400 600 800 1000
Fiber size (nm) Pore size (nm)
(C) 40 - Avg. fiber size: 619.5 + 10.2 nm 4 (d) 254 ——Fitted pore size distribution B
1 Avg. pore size: 650.3 + 34.8 nm
—~ 304 4
9_‘{; — Fitted size distribution curve
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1000 2000 400 600
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Fi gb%5®ki ber size distriibwttiioom aorfd (mor € byi zd
inert | ayer and {@c})iye) |l BAN@PPY r ed
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Tabllpr&sents the porosity and electrolyte
The highest prorOosbhittsyi rodd 8lby 7el ectrospun PAN
active separator exhi Bi i %.caolntineewecri ap o rPdPs istey
shows only 4TIk« aotf@ bptoarionseidt yf r om t he manuf act
works should medsume tcloenmgorco ailt weparator
Section 5.2.3 foragsonbefThewtebteompalysenupt
separators are positively ecaocrtrievieat ap atroatiotl
separator arn d e XPHPi bsBeRp. aB%,Q 84 9 H .%6 alid 4 %105

el ectrolyte uptake, respectively.

TabllePosr.osity and el ectrolyte uptake of di

Thi ck PorosEIl ectrol

Redacteparat 50me 79°3. 1 294°81.5
Electrosgpmal 50me 85°7.0 310°32. 2

Comme PR isadpa 25em 41 9% 81.°517. 4

dobtained from the manufacture

The porositi-astiovethepaaereatokmr ocapdnt PAN secrg
considerably greater than that of a commer
nanofi brous stratedr sespekd gud s d(hfea lproircosi ty
redaocxt i ve separator i s about 6% smaller <co
This result i ndicates that hi ghelrl esre pfairbaet
di ameter withsee g@aber spoircee smozree (voi d space

thinner fibers.
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S mil arl yacttihee rsl@matreateolre catnr o aglhn @kl sep

than mgst higher of the electrolyte wuptake

amount of electrolyte uptake is achieved n

fabricated sepcaonastiodderiinng htihsats ttuhdey g(beo si t vy

than the commercial T@PWPIDs,eplaurtatadlrs a si tssh ogvne

ed ectrolyte. The commerci al PP separator i ¢

a

S

n

t

(0]

a

e

D

=y

(¢

d af4fBi nwhereaactheerseparator &abdr PAHEt gdj
udy exhi bit great electrolyte affinity.
ntaailmrge amount of N containingigrohes,
ect[d 8Plynt et hi s study, the high porosity &
bricatoeds wampardeemed I mportant for reduc

t ween [Blld]Jdt rodes

mddi Fi gngehodws t he MyYqusiysmmeglratcs cel | s v

parators omeasuoedhmhé&entomtElrSept of the obt
I al corresponds thethesbelikesepamaklankP
parator préséhkt s eslite Nbhdq@g@®esft hough its t
l'y hal f-aofi vhesepdopator andsetehblerbsedin
t he tlehd imegased liss attri buted to the | ow
mmer ci al separ at owh iacsh phreemaesdsi sntgt &de sshceurs soef
rough channels of separators. Thus, t he

bws the order of e2e26r 8ls D) P AdSeAtctmwpen r a
parlatsadr N( 0) 06 m®SAmmrci @l 7PPNseépharams8Ac M
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20 T T T T T T T T T T
L
15 m  Redox-active separator i
¢ Electrospun PAN separator
Commercial PP separator *
,a-. | ]
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0. 104 ™ i
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N | ]
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* [
* a
L 2 &
’0 -L
0 T T B i T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Zre (ohms)

Fi gu By piNyaglui saf pdyommsetric cell s with di

Tabl2eompahesi onic conductivity of the sep
the data reported in |Iiterature. All the d:
sepagwaltioah t he same mat efoirals eupsaerdat.idrh etf laibg i
reported 1 onost tbedetteictir oss minrg ePAN osne pla rlalt
mSE m, due to different fabrication par amet
reskmaworks. As a result, the porosity and
study. Haowleeebh¢cl udessépat at dirtshifsa bsrtiucdayt eadc hi
the same | evel of physical p rwhpiecrht iiess <wwp

than the commerci al PP separator.
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Tabl2e Bompari son of t hteakpeo ramsdi ti yo,n iecl eccotnrdoul ¢

the sepaedtiohiss study and from | ite

El ectr«lonic co
Por os _ Ref .
upt ake ( M8 m)

El ectros 69 % 25 7 % 2. 0 [2 B
El ectros 87 . 4% 30 6 % 1. 11 [19]0
El ectros 76 % - 2. 6 59
El ectros 60 % 43 0 % 1. 21 191

El ectros 85°27.0 310°232.2 2.26 N This

Redagt i .
79°83.1 294?81.5 1.57 N This ¢
separ a
Commer ci .
41 % 81.°517.4 0.75 N This ¢
separ a
53.2 Thermal stability
The thermal stability of t hd heepmoags tastisewmn s

i i gut e The-acedoda osemanrda t he el ectrospun PA
relatively soabl 25bear, Hawewt befig endot her mi
for the PP separatoactrvensefg&iBator The fedt
to | ocat e tohfet st etnmpeerrndlane ersesa dvtsvad nex ot her mi ¢

at 282 and r3dlsypecti ve
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4 - — Redox-active separator . 289°C =
S Electrospun PAN separator
---- Commercial PP separator

Heat flow (W/g)

T T T T T T T T T T T
50 100 150 200 250 300 350
Temperature (°C)

Fi gurl.BSG6.t her mogr amst ovetéseparedobar and t h

separator

The DSC results -aptdivaeteephanbtobheanddexec
have betterythbeeamakhei aloimmPt separator . Th e
pol ymer I S € orernedsoptohnedrimmigc tpoe aikt sa't 163

propertrieedsoodfi vichesepar ator and PAN separat ol

Further hedadtaxntgi supattenpe causes two Teerbhgsex

peak at 289 i's attributed to t heacctyicMd z a
separator. Heating up the PAN polymer to ar
-CkNgrugp s, |l eading to formation of hexagonal

mol e dlull7esThe second exothermic peak oants 312
of thesgFeU@PN) which are doped into the PPy
300 , the internal redox reactioaoscbret we:

| eadi ng t osotfhe yfamrameatsi[laggfd car bonat es

I n adHdi gu8sd pSvs t he digital photos of the

exposed dtorld0 hour. The di mensional stabil
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to protect the battery cell surfesos.m Batlertniad
attve separator and electrospun PAN separ a
temperat urHo wefveXrg0 t h.e commer ci al PP separ a
same t e mpheursat uirte.i s s-ater vaetosm par tthied Neldoxt

separator in a LIB cell compared to the us:

Figu8RBi it al p haod toisv eo fs epeadroaxt or, el ectrosp
commer ci al PP separatamd(@d) (e(xg)o(s@hr)eb aaftt €lr6
foholr

533Mechani cal properties

Fi gu9seh obnvs t-hter sit m ecssr vaecst iovfe tsheep arreadtooxr an d

PAN separator. The stress et hwatt ht htehfema imbce aenae
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unt il it reaches the ultimate t0enrsiMPe, s ttrhe

stress of the PAN fswerptaman @a s avihe fiz $1s tfi ranagiti nc w it te
fractureacTheerscsephi gher &X0.I56 MRPa,. 8f ol | owe

fast drop of the stress to about 3 MPa at

this stress until the straln reaches about
T T T T
84 i
———————————————— “' T
= 1] | 3 7
o \
= Redox-active separator \
P ---- Electrospun PAN separator
3 n ; O Yield strength \
% 11/ O Utimate tensile strength ]
24 -
0 T T T T T T T T
0 50 100 150 200

Strain (%)

Fi gu9. By pi.cast sair e dchuer vaeestt ooxfe separator and

The ssttrreassn curve of the PAN separator sho
The first region is the elastic deformatio
stratiinl uint yrieealcdh esst rtGhrehg t MPa.f 13n 5t hi s regi on
the PAN separator under the applied force
hardening region, where the stresstiteomnt i ni
stretcmeombr dhe undergoes plastic deformati
change i sTherwvdeshhtdening region of the I

strain region from about 10% to 160 %.
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The sdtrresisn cuoxet ofvetdssheopwase dat odri f f er ent pa
to the PAN separator. The elastic defor mat
observed faocrt itvhee sreepdaorxat or bef ore the UTS
separator) sepawaves b fwihtlserangdtrain up to 15
before final fractuaeti Vadisepar decraubbast aet
UTS is mainly attributed to the PAN@PPy fick
lattri bugreidsttiondag hRRAN | ayer. The mechanical
greater than the PAN | &y éefeorr meue ftrsinttult e P
pol ymeri zawhiiocthspuld dcses s bindings $eFeiweuar so
52e). The change of the nanostersuhcet umeecsh a nmpcr
strength of witthheoud e psaacartiohrs cr egulftlse i bwée i try
separator exhibits greaher elmeacthrams gwan PAM
including 82.9% high@er6 oMPa)i;el 8 A.t3% nigit ¢ph
maul us 147Q. MPa); and 13.00.% hMRah)e.r of UTS (

It i s worth noting that the médalsaptr rcat orss r
i's still weaker than RKihg@bilGdmpaa rceosmniehrec i T S
sepasuasteadr in this study with different el ec:
Mo st el ec tbraossepdu ns efpiabtbae D& | ewh i2l®i tMPa i ncl u
redaocxt i ve separator and electrospun PAN se|
the highest UTS is achi elvheed UbTYS tohe tcheemnaeornon
separators wdgaddpi.BstMPia ne dihree antaicdn , and 13
transver lehedaitraebcttaiionned f r om thoewenvaenry f af cuttuurre
should test the strength of the tomsmmedci al
Sectiohor5. QoBsi st)e.nt,Tihouosrop alreirsotho achi eve e
perfortmaenctehi ckneastiovethepareatoxr and el ecH
used in this study f o®n Hathteereyast & shtei ntghiicd

commerRc isaelp aPr @)or is 25

99



Ultimate tensile strength (MPa)
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(a) al T T T ‘ T ] (b) 2—0- T T T T T T T T T T
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Figul®Bai.tery pelif/lorinfaenE@4h toddeilnflifeegr e nt(a)s epar a

firstcthaygled di schédébgeCprcoic(epl| Ratmemoga @anis i.

Thfei-c g tcloau | cenfibfiicci ency of talhce ibvaet tseerpya rvaittohr
which is slightly | ower than thate 09f9%)he ¢
Tihsr esul t indicates that more | ithium ions
when usingctheerAddmiat,tatdocddryl ombi cofef 98 c3 ®nicy
acceptablepéoathdeagheét y p o ore nccoyurliotmba ectd etfd it
PPy polymer, which is participating in the
efficiency than the LFP cathode. S[LeDI ar e

199%hich directly uses PPy polymer as a bat
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Theycl i c vol {&mmofrhgemls bpr.tfher kenémnhawsced
battery capacityacftonvecealelpar ai bde lrlasddobckthhieb il
rever aisbiilnidtiyc styendneppbg adttsh @ Tmee dr-2adtoixve separ
exhibits wider <cat hcodapce ¢ etack tamed a@tnhwetrii cthpce
explains the enhanced katatrgrey dd¢ amaddadritgyd qginees:
the CV peaks of thachatvteersy paocmttairniimsg br @aa
becausei s a ctowmdi mad o nr @ dhcet iroenasc tiinocnlsu doifn gL |

and al so tahcet iP/Pey sreepdaorxat or | ayer.

FigutX ch». showsapali lriattye of the bléetemnty
separAtiorttstee ybatel | s exhi bit good rate capat
its original capacity at a hi-gbtira¢e eseoepare
obtains the highestl tagdal3i WgAathl &lalp acu rt rye i
hi ghest Cr,atwhiewflhn2gghher than the battery cel
separator at the | owst rate of 0.2 C (156

The cycling of thachatvtterssemaiemmd owti alhl o edt
curent rates without (sseFeggelrlmf 6sephauvhtdobebme]
t hatnethough the PAN@PPyYy nanofiber | ayer i
i Wi | Is hrexyittr cui eér ¥ hwhdémattthe separ attohtei t Bi per t
dendfroantmed on the gnwode.t heTHe tdnawi ndendr i
phenomenon in a LI B, which is caused by th
anode surfacbeaabdsomnhed into the anode in
dendrite may evarmrrtaudalrl yangdii ecracues €t heeh osbeapt t er y
iI's béePyuses reduced to its electronically i
me t[hV.Howe vfeurt,ur e wotrekrsm obfatlitoenrgy cycl i ng ( mor

stielelded to further | usatcitfiyv et hsee psatraabtiolri.t y o

The enhanced battery capacityitPeN@RPyYtrhoéeut
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nanofciobnetrasi nseedp arnattchre. Bot h el ectrospun PAN
separ at owrenarenalonseparators consisting of
capacity is only pr,agi @éed dlewyc e dceabt yhFoRIh eca &ahno
anodi sobtuavaedy®l ic voltammetry measur emen

separat orr cainadl cPRemde: mal BiH®Drwe(theer batt ery cap

canphbevi ded by both the LFBrcatbade earyd cteh d
active separator, | eadiyng afpasctistiyomulnen e d c
I n the charging process, teghaenitRagn pooxl iydreetri oi

reaction, resultifagtiontéardnan bals éartgpcchedsrsg, i b
t hPeRFi s extracted reversibly from the PPy pc
recei ve [aAR968[ehcetrredmo r ea,c ttihvee rseedpoaxr at or cont &
nanofpirboevresdtersa capaciltly btyo tthlee olxliBlade on anc
whi ch al so c owtdrei baa tehso dti oc s tabneda | anreald/iddni ptehaek

vol tammogr ams.

(a) Discharge (b) Discharge
B
mig
. - - - p—
° ° I

- — e ° o

o~ .. ¢ _.‘.

L] \ ° -

Cathode -

Conventional Separator Redox-active Separator ¢ Electron
o Lithium ion

> 1| °—» oo | oo — — LiPFg Electrolyte
1 ﬁ 1 r
Charge Charge

Cathode: LiFePO, FLI FePO, +xLi" +xe™ Cathode: LiFePO, ? Li, FePO, +xLi" +xe"
Anode: xLi™ + xe” +C l:“ﬁ LiC Redox-active separator: PPy + LiPF, #[PP_\-']PR +Li"+e
Anode: (x+1)Li" +(x+1)e +C r:;\i’ Li ,C

Figut2ch.ematic of the bhgP(&) banhveaneéenabn

(b) -nettoxe separator
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Thexadcitschar gpr caipdhed t payc tti ve & p@adtso r
determined asalbcalldatmAp ble di fference of
the cells caoanttiavei sigeparcadtoxcpuand®ABl separato
generatednaboifr b taemtsi ve separator tamparcablked
t o ctahpearceipoyrt ed i n | idlgrewbhuch {(-detliivea mRAdpar
I's fabra cagdcewunyf il trati on ame mbnrtarnoed uncaekdi ni gn
l1)Howevdre, speci ftilte cam@thacx @ yseogar at or fabri

(16mAY) is great er( 1tOhsaMAhhe prior art

Thi s advatnttraigheutiesd t o atlhreo pseurpteimeaso o ¢ fisk tr uec s
sepa,r adso nwed |1dapi ndgi mtfo FREYC Npolryomert.y, Tiper e

i oni c coonfd utehtdebcxtiitwe isne ptahriast osrt ud g %i and493 %8
hi ghd han that of the s[kpwmhiadloralriepwys ttelde i m
| arger amount of l i quid el eicams.l pt a esmud t f |
di scharge cap-acttyeofsepheatredokabricated i
one ipmitomeart. (The same r easomi fail s oc exad iat
t hlel B cel | with electrospun PAN separator

showrFigmt®. 51 n additisstuctor dalheadcdwawamt age,

Fe(&€Nnto PPy polymer also corftirishyt eadhet aotp
Fe(€&€N)Yrongly improved the conductivity of I
(sexecti o,n l4e &Ad idnigntghe &nmand cs of the PPy e
[L93Secotnhfee ( ENFoupl e is electrochemically ac
close to the PPy. Thus,Fet(héNYrewdtobeidoamst andl
capacity Adf adOsomMphr ovi des additionall ncapac
addit hdepre,d FLa@ECNdns can bridge the charge t

the electrolyte by dr&0ng as an el ectron mi
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Moreovepecthec capacity-acftitviee sepraofaitlomrod
t his (slteuA®Y) i a8l sompar abl e tFoe (tEintdotp P@®fy t he
nanoparticles used dimA&ZILISNThAs LéBathme thloy e
(about 13. 722@i tsy eicd fawi mcqapt o t her haodwoeprt ecch ar
in this studyj@&AiAAg ncutririemtst U89, mAhng rtetaes i
compar ed[1lI80t emaat weekl as the structural adve

as discussadcdgiagpraipd. preced

Tabl3eomparersertdhye density of the LIB cells
cal cylraatvednet ri ¢ and volumatriezedewetbyrdeps
mass and wolcuameh oalfe tamd s elfheer ardeodro,xv € esppat i
fabricated in this study achietves3. 0AhtmAhi gh
which is 56.1% andom®meR2&i &l ghkRrs ¢ hammtaittvdee a
separ atraredr epilyl i Teeateason is mainly attri
t he epuenctgedadreatedroshhe el ectrospans RBANoOsepat
separatsorsabthgiglvi metric enearAgy’ Hoewesri,t yt hoef

volumetric energyacddmnwsi tsye pafr at lne rfadox cat

weaker than commerci al PP separator, due t
commer ci al separator) adaomtbed ittlyetobast et yd
Thus, future works are-acmeeded sttpadatvefl opi
mechani cal strengt h, in order to achieve

sacrificing the battesgddiunaBebi 2y. (det ai |
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Tabl3&né&rgy density of the LIB cells con

Gravimetr Vol umetri

densi t densi t Re f .

(mA K7 (MA & m)
Commer ci al F 66.0 64 . 1 Thi s
El ectrospun 87. 4 37 . 2 Thi s
Redaxtive s 103.0 4 . 4 Thi s
Redaxtive s 81 - 1y
5. Eummary
The proposed naobfvéeriemplhhalidoxated in this

el ectrospssmnmilnygneandzati on. Thebiflashgenbcraanneed s
with thetre@okayer cooséslt i ngitafhiod@lzRepds t h e
i nert | ayer ~consThset iRy PfAINb enra nsoif @ Ible rvgi.t h wa
nm is dPepEedM)miyons. The chemical compositic
deter mPRigddS@)s ke ( €M)y el ement anal ysTilse obt a
porosity and electqachytve EO@DPAk éGath®F 4 (the r ed
31.)5%re slightly | ower than tha85°%7. 0%e pr
an3a 0°32.)22% but greatly higher {(H8%na@ahHe com
°© 17)8%milarly, the ioni-acttiomedudepdr tNy o 06
m&EM and electrospud6 PANOYemamsSigome a(t er t h
commerci al PPTSsebadpdrmGAcmi-anti vhesepdpat
thermally stable up to 289 : and is capal
Moreover ,-atcthiever edoexar at or exhibits greater
el ectrospun PAN sepaghaeorpfigciudi MBa BB gD 87
hi gher of Youndgds I1mddPallys apd0.1B. @6 aMB her
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The reason is that the PANQ@PVPy sapafaber s
mechani cal propertciterso stpluann PtAINe n@midoddrtidbeeds s e |
fibers created by the forming of PPy fiber

Finally, -acthe vreactdoerya el ectrospun PAN separ
separator are assembled into CR203Phecoin
battery cell-acobnveai sepgraedoxexhibiok the
1582277 . O'mAhdi f f er ent-0.c2lrhCee netn hraantceesd dbfat2t er
stemmed framtiive PRgddpolk hmer , awi dgrdeathkdd
and anoglalxt apenaekd from the cyclic voltamme:
separlan oa ¢ diet ibcant,t etry -zetl il vevi ¢ dp areadtoxr achi
gravimetric enh6BgPAhmAfwhitch ofs 56t Ha& hofghe

commer ci al PP separator.
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Chapter 6 Conclusions and Future Works

6. 1 Concl usi ons

Thi s tbesl splsasaedRaPy¢ d o nanofi browesnnhaegar at

the battery capacity. The redox activity o

pol ymer, which 1is integrateidsivwiatlhy mehhe zalk e ¢
Pritor fabri cadctnigvde heepardaotxor , a numerical
out to quantitatively investigate the effe

resultstbBbaossepanat or thicknesys elmaesd gsntsa stnyg ¢
idrops from 148.8 to 110.6 Wh/ kg when the

On.Moreover, the mass transfer resistance i
resulting in the increaendddealsebérbatyt er ¢ ose
correlation between the separator porosity
described by an exponenti al functi on, wh i
opti mum porosity ofnc8&% mntdthe haepdmuatdrerpo
little to the mass transfer. I n addition,

the separator because of i1ts great heat tr:
conducti m'Khyantdo htaWw capdkityespe850®eld ykgh

the battery temperature rise by 1.3 K and 1

Themhis thesi Kipees et ssitpuodlyy noefr i tzlaemon of
el ectrospun .PAi&s ingaanl oyf mebricigzsa thieomet hod adopt e
r edacxt i ve nlédhreo fpiod eyrmee.ic h 2 & iPiPopn fbarsed on t he ¢
oxidized pyrrole oligomer si daenndt i sf aaibtlir@eaals py
understandThbkbi s eprbocewg bat weeonseskadt zed ol
neutr al monomer s-209 n@ewakes ble 16Be@trospu

added, because considerabl e iasmqgtuon ty mefr irzeaadt
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process$ heude arge suwunfroacpuar da befrselpeesent ed
This explanation is further confirimeidtby 1t
pol ymeri zati on process compared t o t he p
el ecgurm fi brous itseinppallaytmee rii retad i tome bat h i ncr
reaction sites between reactants, l eadi ng

process.

The PPy basé¢d vree dgseupbasreagtuaebnrtil eyahtae ca caTddeicz e d .
fabriepaedt or I s a bilayeracmewmbdbr drmg e wi tcho
PAN@PPysk®lrle structured nanofibers, and the
The poerloescittryo Laynde iupniak@ed on dhacctt ie wiet @ par at o
7.1204.%1. adl. 500. 06 MBAsmextavel yhitchtadr t ha
commerci al (P4Pp8k.ePpAa.r&po.r705. 02 MBAsmekxti valy
additionactheersedparator is thermally stab
mai ntaining its .divMemsowearscatihved 688edax at or
mechani cal nptadgngl ds6s. tdr. 6n FoPan g © ss mwdd ull u
14. 1 amB®@a S 708. 6 .MPa

Finaheé yr-adltoixve separator, el ectrospun PAN
semarator arelLb8gembtebdl sntor performance e
contai niamg i ved x psartahteorhiegxhheisbti tdi s-=2harge c
mAh-Agat differen®@. ZuCrenheranlkeancddmhmetdt er
from thectiewddwyw of the PPy p-akymee ecephai@h
evidenced by tme amnadeéirc cpedlosi abtaai ned fro
compared to the other t wo separdadaoctsi.veln
separator achieves the highest-lgrwhiieetirg ct
hi gher than PtPhes ecplameactrogisal t ssuigrgpetshi sa tph eogn

strategy to enhance the capawietnyt i @fnalll B pla
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i nt o nanotaicbhtriovues sreepdaorxat or s .

6. 2 Recommended future worKks

The fol lcowmnmnmegdaéi ons are suggested for fut

studies in this thesis.

LA)Opti mi zati onacotfi vteh esBeapeadreaxbo d el i ng can as s
optimization of the designThpar amenteen caf t
devel oped in Chapter 3 is capavwdres@parsamaolt a
structure. Futueepwodkelhctaon nadidmwlit e e oL VB wi
separator . Addi tional experi mentraolc hweor lcal a
properties ofe.tghep ePrPyc iprod winterpot enti,ali nat d
order to calcullat ki.neTh esdeaaittreaocd emepar at or

added into the model domatheasaahbdkeaped a

redaocxt i ve | ayer can be considered in the m
i n t heocnhseerrgveh t M@sms aconservation. Eventuall
redaocxt i ve separator, timicdkwrde snygy, pandsPPy, | L

opti mi zed.

(2) mproving the mechanical stThemgth sofa ealee
i mpr ov ec htalme crad str emqgttihv eo fs etphaer art eodo xd ev el c

Al t hough the grawiofettr-aet erweogegpareatsont out g

commerci al separator (as shown in Section
dr awback. This 1 s -detciawes es ap arhatcokreri sr e e
compensatmechaniweaalk strength. Therefore, tF

be strongly enhaneaed,i vencsepar athom wietdlo x s L

strength is avail abl e.
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A feasi bl e approach is to changeottlye@rePAN
okl ectrospun nanofi bers wA thha ngdfewlt eaf nreecsheac
have demonstrated the pmadoftitbhemns owi tshr Oh§
above 266 MhaimMgblrPp, which is more than 3 ti|
PAN (06..499 MPa) nanofi beéelrhsusysead ei metcthiasni stal d

redaoki ve separator canbybeadarpreidingatrred oghammper

el ectrospun nanofibers as its skeleton.

Anot her ap@pmreatcdh bhisndiongs bet ween all the
infeber bindings is akmaeohdamictalr pgrROpest.it
me mr ane. As an example, the mechanical pr o

i mprovedgi tbw ponl ymeri zation of PPy because

adjacent fibers (as Hbiwseonasts eal li nt lSeectftii bexr o
t ®g her in this study. Thus, future works ¢
the electrospun fibers together. Il n addi ti

rel ationship bealwe®nhofetnhgen hnmeelcehcatnri acs gthre me ml

proportion of bonded fibers it contains.

I n addition to ftuhar e woirlkes otolud rdg tald shoa nsit
propeftitéde f abriinccltued rsge pcaamproeas sitoanre nsgttrhe.n g
Those mechani ceaelmegr cepsesretnitéasalarfeordea compr ek

t he mechanical performance of a separator.

3Enhancing the PPy -dcotaidvi en gsTdopaa rt abtémrx.ed o X i v
the fabricateddyepar astteermmierd tf r iogmeditthes si, nt e g
i ncreasing the PRytloadsepaomatiome coad ax f ur t
of the ChlaBbtceeal I5. demonstr al & s e dshheeolfl@ bsrtircuactti
nanofi br owu s uisseigggul ytmer i zati on, i n which the

surface of the core fibert.heThcusr,e ifnichreera sies

111



further enhance its PPy Il oading.

Af easppd®aa@ah i s to fabricahei et eatpospun B
use It as coireeipfal byemresr i fzaart i By The surface
el ectrospun nanofibers can be dramatpbcally

t e ber [1s94r fAv@ae | abl e met hods to produce suc
nosol vent induceldfiphahscen daagepar pthiaE @5 saempdar at

selective removalloé6f a sacrificial phase

(4)nvestigation of obOher-&@adwkrkwmal sTeghpea g atredr imad
properti etsherimeall ucdhdmuultdaividiypadhmwpgparaatsdrr or

effect on thenhebhtadLBEBIi pas di scussed in S

o

nly focused on the el ectr ocheamitciavle pseerpfaorra
The thermaflf phepaerpdate adtordi ed dueft aa tPheD |

esebhhed. future works can be carried out w

-

~—+

he mettoxe separator on LI Bs, as wel |l as d

mp rtohvee batteryds heat dissipation.

G Narrowing down t hieompoofe tsheef ablihiecs ptoane s
size of the nanofibrous separators fabricat
Thus, the maxi mum -potrievei zep arfattore erxecdeoexd s
Fi g ewhi ch may rai se-déiesrmdbamrmgserfporreThaittt e rsy
to narrow down the pore size distribution

sedifscharging antden mpstoaleidtphderyaltomfrogb.at t er y

The precise control of t he nelneacrtrroonsi pnign ndi on
pore size distribution of the fabricated s
control of t he eswof rohme retl adc gt pearsppem eatt eurr ge, a

hudity, which are not controlled in the pre

@6Further i nvestigati-snigt u hpo lky Theat ii kcisn eotdin cPsF
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PPy polymerizati on iesl eernthmaamqdidn bwloeris ane anibm
t empl ait«i tfuorpol ymeri zati on as shown i n Se
e nhceeme nt is explained by the increased re
decreasing of di fdtutsritiomuttdhei sst. a I5d en crea yt hael sd e
hasDaf i3brous structure, the possiimmiclrietays edf
when they are trapped inside the membrane
me mbr ane iim vahtbisemtt (e reactions aretmestly
reaction container because )of Howevierggreg
experi ment al wor ks are nd&odedi nfsarant¢eyt redr
membranes with different porosity, pdacking
i mpl ementiegli gffaolry nPePryi zati on t o ijowns tdii fsy atnlcee e

reaction kinetics.
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Appendix A
Method to fabricate electrospun membrane with uniform fiber

distribution

A.1 I ntroducti on

The uniformity of apomemmdbmtanto stelparlaltBrpersf o
structurally wuniformed separator in a LIB
current density oni hbhebetsecthedgsowIheftebit
prevents t hse flrooons ep epnaerttriaftf.ienign t dheen esregla,r att hoea

of the separator plays a criticefratoba.in -

El ectr ospefnfnermmdgti hiasd a o pr ogdeaneaet onrasn. 6ff oarb rLoluBss

rotating cyl andr commoaobidlaaddtpriesdp iimniang set

nanofHbwe ser , itds not al ways easy to peal
coll ector due to t he Isaatommrg andd ensa noobf hilebed rwse.e
coll ector is commonly ewnfgappadci bymaf omielt al e

order to pewifdnitehnet gl ectrospun membrane i
uni foofmittlye fabricatemnglnye mbfrfaemet eids bsyt rt he
di stribution between the spi@nThegenaedled a
coll ector CoN dres eil rtce nfi erae field distribu

uni f ooftmhee yf abri cated membrane.

Three different collector2@@vmesh matmall ymeé
nonstickfalumiauem used in this appendix to
of the fabricated el ecé¢domsme mbp ereebaebir afnreo. m Tthhe
coll ect ore xcaonvienresd abnyd opti cal mi croscope. TI

memédme i s furdt hbey tqlueansi &ndard deviati on
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corresponding optical mi croscope i mage.

A. Experi ment
A. 2.1 Materials

Pol yacryl onw=tlhi0l0&® ed)iRPrAeWN, hNMl f or mami de a(BMF, p
pur chased fdoin@ahtadgana Attai nl ess steel met al
are pur chlfededPeflrlam tsntad.c,k W Aimi Nom obt ai ne

Reynol ds WAlrhpeceh®M®Acals are used as receive:
A. 2.2 Fabeleatrospaoah membrane

A | abemaadteore ectrospinning device is used t
as folltow®PANFipos ymer is dissolved into DMF
concentration as el ectr odmpmitnminng sp rl eocawdresdo ri .
with a mef{aitihcimeed| i ameatnerct®fd @noddael | mrm)o
potsiive high voltadge usawlplpdayt. o 88 rga toautnidregl s p e €
covebrygidf feolelnéect or cevy@rmsmesmamet g1 t mesh, 2
mesh and nonstiskphbdoemdntin ¢ mi Away from t h
fiber collector. Finally, Continuous fiber
membr ane on the fe beol tcaoage ecsomdwhened ht o

solution is pumped at a steady flow rate of
A. 2. 3 Char acetlercitz aotsipaum anfembr ane

The prepared electrospun membrane siamnmdpeel e
examined usimmgrascopeéei ¢sW3808B, Swi ft, Can;
values of each pixels of the microscope 1in

code hGem!l aboratory platfor m:

I mport cv?2
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Iim = cv2.i mmeaddshagantgént /

gray = ovZiovt Cwol2. COLOR_BGR2GRAY)
print(gray)

i mport pandas as pd

df =pd. Dat aFrame(gray)

df .to_csv (' gmay)scale value', sep-=

A. 3 Results and discussion

Fi gursehoAws t he optical mi c r o secrolprea niemafgaebsr iocf
using different clomhd grcitfoifb atomemisr aimeal efr a 2r5i0¢
met al meshes clearly showes faabireischa tpeadt twirtnh
alumi nomt Aabonked much wuni f olThm aigiab eorf mihsed inmsetnrk

i's darker at the position where the metal

accumul ated Tahi ¢ hiiss lpeosausdsent.he met al me s h
it as collector covelrdddrsithuutbison hkee teweert rtor
and collector. As a result, the resultant
di stributtilme,t adl tmesthgf aci | itates the peeld]
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FigufLpA.cal mi croscope i mage of electrospu
mesh met al mesh (b)) 200 mesh matalcomé eltt @n

cover

The grayscale values of each pi xel s of

quantlivmpave the uniformity of the membran
covEBErguRehd®&dwsgrtahyescal e distribution along

centerlines of sbét ani rcaedd $§ dve pokonl il madidae c oV ¢
grayscale val-B®85r eemsditchaget fdriofm ed ent shades o
t o whigtreay sTchael e di stri buti on 500f ntehseh imea gaed o
shewthe most fluctuat edaciuem®ed wja wher ags cual
grayscale disttirakudli wmi modm nfoami | exhibits m

190 to 240.
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Fi guRe Gv.ayscal e dihsaorriizbounttiaoln aanl do nvge rtthiec al

mi €sg c

ope i mage of el ectursdaspu n ame tdddr ameesshi a

200 mesh metal mesh and (c) nonstick al

var i atgiroanysefal ¢ hei stri bution of t he r
rmitypomditrhgeg elogatersospun membrane. Th
s indicates the thiakfeewfwibke rmrargeaes |l a
cal es [ otghitel y & h(@a )A.a nasrdely)icom@Bhespond to
r areas of the i gulesac)hd .paen di nfabg)e, swhhoew e

ccumul ated foll owi Rgnahtelyg astt@®@mamarod dd

t hgeayscale distributi oaand s8.c9 | fcarl atteae misc r3

obt ai

ned wesh met al me s h, 200 mesh met al n
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respectivel y. The results indicate that th

by using nonstick aleumi num foil as coll ect

A. Summar y

Three different collector covers, namely 5
nonstick aluminum foil, are used in this aj
of t hrei cfagaled el ectrospuwmvmembraare.c o@anolnd o/t
el ectrospinning process to facilitate the i
the results of this apmpexn@sscaslhloewad unsaet ctohhee r
ununi form fiber ddpwrntrméombi ame 0,f &d eevirdenc
grayscale distributions of the correspondi
of nonstick aluminum foil not ondynfgatiolt he
uni form fibertdeséeredbutoopuosmambandedeasat
grayscabeé¢ al & ed)i fcrr mm ctodpeempianraegde t o t he ot her

39.3 and 23. 4
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Appendix B

Fabrication of electrospun nanofibers with intrafiber porosity

B.1 I ntroducti on

Fabrication of Ffd rooefri bpeorrso uvei tsht riurctt mar teh drs

i ncrtelmeseover all surface area OAfs tdhes callsesetdr
Section 6. 2, el ectrospun membrane with suc
redeoxti ve separator with 1 mproved PPy | oadi

Feasi bl e npert ehpeadreec t Mo s pun n a pofriobuesr ss twiutch
i ncludsaoalgveaewon i nducel, pthhaiesnethasteepda rpahtddpen s e p a
and tsieMecr emoval of. aTeasaohowkeinti alndplcasle pha:
met hod is to sptiaear mamy flsuybticingsa .pu@li ymera, sol v
nonso.l vElmeé ) proportion of the ternary syste
travelling of fibers in the air due to the
nonsol ventt.phAs ea se@gawlatsi dm the ejected fi

formati on of Tloeg otultsersmalucitnudlesed phase sep:

t he rapi d cooling of t he i ncompl etely so
electrospymerngobupgbby wothtile solvent. T
the solvent causes the cooli phhacke vsepalidi
creatfei bt rpores. The method of seledtive 1

by i mpl eonsetheabhgqmepts toGehecalbygpunhhéi peeparl
fibers contains | east at two different pol
be removetdr dyt me feo.sgp.d os edEIvVV vyt | nhtecaaty et r e a't

i nfider pores on the fibers.

Two di ffer entsonmevtehnotd si nodfu creadn phase separat
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of sacrificial phase are adopted in this aj
el ecpgum nanofi-bebspwrbohbhsiestracture. The pr.

are characterized using SEM to analyze the

B.2 Experiment

B.2.1 Materials

Polyacryl onipgtlr®® 6Po( BRAN,nyMpyr rwlli0d @& ) ( P \WR,]
dmet hyl for mami de. § ®MFar e@rugdnitgynre® sheldd rfi ch, Ca

chemicals are used as received without any
B.2.2 Fabrication of electrospun membrane

The fabrication of electrospun nanofibers
met haeaédrirs ed out as foll ows. PAN and PVP po
prepare electrospinning ebl 8t wbn %waitTihoe oowfe r
PAN: PVP in the prepared solution ranges fr
operated under 12.5 kV with thedisotaatn ¢lern f |
cmlhen, the obtained el ectrogpudn wadmbr dme 2
at room temperdryieg tUodkeowvaguhbovenfotat 8 0
least 12 hours (Vacuumow@®1, LeDAB, Canada).

The fabrication process okokVeotrosnpuweed
separ at iiosn arse tHfAadIdlioswsd.i ssol ved i n water/ DMF
ternary el dattricosmpiwndrtihn g hsEoMWANE tge9td 6 artBi 60 o f |
The electrospinning process i s operated un

ml /nhd acol | ect or distance at 17 c¢cm to produc
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B. 3 Results and discussi on

FiguiLeh®dws the SEMel enatgress poun tfhiebBeld € cpr epas
removal of sacr iAlitchioaulg hp hbaesaed erde tfhiobde.r s ar €
prepared sampleg, i sowdh af ndtedlr ouds.u nThhaat hfiisb em
become rougher with tHe odne @r. ela gion gl : RPA Na:sP VsPh
i mages with | ariggeuxbeagBllptwvepgxatj onhé number of
al so iwicreatslets decreasing PAN: PVP ratio. I r
i's not uniformly distribution along d,he fik

whereas the other regions still exhibit smi
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Figufie SBEM i mages of el ect r ossepl uenc tmevneb rraenmeo v
sacrificial phase method. (a) (b)) PAN: PV

PAN: PVP=1: 2.

The rough fiber surface i s obalaimaeldy deure R\
from the PAN/PVP composi t ec oemrpeocstirtoes pfuinb efrisb
results in the dbossblei pghgmeeb®¥Ratdent s o
sur fwha dhet,efasiol ubl e PABNIi pophy mersttheacftiub e . Hc
the PAN and PVP pol ymer si mrteh en optr enpoanroegde nsepoi u

whiacduses the ununiform roughness across f &g
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