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Yan  LiFePO, Judandwsuldvihinlvihualnalunumnesyindifieulossy 9l

=

anuazlaniu fe TdunuingAuiign liluiiy danumumugs anunsamuauaamgilig
firuvaendy  uarlianuansalunisiiundsnulniilaas Tunsddell laduasieian
LiFePO, #7835 solid state reaction 35 hydrothermal a5 electrospinning Tiladanndl
WA wazgUTadeiy wasfnulaseasiendn lassaiania uazaudiniuadlniives
Fanll nan1sfinwinudn nsdunseiengds solid state reaction vinliilel LiFePO, iausans
IReUAIAENIUIEAULILLIAT LavgUseAeudanal N1sdaAsIzviaieds hydrothermal
° [ a s 1w I e X I3 = | Y
VLA LiFePO, wauansiguiu wilvuineuniailady wasiluguviaey uwis uaziouna
nanu Fuiueulnasimnyslunsdiunset @unsaunseimeis electrospinning azle
dulenfivwaduiugudnaiadniign 517 200 wiluwes wasdu LiFePO, wausansidu
= = . = o o A & adal [ & 1 [y
HANLAYT (single crystals) lnellatianesenainyia 3 35 iusenaulutalnih wuin Jan
NFUATIERID solid state reaction HAMUANNTAIUMIANAUNSINUNONTINTEUEATSY (rate
capability) gean Tanw3eusieds hydrothermal mudienswwaalel & rate capability
fandn  JapdulefwSeudeds  electrospinning  ntler  wavTanfiwseuagds
hydrothermal Tngldlauaaley & rate capability ﬁﬂﬁ?jﬂ

Avan: wunmasvliaaiisalasauy, Y, walne, Toddu, Jaguily
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Abstract

LiFePO, material is a cathode electrode material for lithium ion batteries. The
prominent characteristics of this material include cheap, safe, and non toxic raw
material, highly durable, and ability to store high electrical energy. In this work,
LiFePO, is synthesized by solid state reaction, hydrothermal, and electrospinning
techniques to obtain materials with different shape and size. Crystal structure,
microstructure, and electrochemical properties of this material are investigated. It is
found that the solid state reaction gives pure phase LiFePO, particle having smallest
size in the nanometer range and quite round. The hydrothermal method can
produce phase purity LiFePO, as well. However, the particle size is larger than the
materials synthesized by the solid state reaction method. The shape is also different,
having a mixture of plate-liked, rod, and rounded shapes depending on the synthesis
conditions. The electrospinning method is used to produce fibers of LiFePO,/C
composite. Fibers with diameter of approximately 200 nm and length of as large as a
few micron, is found to be pure phase LiFePO,4 single crystals. Electrochemical
performance such as specific capacity and rate capability is investigated by the
galvanostatic charge-discharge technique. The particles synthesized by solid state
reaction show the highest performance in term of rate capability due to its
nanometer size and round shape. While the particles synthesized by the
hydrothermal method followed by calcinations give better rate capability than the
fibers synthesized by the electrospinning method. The lowest rate capability material

is the one synthesized by the hydrothermal method without calcinations process.

Keywords : Li-ion Batteries, Cathode, Olivines, Phase transformation
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1.1 ayudAgyLaznu1vaslymn

anugeanslunsldndenulniwedantdaiviy  luvasfundondsnu a0
woaGaoghahiy wazdwiu fianldudnnszudliinluilagiumdssesnsoas wavazvan
Tl neustuarusosnislunisldnduuanunasiiazein way dwansznusetlym
danndeutes Uamlanfow) vhliinideilandddiiany aulafiagmuasinuiumes
Wasulnge U WauvauY lasaniy W ndauaIing ndues uay
wanuanufouldfinn  WeonTldvaunuunas ndwnunnrleadafiddaznualy  dmsu
Usewalveilonaimundsnumauwny  Usinasnnanvineinsnielulsema diethuld
Ustlowtd agsduAuardsiy esniidiesgivssmafivmngauisanunsoldusslonian
uwasdanuiidog ausssuvnidescliiifunundu Il ndinuuaeiind waui
WASWANIU  91NaY LLGiﬂﬁy,mwﬁqﬁﬁ'lﬁ'iyfuaqwﬁwmmmméwmLmumé'}ﬁ A lYNE N
T 1eliasinase  wasilinaennan  (hifuasuaalunainaisiu  uaznseuaauialyl
atanoszvieiy iy wuaweddadunidutadeidfyfigruesnsiamn  nsld
wdrlifhanudmd e Sedeldinmsiawunimeiazannsa Wuledudy
Tunanguumsiannegudsduressamalngld  wilutlagty  meimunlududnani
guassAwazammmeeann wu msldifuamuiigdu nasuiu swdsssmelneds
ynesrnnudamaluladuuninelyaiiil Ussavsamgs Wy wummeddidioslessu My
floeusuethenirevaninineedl deamidnsumslivselovdlunusmd sufaduunds
WasudmsUEIuEUs i lueuinndnaig

nsdendnwuaziannfandwiulivindlaifihveuunneitifiodlossy  (Hagiud
gULLUUﬁﬁﬁ@ 3 sUMUU A LiCoO, LiFePO, war LiMn,O,) msidenynian e il
AnENTRNANI Lay/vide 'i'lmgﬂﬂdﬁ’a@gﬁi%agjlﬁm Ingnssaiondslnde FadinaudAtunn
Uszmalneindanegianuiidomgmanaluladuumnes i shlsusznoumsuise
Qmammaﬂuﬂizmﬁlmﬁ”’qﬁwémLLassswmﬁmms wusmedhifmnudediuiayasmuns
simumeluladuunineslmififiussansamgs dwaldmsiamudifedomann Wy ms
Wawsatueden feondanulndn (saudls Hybrid, Plugin Hybrid, waz Al-Electric
Vehicles) wagzssuuinunassIu wyuleu (Stationary Battery) lagianiznaanuaunay
wasfindldWaumindsy AunsiaulunsUszme

@13 LIMPO, (M 19 Fe, Mn, Co, Ni) viSeansusznavdifiedlanensuddulediu Hu
asifienddnpiuegneds wagidudumsiiiinifometagmansuaglniuedl e
aulafunnigaansvil uagmndrarstiazgninunlfunuans Licoo, Mdu Yaq cathode 7
grldanndigalu Liion batteries Tuthgtu Tulidh Tnsamzlusud Feamsuunne3nd
araaendeg Wy lugnamnssusosusiituedeudne wdsenlaih uslddanssindas
Lifideseaas luthwsng thiselddesaula ansildes mszansidauaansalunisih
TWilsh  (low electronic conductivity) waz nIswAeuUfives Liion TuvaziAnnis
Wasuwlaamaan LiFePO, {u FePO, Afntudnann ﬁﬂﬁmsﬁgﬂﬁadﬂﬁmmzﬁumﬂs’t{
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muﬁﬁaﬂmiﬁwé’ﬁlmm (high power or rate capability) egslusasus aglsinu Wnide
fanmaniuarlniiual  dwenenuitymi  wu  dnslavansidheleseuessiniid
valence 910 +2 99 +5 fAw Mg2+, AL3+, Zr4+, Nb5+ (supervalent cations doping) uag 19738
carbon coating UU AI78IDUNIANS ilenTaagiiiuaanhlilin (onic and electronic
conductivity) 8¢ asisinsduamztansiaiivumdnlussiuuluans  (particle  size
minimization) wie¥aan diffusion leneth Tunswedaudives Li-ion vauziUasumla auviily
a3l annsoldlunuiidesnisidsingendlusedunds sunseitanirlugns commercialize
wunmeTvhnYanoumaulutes LMPO, 4 Tud 2002 Tneudsm A123 Systems, Inc.
Useimmanigendni  wazdnvaneuivinlansnuan  ognslsfn  funvSegaduidelunns

av v

WasunUasguaudilulunenfauil Aduduiianbesiu wnlundidnddesuiunnes uaz

Y

¥ a ¥
p1vvgldandnuulunsmdeagd

Tumsandumslaseinist @Rdedmisnasililiuuimslunisdaunsiesd asiise

Wi FeonasinuantBmaliiedifunemaluladifoguéduy  Ysemdlng @
uvninerdeveuniy) wisasAnwideulumasdsuianlildunn  sumadnlusziuunly
RS LLazﬁﬁgﬂiwaymﬂmm (&ule nsanan wie plate-like) aufidasnis iiearld@nu
fawanszvuvesakarsUeseynafiine  audAnsliiiell  ldteyadviwaves
synthesis conditions sisausAnslassaine uarlvliuaivestanindnlagissneg dedoya
wianifannsoiluguuamenisfine vidensiauguasiRvesTandlnftedy deyamdrd
faannsiluguumens Anwvomsiaumiasialg nieuiamds optimize Yaqifld
ogflutlaguulddie  Fueiivsrloviegnedilunnisfagmaniuaznsidouummed v
delisena  Inganansoiwunfandmiululdlunsndnidgramnssalulssma  uag
a1u150 wistuiusnssemelaluaunan

[} -3
1.2 wngussasn
d‘ a % [y} 6 1 1 v wa = d‘
\eeSureANNENTLS TN e §U31e Taseadie audivdliihied vusUdey
wadsazidulslevdlunisesurenalnnisilasumavsasldauvesasd  wazarsiiaidu
i lunuameIsinauaniilassasransadanuls

N ama
1.3 9YLU8UISIY
Tulpsansiazyinnsise 2 U Tnoudsmsidvesndu 7 dau ldud
NdAATIENIARNS LiFePO, MmeT5 solid-state reaction
mié’«mwﬁi’aam LiFePO, #8738 hydrothermal synthesis
nsdanTeniandulouilu ves LiFePO, /a1susu meTs electrospinning

1

2

3

4. msfnudnuvazyeneniwiay malassaiavesianiniels

5. ms@nwantanlniiedl vaadague uay duleves LiFePO, /m15uau

6. N3ANWIDNTNATDNSHARFBIATIES1akazaNTAn1glnAATl

7. MTIATIENTRYANITVAGY WazeSuleAdNTuETEINe Taseashe TnsHan

waz Auanvuseliiliel vee¥an LiIMPO,
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1.4 HAUANUNIUITAITIVINITIZAUUIUIGA
Ui 1 Comparative Study of Lithium Transport Kinetics in Olivine Cathodes
for Li-ion Batteries
Fosansninfiu ; Chemistry of Materials (Impact Factor 2010= 6.397)
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unil 2 ngufiiieavas

Tusreauunilazgnantaguliugruneddiulfiseluilied, wunmesuaziunine3

yindvenlesoy  wannmsiew  Jagildlununmedietl  wasmaliaiugiunldlunis
TarwilassaiuaznagevandineliiiaiivesTannldvingalnih

et =
2.1 Ujnselniladl
Ufnzentnad Weadestuufiseneadnfetuannsidianaseuainasnds
anunsagnanglewludsansuiisld  Teeflefinsaneloudidnaseunasiiaandsulih
i [ a aaa N LY < [J Y a aaa av v
augluiunsiinudisenadiou Tumanduiuy usamndiihfanunsailiinufisenadile
Tneufisenifinisansloudianaseutl Buninufjisen3nend (Redox reaction) niaUfiizen
2NTATU-3ANTU (Oxidation-Reduction Reaction)
aaa a o . . . = aaa A a o ad
Unseeengiatu  (Oxidation Reaction) ABUNATEIMNANITIAYDLANATOULAE
UfA38"30nTu (Reduction Reaction) AeUfjisenfifinssudianaseu lnsujiizent aziintiy
wiouiu wantlnihinneiu fregrvesufizesnondednsing uansluaiwi 2.1

a Y ! a aaa L=} s ! v = (%
AN 2.1 LLE‘WNW}E]EJ’]\‘1ﬂ'ﬁLﬂG]‘UQﬂiﬁqiﬂaﬂ‘ﬁigﬁﬁﬂﬂiaﬁgﬂﬂﬂgﬂ (Zn) AUANTALANYNDILAY

& < | A o D W a | PRy 2+
il A Weihuiudainsdunguluaisazatenens Milleosuvemawad (Cu”)
nsreiiey  Afiinduriuiilleusudinsddudaiuansazaieneiuns  Ae  nnsangleu

ddneseusenineiu  legdidnaseuasgnaielenaindingdludasavatoneuns vl

'
o |

Y a a & Y = 2+, = & aaa a DN =
dansdAdoululessuvedingd (zn”) Fuluufisureendindu dwmalviinnisynsowiug

£ (%
aaa = v

weiudengd Unsent anunsaleuduaunis Half reaction lagil

Zn(s) —»Zn2+(aq) +2€ s aun1si 1
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al 1Y 24, dou a o a
Tuveugiheiy laaausuawaﬂl,tm (Cu) ‘Vli‘U’eJLfﬁﬂGﬁ@‘l&ll’]‘mﬂﬁx‘iﬂ%ﬁﬂzﬂﬁ’]EJL@UI&M%VI@QLLWQ

o v =

Cu FATUURATEIANTY wazVOIAMRENNMBUULHUAINEE AnIndl 2.1 duan Taeis

a1 Half-reaction lansil

2+(

Cu aq) + Ze_ —»Cu (S) .................. ?mﬂ'ﬁﬁ 2

v
=< N aaa

UfAzensminty fie UR3e13nend aunsolanidaunisi 3

Zn(s) + Cu™ (ag) ——> Zn""(ag) + CU(S) oo aunsi 3

v
[ LYY

@ 1 a Ya @ £ = a U a £ aaa
15198LAUT Zn WelBlannsoundn asilaveanBaduiinauain 0 Wu +2 dedu ‘Ugﬂﬁ%ﬂ

a a =

a o = & aaa A a P4 a o a A
a@ﬂsﬁlﬂsﬁuf\]ﬂLUUUQﬂiEJ’]VINﬂ']iLWNGUUGU@QLasﬂﬂaﬂ"mﬂsﬁu L3gn ﬂ’]iVl?ﬂﬁULﬂEl@Laﬂ@iaULLagllLasU

o

A o a X | o da ¢ . a 24 A o a Y o
sonBATUALTY (Zn) 91 #3009 (reducing agent) Tuvauzdl Cu™ Weasudidnnsounaiiiiay
ponTnduanasain +2 Wy 0 Yjisedantu Jadulfiterninisanasvesavesndindy

= Ay a & )~ a o 24, 1w a ¢ .
Sn @sfsudianaseunaziiavesndnduanas (Cu~ ) 11 Mvendlad (oxidizing agent)

2.2 WUAADS (Battery)

wuAme3 (Battery) A gunsalildiniAundsan Taeldufigelndiuedl Ssannsa
WasuufiseneifiAntumeluanildvhdalaitldundsonlaitld 111 awnsous
poniu 2 Useunnlugq e

2.2.1 mema'%ﬂg:ugﬁ (Primary battery) Wunumaesiidlonunisldudaldanunsa
thndusnvisauseyiitenduanldlnmils vdedsnientudn “dw” fegnatoviia 1wy duda
arlatl s wummetuuuiiivarsvwin 19luing wifing Wundanuldge engnisldaugs
uidlognltvunaznaneifuvesidunaiiv [1]

2.2.2 LLU&IL@@%%@@&J@ (Secondary battery) {ununme3fianunsodingualdlng
1¢Tavsiiun1sdauszqlug (Rechargeable) Fsazanunsautsusngoslédnmuandinand
Lsziuﬂa:umﬁb?—ﬂim(l_ead—acid battery),nau Nickel-metal hydride battery, Lithium-ion
battery, Nickel-cadmium battery Hudy

dewSsuiisuanuansalunsfuinmdsnuveaiunnediingeg ag primary
battery %ﬁmmamﬁalumiﬁﬂLﬁuwé’qmuﬁqaﬂdﬁ secondary battery fanandlunind
2.2 fawdl primary battery agin1siufinwassugand wiAdUgmiinisidnlassadian

lasdvedlangdiiiendoiliianistonvesnszualursasuaziinudununigluigeiu
5e1I19N58AUsEY(Charge process) Aauanslunwi 2.3
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AT 2.2 MNLERIANENLNSaluMSANIAUNS I UTBsLUARESYdAprimary Lag
secondary batteries [2]

AN 2.3 nuansmsununglusEuy primary battery AdwusldiiaERudianan
iuly [2]

Secondary battery anunsautsuendeslidnaulassairanaadvestaniitunldvidn
WAl Fansalassadranaaiifiunnetudmaldauaunsalunsinfundsny, Ay
Fununeluszuy, 5aUNITIINY, msﬂwqq%’ﬂmLLassmei%LLmﬂmaﬁ’uﬁw 1AUULUALADS
yilndifiesleoou faufazsinnuannsalumsinfundanuiigs fsounsldauionnuu Tl
Fosiinistngesnen uifdauiuniunieluiigiazsaiiganiileifisuiu secondary
battery ¥lindue fauandluaseil 2.1
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A1 2.1 MINLERINSIUSBULEUaLURYed secondary battery 4iingige
AnlUasaIn [3]

NiCd NiMH Lead-acid Li-ion
1.Gravimetric energy 45-80 60-120 30-50 110-160
density (Wh/kg)
2.Internal 100-200 200-300 <100 150-250
Resistance (mQ))
3.Cycle life 1,500 300-500 200-300 500-1,000
(80%va9initial
capacity)
4.Fastcharge 1 2-4 8-16 2-4
time(h)
5.0vercharge Uunang B g AT
Tolerance
6.Cell voltage(V) 1.25 1.25 2 about 3.6
7.0perating -40 £ 60 -20 14 60 -20 14 60 -20 19 60
Temperature (°c)
8.Maintenance 30-60 60-90 90-180 laidl
requirement(iu)
9. 52A1(UN) 1,500(7.2V) 1,800(7.2V) 750(6V) 3,000(7.2V)
10.cost per cycle 1.2 3.6 3 4.2
(u )

2.3 wuanasviaaiiieuloaay (Li-ion battery)

2.3.1 anwaeniluvasnunmasvinaieylasau

' 1% ]
aa o £ =

Ay (Lithium metal) ulaveihwinuiiigaluussnlansuazddndlniad
ﬁg&u’mﬁ&ﬁ Specific Capacity g48i4 3,800 Ah/kg.

Aifienlessununiet  Lugunsaiiannsafiundinueiivasiudsundanuanund
T dundaulninlagannsodimdsenlinluldselonlunsesmouenld  Fandsanu
Intfhagldannufise3nondiintues (Spontaneous reaction) melukuninedansiflilu
nsinUfiseninendazliifnufizeniulaans Lwi%gﬂLLaﬂaaﬂLﬁuﬂéﬁﬂﬁﬁ%ﬂ Ch)
Uffseondedu  wegddnduiitiueluauazualnelusumney  fweeriiliAnnszua
ddnmseulwasengrnsnieuen wazianisumdsnuliihluldusslossneg b

Tud 1973 Titanium Sulfide (Tis,) I¥gnldidudaualnauaslflansdudauelualae

Whittingham  [4] 1aelassasWTiS, A Specific  capacity WU 225mAh/g 58119
nszuuN1sdnUsyqaiisuleoasuazunsniilulasiasnseninetuves TiS, Awuanslunini
2.4
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i 2.4 uandlpseadadudnuazdu (Layered) vea TiS, Inglmndleuvzeglutosonn
= @ s o A A a A 44' =
nszneavesdales diuleosudindesfie Afleulossuansamieuilesnan

Tasaasale 2 Aemng

lusgninel 1980s  dMsIdeuazAunudl  581IeNTEUINNTORnUsERUAANTS
a X A a a & ~ P gy = & a )

WasukUastunlarsaiisu@iwalun) Insaisuaziidnwazidunulass wasiinnisvengs
Jusess  auasavzaiuidiunulukuaees  wasviliAanistosveanszuaveadlany
Aenulus  FahliiAneusou uwasilleaudouliingunniu  azdawaviililang
a a = o e . . " X ¢ a =
Aileuvasuvan FusunUsingnisalildn “Venting with flame” Fuluwaduusnwes Jadu

A o § va o w s & 9.1 a va o .
awndvilitinsiianUssiavansveunndutaueluauny  wazidenlddiioulessu (Li-
ion) faugiinaedl Energy density Mipeninlavedfieuudninnulasnseinnnin

Tl 1991 Sony Corporation tunguusniidn Li-ion battery sndmglui®
WMV Felutagduilmalulaglatinmilundeudunmsimussuuiunneislingiiey
lospunaziunmeIvlindus 1w Li-S battery uay Li/air Battery udu lnefaniununld
2 o A a aa o a P ' a a
Jutlihlusunnesvliadiieulessululagiuivanvaievin  Jausasviinasiiiiniug
I e capacity VILLGmGl’NﬂuIImma@wu capacity hay voltage @49zil energy density
= 1 (% = 1 . a = [ [
MIBAVUNUIMUUNG UGS [5] FaAn energy density # wansdiemuaiunsalumsiniiy
NAUYDITE0)

TutagtulinsimuiuazAumiagnazinuvinvaluiily Battery lnafilladelunis
0 = = = [8] o ¥ . dl
Alae Ae  specific energy, ¥8ziaIN1Tldeu (Cycle life), Usetnnvaamsaeldlnii
(Load), enuUasasie(Safety), MsU15esn®1  (maintenance), Hans¥NURodEINADY
(Environment friendly), 511 (Cost), 15149 (Disposalivefaztinunmssenluidandve
wu waluladlaseglnigansey (Smart-grid technology), saeudldlvd (EV car) Ju
fu Feazdodliuunmesiunsiniundsnunivsedniamgaieansuiauazinmin  ieli
W2 AUNS I Ul UUS AT ANUNI AR Wy
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2.3.2 Yofuazdasrfinvasuunnaiviindiivdlosau

wumnosviindiienlessudildtusgraunsnangluilagiuld Licoo, \Hufaniildi
latiualna osanld voltagefigslnsldnuaglugadhiad 25 fea2 v 1Hllutag
Qmm:ﬁﬁn’?m, fsounisldauiisniuiu Tnen1sfitsiagueninuunmesiivieldduay
WA198U191N energy density 11AN31 Capacity oty voltage Fadudsiiiarsandudeiu
AU Iﬂﬂfﬁ@]ﬁiﬁﬁﬁ%’mﬂi%ﬂﬁiﬁ voltagegeazlyi energy density ﬁqﬁﬁa&%uﬁu‘lmmwmma‘%
fldnutuogmluidismsldnuiimnzauduansduansei 2.2

M19197 2.2 uansraspaaudinuunzanlunisldnuveswunnasyiindiieulessu (6]

Characteristic Performance range
1.0perational cell voltage 4.2 83 2.5V
2.Specific energy 10094 158 Wh/kg
3.Energy density 24583 430 Wh/L
4.Rate capability Un@ : 1C, High rate : 25C
5.Cycle life 111 5 Y
6.Memory effect aid]
7.Power density 2,000 813 3,000 W/L
8.Specific power 700 819 1,300 W/kg

WalSeugunuwuaLneITLnaUY wummeSvinaWisuleauilivatnuLas i
lawasy fail Ao

1) firnununuiureandsIugs (Hish energy density) aieulossununine’ feoidu
WUALMBINTIANNAILNTTUNSHAUNE U AL NI Us e YR DY NIl IUsUeS
(Volumetric energy density) Lazlfisuaa (Gravimetric energy density) lagAIWi 2.5 LA

[ @ [ = 1 =1 (v & & al v [ ¢ @

ANaansalunsininunasey dwhedu na-galussenlansy (Wh/kg) uwazind-talus
ARans (Wh/L) voduunmoiviingnee As sianzAa-nin (Lead-acid) wilatinifauanLile
(Ni-Cd), vfiatinifauvialalass (NIMH) wazvinaaiouleasu (Li-ion) 15198tiiudn wiswieu
AUnumPeSTanen-nsa  F9in1siveueganinewne  AlsulessunuamaTanunsaLiu
nasulauINNIMaIen [7]

2) fanasedndaandnuunneiyisniiviingu Useann 2-3 wh vlvddieulessu

a g LY} < [ aa < g LY a o
wuswesiudAundsulihnivunadn  wasdmdniu gz luussenaldly
gunsalnnmienee Wy nsdwdidlefie gunsaldidnuselindyalua w3egunsalvnanisunme

A PRIy a

LARDUN AILEAIIUAINT 2.6

3) fengnsldnuiienuiy Adeulessuwunne’ Dukunmeinifengnsldanui
g1 Inganunsasntwlndlauinnin 1,200 sau

4) Uaaniusadaninasuunnninbunneseindu tHesanaieuloaauwunmes kil
Msilanerin WU Agn? warwAnley NNeliinlaNumneawInaoy Dawillanediieuay
ansavihufisenduin wazemeswiaduuialelasau Jsonrnelnfndunsials us
a a a1y a o I3 | = I a &
aisuleosulunnes ilavediisududiuusznou JsldiAndgnil
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0 50 100 150 200
Energy density (Whikg)

Al 2.5 Anuansalumsinfundenuinihedu Sad-dluseflansy (Wh/kgway
Sod-tluasiadng (Wh/L) uusaessieadifieulossuflauanunsalunisiiu
wasnuldunnniuunmessiaduis Tudasunsiolumetric energy density)
LaL¥9UIa (gravimetric energy density) [7]

AT 2.6 wanalSeufisuanuaadngvesLuaneITlng1eg agiuinseninsdifieulesou
LURLREIEANUNANANgaInI UL Yin B (8]

! @ =2 Y1 v A a a a o L4
ag19lsAd faudidnludagdununmesvilndifioulessugniunldlugunsal
didnnseindliinasdu Insdwindeui aeufiumesnan esaniianuauisatunisin
< Y 4 o quw = « < e | a3
undsnuigeiiiinsagldlugunsainnniilosainliddesuseglivssuaziuuimnm
azaan witoidevanunmneiviindifieylosouifiwuieiu wu Gilsiaigs lawnsald
= a 4 o Y & vt =
Nungaumgigunnvisesiannle lWuau Jaansdunisien 2.2
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a Y a Y o o a a Ql'
M1919N 2.2 G]’]TNLLﬁﬂﬂsﬂaﬂLLagﬂJaﬁ]qﬂﬂmaﬁﬁW]EJ@JIE]@E]ULL‘UG]LW@? (6]

U9f U311
v ligeathgesnw B AGISGRIVIRRGE
v fiseumsldauenunu X Fewadosnwiloldiigumnias
v { self-discharee rate # X Fosnisszuuiidesiuiiaadu
2995w
v" §l energy density G % Uszavdnmanauile overcharge

v power discharge capability g4
v fiarusransainlunisundnias

Y

(Coulombic efficiency*)

**%éfaﬂﬁ’qﬂﬂiﬂjﬁﬂaﬁﬁumiﬁﬂ Over-discharge ,over charge Wa¥ over temperature agj
TulunmaIe

233 daulsznauvasunmesyiadfieylooau

drulszneundnvasuunmesyindifisulessy Useneudeduiidify 4 dw fe
Sl weumdlunusmes, Budnnslad wagssunseua G?fa%gmlszﬂauLﬁu%uﬂﬁaLLaﬂaiu
awdl 2.7 dhuauuiy uazussydlilufoununne’ Taemnfiansands udazdruly
waziBun avausauandld fs and 2.8

AsUNITLLA

FILANA

/ weuNuluLUALRBS+

/ a .

daninshas

'vs Uualun
ASUNITELLE

AN 2.7 AwaEnsaIuUsEnaUTRIkUsmasTlindiiuu ey [7]

a a | Ao w A a aa o &
ATNN 2.8 if]ﬁﬁgL@SﬂsﬂaﬂaQUUigﬂ@U‘ﬂﬁqﬂiysﬂaqLLUWLW@?%U@&LWSNI@@@U?]@ SU'JDLW‘WW
(anode wag cathode), waunuluwunmes (separator), Biantnslan (electrolyte)
LAYFISUNTELE current collector)
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dauit 1 93l Useneumie Taualng (Cathode) wastanalun ngdagitunly

Jutilwihlunumeesviindiieulessulutagiuiiivainvaneyin Jausdazeianliaimiy
. PN ! U (% A . = . [
ﬁ;‘ﬂ’l (Capacity) ﬂ/lLLmﬂmﬁﬂuImmaQwu Capacity ag Voltage gaazal Energy density g9 013

LAAILUAINT 2.9

AWA 2.9 nmkans capacity vesTanfiiiunldvindaluilluwunnedld [a]

agalsnA aamwuamﬂmﬂummiwm (cathode) luilaquin dlvguansuszneu
oonlelassadiaragiu duandy amil 2,10 wWu wuudy wualiua uasuuuledtu

faqusamiawes Wy LINO, Idsuarwaulaiulddutandusuidauaing
idesnnifufismgn wazreudnadufiwiesninfan Licoo, sadddnrmmuiniundsny
aunir¥ag LiCoO, witan LINIO, asifnnsgayduoandiauiitasmiusinsdndgs vilsitures
Tassaadanmademeuasindoyiuanuvasady emniaujiseiameninufoutu
asaraeBidnnslad Sanilddmsurhiaunlnaludifiedlossununneinidosas 90 Ae
Fan LiCo0, dwyltlugunsaididnnsednduvunnm failaveadazilusigiivinaien
1P1g¢ waglivaeade udlfuffianuatesneanuseuninndt LINIO, wazdudilviniy
nsdungaunnaIanUssianatiua wazlediu

dwiutanUszianatiua Wy LiMnyO, %Qﬂﬁﬂui’a@ﬁw%’uﬁ’lsﬁz’;LLﬂI‘mm Tu
wuameIdessANUasafoguarlitagluliinamn Wy uwuameIdmiusaousd
waalwih  wazuunmeidmsuiundsnuliin  anuvdmdanunguiou sz ian
Ussuanilardinrunasadfogini LiCoo, (Hesmnldumsniadusigudnunulavead) v
faflenfignniwesdufinsroduandeudns  udegslsiom  Januandfdidymides
Tassasiidudounas iiafonideilUldnuiigumaiigaiunit 50 esmideadea

JanUszinnlediu LiFePO, doiluanfiddslisummaulamniian Tugnavnssy
wuame’ selisiagn esnmdndusimivndis fvsinaenn wagsegnninlauead

[

Aout1ann uazfidfydudufinsseduandon Tanuadesunniigamgias Janungdmiu



wusies Nidlugunsaindanuvaendege wu sosudndsnuluih Janiluianidided
o &

avaula wazidennazyinnsAneluaudsed

AWd 2.10 Iﬂiaa%ﬁﬂazmamaai’aaﬁm%’uﬁﬁy’aLLﬂIwm Usenausiy 3 Uszianlugje) (n)
Usstavialeas (Layered structure: LIMO,) 13U LiCoO,, LiNIO,, LiCoys
Ni1/sMny,50, (@) Usetanatiua (Spinel structure: LiM,Oq) 19U LiMN,O, ay
(m) Usstnnladlu(Olivine structure: LIMPO,) 141 LIMNPO,, LiFePO, [7]

dwsudauslun (anode) feuldansusznoumfueu Faduldndausnludonded
Weunulavedifendenguusdnlatifunguusniminnldlussninenssuiunsdalsea
(Charge process) avtealosaussndoufianndaualna (Cathode) UUNINAIDYTENIN
Tassadrswastuvounilng (Graphite) Feaiieulesaunissazsufufiuasuey 6 fuin
Juansuszneu LG, lneansusenau LiCe Imnudasadeganiinislilavedivienlunisvin
il Tnenss

ddl 2 uudulususieed (separator) Hudnditesiulilitualnadudaty
Fuolunauinmssmssvenseed  Insaudivnvowuiiluwumneiised 2
wdausags finnuasgy livad vunavesgngumsiivuiadnndt 1 luaseu,lifndunsisen
ﬁ’uiwdwﬁLé‘ﬂiwﬂaﬁﬁui’aqmi’fﬁﬁgﬂw% 8nAI9EN WU polypropylene (PP) tdudu

druil 3 Binlnslad (electrolyte) iuansazanefitindevesdifioamaney udnii
voulilosaulanuualiseslididnaseulnanindadudiiloseininumdusinh
Sidnmsednfiug  auUAdmvazas(Solvent)  waminde(alt)  fmnzauthluliu
Siannslad fe svhavanefitauURuunsfiesi Ul dusvhazanedia [8,9] axdosiiArmsd]
lpBidnw3ngs (High dielectric constant), flaunias (low viscosity), ﬁqwaaummﬁﬁ’]

(low melting point), ﬁﬂqmﬁamﬁqq(high boiling point) nauTATing1n  Tnsfidy
mfvolun (PO) nzaufiganaziluly Fsanansedl 2.4 uandlsiiiudn Insfiduansueiun
Taaiengeianuaziigamaouivadiivniign uaslimasiiladidnvEniigeineg dwsuandives
ndefmunzavihlulifudidninslad 8,91 fe ﬁﬂ'wmsﬁﬂw%ﬁqq(mgh conductivity),
Oxidative/reductive stabilitygd wag Thermal stabilitygs Fanmsnedi 2.5 wandlidiudn
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LiPF, lasuanufienlumsidenldidiesnn anuvasadeuavinmnisintnfinnasdeavate
aglulnsiauasvaiun (PC)

AN 2.4 LansauURvessvinaralsvingnge [8,9]

Salvent Struciure M.WIE TC Ty "C n/cP E Mpole
I5°C 1s°C Momeny'debye
— - — - = = ook I
B ) o 364 247 i3, B%. TR 4.61
~_————e = f_r:l-_f ---------------------- {f"ﬂ-..c"---------------l
' PC 4 102 8.8 242 143 4,92 481
| i H
L e e e e B |
By [ 14 %3 141 13 g1
¥BL P R6  -43.5 204 1.73 19 4.23
II—T;l (17} l Tt "5 dE nE i ™
T\' L I;_.-l}=n 1 ol | a Ml P al
MR A L1 15 2T 4.5 FE 4.51
| _\:-ﬂ
DMC ‘i‘ 90 4.6 a1 058 1007 0.76
~ {20°C}
TNEL j-:-| 11X T4 3" 12k 074 1 NS I Lhs
'\-G-' E u

AN 2.5 LansanUAvresasusenounansingnee(8,9]

Salt Structure M. Wt Trn/ °C Tdecomp-; !/ Al- o /mScm’l
°Cin corrosion (1.0M,25°C)
solution in PC in EC/DMC
LiBF4 'l’ —|‘ Lit 93.9 293 (d) > 100 N 3.4* 49°
7 fa ~F
F--==========-= F-- _; _____________________________________________________________ h]
LiPF e e 151.9 200 (d) ~ 80 N 5.8° 1074 |
~ - |
X F/"’\F (EC/DMC) \
| |
oo ] 3 .
F - . a [
LiAsFs F\LS/F—I Li 195.9 340 > 100 N 5.7 11.1
F/| ~F
F
LiCl04 ‘i’ T 106.4 236 >100 N 56° 844
_cl
o/ o
o

AUl 4 @r5unszua (current collector) usalangsivinntnnlisianasaulva
H1weangd1a9sneuen waziiansimdsnulninluly Invdlngjinagly Al foildmsuts
wAlNALAZCU foil @msutiwalun Wusu

23.4 VANMIIUYILUAMDIYInaLiewlosau
wusneivindiiieslessuinaulagendendnnismeliiieg Faudsoeniuass
nsvUILNT Aol
1. wugdaUsey (Charge process) [7]
nauliAisUssglidluyilnAsufsewadinielununmned Jeagilraien
losaulvasonanlassadwvesTandilivihdaualnatAnujisereendinduiitaualngkiu
Budninslad winfuwummeiuasidluaends (ntercalate) oglulassasravestaniildvin
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Twsluainufisendandundinelun) Tuvasiferdudianasouiaziadluaintanalng
g welualialvilinAiuaunavesUseq (charge balance) lngr1unasiniiiniguen
AILAIAAININA 2.10

Electrons

Anode separator Cathode
AN 2.10 NFTUIUNITBRIUILY (LNarge process) YBhUALADITUAGIELloaaY

gﬂmwﬁuf\nﬂ http://www.electronics.howstuffwork.com/

2. wagldiu(Discharge process) [7]

UFRsenadlununmedanunsafiniulfies (spontaneous reaction) laeAifiny
lovouiisdsfumeuiivszalnlilvasenainlassairsestagiflivhia) ualnawagluunsn
fegiitaueluntduayinaseniinlassaiisvestanilivhdauelun  uaznduidiluegly
Tnssadrsvosianiilivhiauelnanudy vilszuuiianmiafiosdnas ndoudulididnnsou
W1u99slaii (nefididnnseuazlnaniudiunszua)  uaglindsanulnifioenunilolnf
muﬁ%Lﬁwlaaaulwaﬂé’ulﬂﬁLﬁwmﬂﬁﬁ%mﬁaz??uqm(mwmﬁ?um) NINHBIN1517
wnweslUldlmisndesszqludnasiasindutulsodedluauniuummeiaznuneny
nsldau dauanslunnd 2.11

Electrons

Anode separator  Cathode

AW 2.11 N58UIUNIAEUTEY (Discharge process) Yadwunwasyiniliiedlossu
gﬂmwﬁumﬂ http://www.electronics.howstuffwork.com/
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aunisiaivesufisenlunsesuiunisenlseq(Charge  process)wagnszuiIun1Theau
(Discharge process) vasalnilh annsaesueld dauntsit 4-6 41 luszminenszuaunis
5@Uiz@ﬁ%’ﬂ‘1/\|ﬁ%l,ﬂi‘iflﬂ (positive) aziinUizeeendindu lngdifieuaziadouiisanain
TassadrstaualnandeutudidnasouiioliAnaunanmsyy Tnsanaunisazidiuid oy
Aueulessufingrosnuiannlassadisaziriuiuiudinnseuiingnesnuiseiduiy
fathy AidaueTumasinfAse sty (Fuendifleulessunazdidnasouandaualnein
Dulassadie LGy uagluszninanszuiunislideu itaualnaesinufasesandu 3
duitusfunisiedeudivesdiiionlessuuardifnasouiindouiinduinuaznduilulassang
iR duiitnuelun wAnufisereendindu (nduldulassadhs C Fufu)

¥y Charge - o
TIuAlna LiFePO, 4—g> Li,FePQOq + XU+ xe gunisn 4

Discharge

Charge

Tmalun 6C+xLi +xe «— LiCe o aun1si 5
: Discharge

Charge
«—>

Aelulunnes LiFe,Og + Cg Li FePOs+ LiCs aunIsi 6

Discharge

2.4 Taausennladiu

Tul 1996 fiunine1ds Texas Yilpefiuddeves John Goodenough [10] l¢ild
asUszneuleawin (PO,) daduasusziam Polyanions (ianavidelassairemaaiiiuszq
auvangiu) aldvhdalii luwunmedaioulessuddiusyansammalniliadias
lnglaseaine LiFePO, isaisenidn LFP dnagludsvinnveslaseaiia olivine (LIMPO, lag M
Ao Fe, Co, Mn, Ni) Iaglull 2002 Miu3dea84 Yet-Ming Chiang 31n MIT [11] 16vinA15138
feloaau ZrAl wag Nb ietieluiFesvasnmstluiinlianiiautfmalniiaias e
fatuFedfudnideneswiaunlassaisiifiedludssendldlugunsalldlniuazsald
I [12-20] LﬁaqmﬂdwﬁmmﬂaamﬁaLLaziﬂmQﬂﬂjw LiCo0, usiethilslassadeiinddl
energy density sidlewfiauiu LiCoO,

Imaﬁmﬁ’ﬁﬁugmmm LiFePO, oglu space group Pmnb wavillassasiwuulediu
Faandlunsnedt 2.6
A151971 2.6 uansausRveslasiadng LiFePO, [10]

Space group Crystal structure Theoretical Open-circuit voltage

capacity

LiFePO, Pmnb Olivine 170 mAh/g 345V
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Tn59a319v09 LiFePO, @uillpassadranuy 1 faviliafisuunseenunannlassadals
1 §if vilvidl Specific power liige lnggnsmaniivedlaseasne LiFePO, lagsmluansusy
nev flavesndiadu(Oxidation state) &ai Li flaveandianti Ao +1, Fe dav0anTnune
+2 war PO, HUs¥aTInwiiu e -3 lngarnauvad Fe Uay Lidggneandiausynaudausey
Vavian 6 avpeu (Feuas Li agflues eannednsealaseaing FeO, LiO,) fauandly AN
2.12  uauiissnnlassadimeamniulnssadeidnnuaios 39y LiFePO, tulnn
Laammmwmm LLavma‘umﬂmmwm(exceuent cycling performance) [10]

yonani Fe falsgnuaziianuasnsiogs mamawm‘[mmmm LiFePO,
wanslunndi 2.13

2NN 2.12 nnlAseas1eved LiFePO, [10] lnediisulonsuindounaanunannlasdsnala
W 1 g

AN 2.13 uanauTRlnesIv09lASIE3Ng LiFePO[2]

Tnglunsguiunssnuseq(charge process)wazlunszuiuldauanansadewdu
aunswaillesall  LiFe(l)PO, «— Fe(ll)PO, +Li+e  Tsanunsaasurelainlunssuiunis
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Uszglvl Alsulovouaviadouiivonainlassadaavasildsuan  LiFePO, du FePO,
(RnUfAsseendnduitauslnauwssfitiuelunfinufisenddntu)  Sulsaedassadieis
lassasadeniuluseninanssuiunisuseglvasiiilian  Lattice volume amas  daulu
nszvumsfrufifuugisefifunduiufeitiualnrsAnufitesindu  Gilevlosou
wasuiinduinesudy LiFePO, fufy) sauanslunind 2.14

charge
—_—

p———

discharge

AT 2.14 uanslaseasns LiFePO, 5¥w319ns¥uauns Charge/discharge process [21]

= 1 aa . a @ [ v v 7 a
fawsidlediu LiFePOs aglianuanunsalumsiiundanulidesniisalivauay
3 - g & v Ao wvyvwy =i =
maseentenintey winfolluianimaslasuanuaulamniigalugeaivnssununines
wzlisnagn  esnsuinmiteuazsiaignnintaveas’uin  Bnviedulufinssie
duedey danuadesuinigamgiias wazliauvaondegs dauandlunisied 2.7 Jaqled
U LiFePO: wngdmiuldanilugunsaliidesnisaiudasndegs 1y dwiusagudndany
i 3edesnsanuiunamnnussialiumg wu dvsuiundsuliinnuvamdsn
wyudsu dmsuiisatesnmliszuvdadnglnin Wudu

A15199 2.7 ToAuaztannnvedlAseasy LiFePO, [21]

Y } 724 o @
Fah Ja31nA
v fiseunisldanuiisniunu X Taseasralaiinlnd
v UaeniuuazsIAgn X Specific energy £9ADUTINA

v’ specific power g4
v Hufinsreduindeu

v flafisnnitgaumgiias




N1 |23

2.5 wadAnNsNagauadUANI1e lNHlLALl (Electrochemical Techniques)

a a

nszuudnUszqlulunneivinAiiivtlessufindrendeiunszuiunssauszqlwly
wuameIMluuduAnssiuLuaIeTuindifieslessuariviiasmussdndsoisadiigandi
wuameImly Tngluszuunummeiviadifienleseulunsldnuasldlanividiadussanu
4.00-4.20 Taadt sewwad uazamandeuldliiAu+/-0.05 Taad sowvad Tulassnuidetiayld
YAANUANANE 581739 2.00 - 4.20 V 4azinn1svegaunsenuasaelssy kagn1svngaey

8n3 M 3UTERN (rate capability) vosiannseula

2.5.1 M3NAgaUN1Ton-Aelsey
Tummegeuaudfnmsliiiedveagadiviiaiivisnaiinnissn-aeuseq
(Galvanostatic cycling) fiensTnszuansdi (Constant current: 1) udainarusnedng
(Potential: E) fiAsulunnmainuffseninendfidaluil dddu amil 215 azuans
suuvulnehluvesmnuduiusseninemnumedndiunailinssuaunisadlnined  way
gaiuiameugiii Tasanugliih (Capacity: Q, mAh) veuwaalviiall awise

mwndldarnnaiilinssua I, unwadindied Fauanduaunisi 7

t
Q=1.At or more general Q= Ilc(t)dt ........ aun1si 7
0

A 2.15 sUsuulaemlvesanuduiussenindndliihdunanlvnssuawnigadlni
vAdl

WierSsuifisumnuglwihvesiansinswiaduillassairssineiu dwalifimuanse
Tunsinfundsnuseiu Liﬁﬁmmmﬁﬂ,w%@iwmaﬂfmﬁ'ﬂ (Active mass: Mycive ) VO
ﬁ’aaﬁ%’ﬁw%ﬂﬂﬂw (Specific capacity: Q™°, mAhg ) Fauansluaunisfi 8 uazuanasfiaoe
wamaqmﬁ@mmaﬁv\lﬂwm'a‘mjfaaﬁwuﬁnmaﬁaq%ﬁﬂﬂﬁwLmﬁﬂ Galvanostatic cycling Tu
Al 2.16

Y

QSpec. == aumiﬁ 8
m

active



nin |24

4.501

¥ 4.25]

= 4001

— 3.75] 4,g2/
2 3.50] Char

S 3.251

= ]

5 3.00-

8 2.75] i

© ] Disch

S 2504 SCharge
> 2.25]

D 2.00-

O 751 :

0 20 40 60 80 100 120 140 160
Specific Capacity (mAh/g)
Al 2.16 Fhegremudiiussgninsdndlihiuanugliihdumnzveawadlniieg

2.5.2 mimmaaué’mqmsﬂiquw (rate capability)

NMINAaaUanIINITUTEYl ¥38n1590 rate capability s MInegeUNITUTEY
TWidnsnszua 3o Crate #ingy Uniazideueglugy O/n e n Ao van @Funudalag
nh) Mdlunmsdausgiiidumnugliihveavadlniied viomeUslvinunnugues
wadliiiuadl Gifteulossulvanduluiidaualnamuniumun U§Ase3nendditalainds
??uqmm) Ima%sﬁuaguiﬁumﬂwmwumamima (Current density) ﬁiﬁi’ﬂumiﬂizaﬂw (I
dm¥umssausey uay 1. dmiunsmeusz) duandluniwil 2.17

AWl 2.17 BvBwavesAAMLILLUNT LA AogUiuunsAneyszgveawan el
lorfignamauszgliligatu (anumuiuiunszuags) mnugliives
wadlwiluaflazanasauglifinfianas stlagtuegfuduusyavimaunives
Aifisulossunelulanadsvesian delaquiazalnfarmduUssavinisuns
yosdifiesilesuiunnsieiu
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NN 3 N1SNAAY

nsneae uwstunsunssduaudu 5 funeu Ao 1) NSFUATIENTAANINIETT
solid state reaction 2) NM3&ATILNTANHINIELTS hydrothermal 3) MswSesdulenield
Electrospinning 4) N153tA519lAsaiananwaslAsIasgania wae 5) nsanwiaudanig
willalih Tnedseazsondal

4

3.1 N3dUATILNIEANIAEAS solid state reaction

lunsdueseviianne LiFePO, 978735 solid state reaction awldans LiCOs
(AlfarAesar, 99.0 %) C,Fe04.2H,O (Sigma Aldrich, 99.0 %) wag (NHg),.HPO4(Sigma
Aldrich, 98.0 %) Tneddldlurianatafinuunn 250 miaegldsnsnanlneluaves Li : Fe: P
WU 1.1:1 wag CH,,04 (Ajax Finechem Pty Ltd, 99 %) iuuvasvasanduau anduld
gnuesrgluvuialszanas 5 mm asluviananafndnduliums 1/3 vewin Wiuen
wealsung 150 ml asluwianatadn uarlarliuduiumemuviudnseu Wrlvunniy
\A389 high speed ball milling fiausaseudszana 350 souseundl Wuna 1 Ju awd
3.1 LAAIAMUBAATEY high speed ball-mill ﬁﬂizawﬁmaa a MAINEANE A

AINYIFEANS UANINYIRBVDULAU

AW? 3.1 4A304 high speed ball milling NUssAYFTU a1 UHINYIGUVOUBAL

wdnAuReut inseaenansazansluauuriaiionmgil 80 °C Wuna 2 Fu ud
thansilduundnadesinelnisnans  aavhe  wansliunaledfionmndene  aeld
usIIIMARSNeY  ieAnwinavesumgiiunaluidelasiainmngania  iassdUszney
wazanTRmanilnilaesivomun 6 Fouly 1ud

1. 350°C/12919 sy 450°C/6%Ta4

2. 350°C/124Tus Mg 500°C/6931u

3. 350°C/124T0a Mg 600°C/69 1w

4. 350°C/124Tua Mg 700°C/69Tu

5. 350°C/1241as Muse 800°C/6931u

6. 350°C/124T1a Mg 900°C/69Tu
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d' 1 d‘ ¥ d‘ dy
AN 3.2 wARUAHILUYIBTIANNNTaAIUANUTIENAlUNMSENLA Tldlunisveaesi] was
AN 3.3 LANTUABUNNTHUATIZIE5A78T8 solid state reaction lagagy

AT 3.2 WENN8lAUIIEINIARISNOU

Nay Li,COs, C,Fe0,4.2H,0, (NH,),.HPO, uaziisnia
nalaa lagldlenuea

{1

UARELASDY high speed ball mill 1Tu
wan 1 T legldgnuaszgiiin

U

N9IAIUIN1BUN 80 OC Wunan 2 u

U

v ¢ A A o
UALAELAR kR uR Ul e Tuussenne

913N0UUTAVTA

4

uakaztAuluAANAINLTU

AN 3.3 M3w3enTanug LiFePO, 71833 solid state reaction
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3.2 MIFUATIZHIAANIAEIT hydrothermal

Tunsdunsenianue LiFePO, melSlalasninesueavzldlesadamnaunylamsn
(FeSO,7H,0O, QREC) nsaweanasn (H;PO,, UNIVAR) vi5onsauanlauileunadmalaiudn
((NHg),HPO,, SIGMA ALDRICH) wazdwieslonsenlamlalulewmss  (LIOH.H,O, SIGMA
ALDRICH) LLﬁBﬂQIﬂaﬁLﬁumigl’jﬂélju TnaBunmsazatamlesatamaeunzlamsn  nsn
Woane3nvizensauenTuidouloamalaudnuazaiionlansenlemululomsaluiingu
LLﬁﬂﬁuﬁqmmﬁﬁm AuansaratefisliUsTana 30 uid anthnhansazanunsavleanesn
wensaweulufleurpamalaiudnimasluansaranaesadamnieUnslomsn  AuaULINUY
wdnfuansazanediioulensonlemululawsnnigliussenniaersnouaunsesiaindu
axneudvnienentu mansazaneaiusldlumiaoy Undendioaunuagoslanan uan
ihlouludeutonmaisnedunarineg iy wdminduihesnangouudideslmbu &
Fethndunasnsesnenszmenses ihagneufildlusulumevagainiafioumnd 80 °C
Wunan 1 Ju mﬂﬁ?uuml,azLﬁuiué’@mam%u mimﬁa'au%gﬂLLﬁaLLazﬁﬂULma%ﬁﬁ
gaunne1a iy Ml 3.4 LLﬁmﬂ’]WLG]’]E)“U?jip}ﬁp}’]ﬂ’]ﬂﬁi‘ﬂﬂﬂ'ﬁﬂﬁamﬁ, WaZATWT 3.5 LR
fumeunmsdunseiansdaeds hydrothermal Tngasy

a
2NN 3.4 LMBUFYEINA

Tumsnunnsdaaseitans LiFePO, deislelasmosueat azshnsfinuiduusanegdi
fnasipasAUsznoua JUTIENvUzdUgIULAIUAYRTARNS LiIFePO, oA manudiutu
yosansavans gampivesmmilelasvesuoa nanildlumsvilelnsimesuea Anudu
nsavessazans nsaitdiuasdedy Shdouues LiFer gamgiiunaletl TneSanuenls
Mneulusing f\]vmu'ﬂﬂﬂﬂmamﬂamawauﬂamEJmmﬂﬂ'mamL‘U'uiqal,aﬂszj Anw
FUSNANYALNIANIALAZTLIAMIEWATANGRIaNTIAUBaNATOULUUABINTIA  (SEM)
uazndesqganssmidianaseunvudesing (TEM) uazdmidenuisieulvlunaaeuaudimg
wdllwn



ni |28

WMSBNENIAYANY FeSOs-H,0, HsPO,, LIOH.H,0 Tt
1) 2 vyua a vy a
nau AunslingaumaiiviesUseann 30 uil

U

wansazany HsPO, Nauiyu a1savany
FeSO; -H,O Auyaliaudniu

U

Wua1sazane LiOH.H,O aelaussennidansnau
ALY WlElUaauwalUnaann U LkanuLa

U

Tdgeuigaumalisnedunainegiu udiaeslidy

Y v Y Y Y] i o o
LLAaNNLaSNIBINIYUINAU @“Uﬁ 80 C L:ﬂuma’] 19U

U

unakaziAuluganALTU

AW 3.5 NM5n3eRTanus LiFePO, saedslalasinesuea

=~ Y 1’4 aa . .
3.3 ﬂqﬁLﬂﬁﬁlﬁJLﬁueLﬂﬂ'Jﬂ'Jﬁ Electrosplnnlng
Jumaunsiunsduanesidulounly LiFePO, wiseanidu 3 dundng Usenaumae
ATMSUANTaZANgEIMSUNTZUIUNTTDLAN T TaT U nstugUduleunlusmenssuiuns
a a a a ¢ =% v o a
ddalpsatuia LLa”ﬂ’ﬁLmLLﬂal‘?iu Feagule fdanwi 3.6
w,m]sumiaumiavmmemwmu 0.6 mMmL" Guaq LIOH.H,O, FeSO,.7H,0
waE HsPO, HAUNU NIATAIN 36 Mg. mL" wag PVP 143 me. mL" aumamuwawmmm
’Lumﬂimmﬂlaaau (de-ionized water) 7 mL waiAumgkviawimdnidunal 3 h au
= L a ) Ay v 2 A A ° av v & a
asavarsazanguilamediu asavatenlnazidudvaeda drarsazatenlaaindunaun
1 Tdadlunszuendaenvuin 10 mL Aidulaveinnsalatenszuan antuihlufnsald
= a & A A = ~ Yo a =~ o |
wsodidnlnsatlulls  eedeulvildlunisneaesasulidmisned 1 Favussseziing
seinUanediuiuiansesiuegi 20 cm
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NMSMSELAITAZANYAIMTUNTZUIUNNTDLANTTAT LT

U

nstugUduleunlusmieReulusngg

U

{ [¢] [y v
ganALas audl 80 “C tluian 3 Tu udunuaalyd

4

< 2 afq’
Wulugaaauauy

g

9

2n# 3.6 mseseudule LiFePO, meisdianinsatudia

A13197 3.1 Wounldlunstuguiduleunlu LiFePO,

95115 b aves fngluliln

Froeadi a1sazany (V)
(mL/h)

1 17.0

2 0.10 17.5

3 18.0

4 17.0

5 0.15 17.5

6 18.0

Ausumswwealetiiy  diduleunlunleannszuiunmsdianiasatudsldaulin
a [} [y} v o I v { o a ) v |
gamall 80°C Wuna 3 fu wdnhluldludiseannivhainezgivn drudilvmnlumive

Y

e

gaumgliganieliussemavesuiaeisnen Ar laensifitanmivetnumaingumngives

Y Y
¥ %

Fredns1 1°C/min aufvgungifidosms Tunsveaesil wnuealevifigumgd 400°C 1y
e 3 dalus warflgamgll 700°C WWunan 10 $alua nssvaunsiifunssuiunsiiansin
soiAsuneAwesinansazanedeiu Tuiidfe PvP Thdumsuewndeutnequiduly Lo
dinnaasRn s WA UL leunlu LiFePO,/C

3.4 N13ANYILATIETINANLELIATIATI9YANIA

3.4.1 Anwilassamdnuesanivdeuldmomaianinisnuuressdidng (x-ray
Diffraction, XRD) Ml4masnssdainitimeuns Cu Ky lowinedaoeng snuacielngs wazld
sample holder fivhannnszanaladindiensa Inensietislsoun sample holder wae

in133n Tagldanlunisdn fie yu 20 sewing 15-60 o
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3.4.2 dNWAUEHNFILYBLIAR VWA FUII9 UaYNIINTEAUMIVDIVUINYDIBUNALAY
dule gnAnwisendesqanssaubidnaseusuudeinsin (Scanning Electron Microscope;
SEM) Tnethdusuandalidaunadng udialdasu (stub) saearsuoumd ethlundeu
yiosddeIsatlnmeds (sputtering) Mntuiiludonwdeeies SEM iitegdnumusdugu
waziUSsuiisuruaveaduleildannitoulusineg Tudhdiu

3.4.3 ﬂéj’ejﬂ’wqamiﬂﬁaLﬁﬂmammudaﬂmu (Transmission Electron Microscope;
TEM) gnihanldfinw lassasnsganianazlaseaiandn (electron diffraction) lngn1sinsa
oyna yiiewdle LiFePO, fiinunsiniunale Tdadly oz@lau (acetone) udihluduse
wspadanslafaduna 30 uii anduldlulastidarwin 30 uL vesasazaieasuuaoy
Wesnin (copper grid)

3.5 nMsfnenAaandaniIalnneil

fan LiFePO,/C grlfifutanivindauelnsluuninedvindifiosleou lunmeadey
auautinslnihieiFaituneulunmawisada i dssenousetan LiFePO,/C fiunis
ualidunamelnssunans, wevasansususitn (Conductive carbon black (Super P)) il
wihiineldmslniaty wavldansazans N-methyl-2-pyrrolidone (NMP) uae Kynar
(Polyvmylldene difluoride, PvDF) Husudoudszaiy (Binder) Imaammumm Ay
Wosifudlneiniin (wt %) muamiumswm 3.2 NaumimmﬂwLUuLuammm&JLmaq
wisadunan 1 43lus 9nduedouasuuuiu Aluminum foil FEaGsuuds anduiily
oulvuidlusmevaaniafigamadl 80 °C unan 12 Haluadouiaudanglddalidh
(Electrode) findaudmiunmsusznouilumadlniiiadl dwiuinaudfimaliiueg

AN5199 3.2 dndruvesansnigynda i

K4 LiFePO,/C H9YBIATSUDUAIUN Fudeuuszanu
(active material) (conductive carbon black: Super P) | (Kynar)
78 wt% 11 wt% 11 wt%

nsvagouRnantAinsliedivasdalnih  LiFePO/C  Buanmsussnaulead
(Cell test) Tugunumuunazussenna (Glove box) uf@esneu (An wsigiinasie
Uszansanmmalihildlansaiitendudauelun ddlansaiionaziinniseandladdudifion
ponlwn  (Li20) lme  LiFePO,/C ﬁ]uaﬂﬁﬂﬂﬂimauﬁu%’jﬁLmiwmsuauszjaa“lw%mﬁiu
Swagelok type cell uagld Li-metal foil LU‘H‘U?LL@I‘LJ@ (Anode), Microporous polymer
(Celgard 2400) Whuuuiu (Separator), Wansavanedidninslas (Liquid electrolyte)
Usznausiy Ethylene carbonate:dimethyl carbonate (EC:DMC) Mia’ga@mmaul@ W
Asuauinth (Super P) NMP waz Kynar maslushsdndaetmin 78:11:11 dalndh
(Electrode) Ethylene carbonate:diethyl carbonate (EC:DEC) Tusnsidiu 1:1 lnguia uag
19 1M LiPF, Wuansazanoindest dleusznouwadud thluSauszansnmmislniinag
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lnenmaaaudnsIn1suszqlil (Rate capability) Me35 Galvanostatic cycling fianislv
nszua (Current) Adiney udrinmnusnadng (Voltage) fidsuluanufizensnondves
Active material 91nM58AUE (Charge) WavAgUseq (Discharge) Ausadulyli 2-4.2 v
ﬁaaé’mwmsﬂisﬂw%ﬁ C/10, C/5, C/2, 1C, 2C, waz 5C amuaau(C/n Tnef n unusnu
Halu fildlunssa 3o favnse iwu Sasmsuszalaing /5 mnefa Tdnszudlwindivh
Tszeznanisnnsa 5 $alus Wudu) shuau 5 seu Tngldmanusnsdndves Li/Li uen
1MIgIU BaenAuglilimanguives LiFePO, Uszanal 170 mAh/g



N | 32

UNY 4 HANISTINABILAZANSAATIZH

unil Agnandwansnwdnsnavessulsnldlunisduasiiian LiFePO, #o
lassasandnuaslnseainegania sudwanmegeuaudfimaaillnivesiannwieuls
a A g = ) i
viReuly weduwwimslunis@nwdugastald

4.1 enswavesgamailunisuaalyilunisdauasiznlaeds solid

state reaction
NNMsAnugUIsinvazLazIIAvesTanN LiFePO, TiHmunsuealuifigumyd

450 °C 500 °C 700 °C 800 °C uaz 900 °C fewmadia TEM HansvaaoILansis Awdl 4.1
wuirfagusfiiunssnuaaleiisusedeuinnay  fvuaiuandsiuinniuegfugumgd
4 TnefouinUszananssana 10-20 wiluaes Wowniigumafis wasdvunelnggudy
Uszana 100-150 wiluias Wewnfigamail 700 °C fvuinUszana 50-200 unluwims
slounilgamnil 800 °C wasfivualvguduuszann 50-500 wiluwns Wewniigamgd
900 °C awdwu Taefinsnszaeivesnaesliainane wazaviuingumgiiinasie
YUIALATNNINTTINLHIVBIABENIGY UATNaTIBudnossrogUI1sves TanmeTndeslH

mﬂmiﬁmsnmﬁﬂizﬂawmW\Iasuaﬁaﬂmmd’lﬁﬁaw@ﬂ XRD (Al 4.2) WU
sUsuuMadsuiiSnduasianumniogadenadosfudeyainmssiuremdn LiFePO,
Tnofilinuimavassu uazfigaumaiion Ae 450 °C way 500 °C nuiiafidnuaziinia
wandliifuinfivuandnoglussdvuluans - Ssaenndestunanisinudnuuzdagiude
walla TEM

@) ()

= =
nm
50 nm 50 nm

A Wil 4.1 nwene TEM vasTanws LiFePO, Ms3oudeds solid state reaction lngld
gaungivesnmauaalad (n) 450 °C (1) 500 C (R) 700 °C (1) 800 °C uag (3)
900 “C 1urian 6 Falus
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(m)

AWl 4.1 (e) nmidne TEM vaatane LiFePO, ilwSenseds solid state reaction Tngld
gaungfivesmsinuaaleud (n) 450 °C (1) 500 °C (A) 700 °C (1) 800 °C uaz (1)
900 °C tfuaan 6 Falua

R VS RO YUY ..

At

I T T T T T T T T T T T T 1
10 20 30 40 hil ] Fil

20 {degrees)

AWl 4.2 sUuuUMSEBIUUSEBndvesTanua LiFePO, Min3oudeds solid state
reaction Ineldgamaiivesnmsmunalentii (n) 450 °C () 500 °C (A) 700 °C (1)
800 °C waw (1) 900 °C \Jurian 6 4l
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a A a o 4
4.2 amﬁ‘waﬁua\‘lqmwguﬁuaami%ﬂﬂmmaima
= | (% LY . A o s N
INNIANBIFUTEN B UAZIUINVDITARNS LiFePO, Miunsvilalasinesuead
a o o o o_ v a Y i
gauM il 120 C 150 C 180 C Uaw 200 C sewaila SEM HAN1SNAEIANIAT AWT 4.3
wuIrtanpanunsilelasinesueans 4 eamgll dsusraludmasnvundenyuiivuie
TngUszana 1x1x0.2 llasiuns fin1snszaneiegnainate wazaziiuinaaumvg)iitase
nresianNuiisuinton
NNSANKIBIAUTENBUTBLNEYRTARNLra R IamATiA XRD (ATWW 4.4) wuin
sUkuunsdeuusdnduesiagumnimedvaenadosiudoyauinsgiuuendn LiFePO,
agdlsfmuaznuinfiaamaiiing agsdsngdeunnsesweudled @anti-site defect, 1inns
o | . 2+ I = = . ] [ a o I 2+ a 2
wnufusendn L wag Fe™ nanafie @ LiT unsdaudnluunudisdiumisves Fe” uasdl Fe™
| v A o 1 A+ 1% =& o 1% v ~
vddllunuidumries L Tulaseashe) dadunalaanannuduvesinguuunis
& v a2 ea = DN & Ny ' o =
Wy UUTIEDNDNUUTEI 30 Bamilanudiiiininndu wagaziitounnsedtoyadile
gamnligeiufoussunas 180-200 “C fulugamgifivinzalunisvilalasmesueafe
o 4
Uszanm 180 C uld

(n)

(m) ()

AWl 4.3 nmidne SEM wasTanes LiFePO, Mwdsudneislelnsimesuea Tneldanmyiives
nsvinlalasmesuean (n) 120 °C (v) 150 °C (A) 180 °C (1) 200 °C 1furan 3 Hlus
fensidan LiFerP = 3:1:1 aududuves Fe™ 0.25 M uagldnsaneanesniduans
AIRU
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| N ” 0.25 MFe? 180°C/3h
|
J kaJ*W‘MM\W"M\MMMWMWMWWW

0.25 MFe** 150°C/3h

(1)

Antirsite defect
0.25 MFe** 120°C/3h
(n)

T T T T T T T T 1
20 30 40 50 60 70
20 (degree)

AMA 4.4 JURUUMSEERULSEBNGuR I TaANS LiFePO, Tdunsziiiedlalasmesuea
Ineldanmgiveanisilalasmesuead (n) 120 °C () 150 °C (A) 180 “C 1uvian 3

) A v | . Y 2 v a
Fla NON51dU LisFe:P = 3:1:1 Aududueed Fe 0.25 M wazldnsavoanasn
Wuanssasu

4.3 gngwavawianlvlunisinlalasinesuea
MnMsAnsdnurdgIukazIavesianue LiFePO, ikunsvilelnsimesueai
gamadl 180 °C unan 3 49lue 6 alue uar 12 Flus wan1snaBafanwil 4.5 Axnudn
nafltlunsvilelnsimesuealifinadeguinauazvuneesianus LiFePO, usoedlsfin
MnMsAnesdUszneuutavesTaquamaiemaia XRD (lunwil 4.6) wiHiaguaiis
3 fregsarUsngamisavessdn LiFePO, uiastiiuimudufinvessuuuumsideaiuu
Ydndargetununailumsvilelasmesusaiiindy Fauansderudundniiinngumy
nanfiunTue Fanafuanzalunsilelaanesueanisnnnt 6 $alug

“ T .
O e TR

AW 4.5 0 SEM veaianng LiFePO, Mn3eumeslalasinesuea Ineldgamgives
msvilelasmesueadi 180 °C wJunan (n) 3 alus () 6 Falus (A) 12 Falue 7

1Y) 1 . v v 2 v a &
MNINEIU LicFe:lP = 3:1:1 AauUluYUUDN Fe " 05 M LLaﬂ?jﬂiﬂ‘V\laaWaimﬂumim
Fiu
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(R)

AT 4.5 (s18) N e SEM vaeTanns LiFePO, Miwseusieislalasmesuea lngldanmal
yasmsiilalasmesueadi 180 “C W@urian (n) 3 Falus (@) 6 Falus (A) 12 Falus

o | . v v 2 v a ]
2013718d3U Li:Fe:P = 3:1:1 AULlNIuUYaN Fe ’ 05 M LLagbLsﬁﬂiﬂwaﬂwaiﬂL‘ﬁuaﬁlimﬂ
AU

30000

25000

] JUUM LJUU‘ (A)

15000 4 ‘
1 | ()
10000 -—JJLJ u‘”u L__J ULAJ‘ U’t‘}LN”\JJJWJJUNUL‘ULLJL_)’\MM

5000
1 (n)
0 A /\]\vb/\_,\,,-l\-—/\——*“——ﬂ—’\»

T T T T T T T T T T 1
20 30 40 50 60 70

20 (degree)

Intensity (cts)

Al 4.6 sULUUNMIABAULTEBnduasTanus LiFePO, fiduaeiidiyislelasmosuoa
Tngldgamaiivesnsilelasimesueadi 180 °C Wunan (n) 3 §2lus (@) 6 Falas ()
12 $alug Adad LiFeP = 3:1:1 avuududuves Fe™ 05 M uarldnsavoaviedn
Huanseadu

a a Yy v = o ¢

4.4 INTWAVDIAUTNTUVRIETAzaenidlunisinlalasinesuea

Tunsfnynavesrududuresansazatefidlunisvilalasmesueadodnuyaey
dougnuuazvuInvesdanss LiFePO, Winidevinnisniendanns LiFePO, lngldaiududuy
#199U A9 0.1 M 0.25 M 0.5 M Uag 0.75 M Han1sAns13Us1eanysduguLazau1nves
Tanuaunarlimewada SEM Usingianmil 4.7 azdiuinenududuresaisazaieiinase
uakargUsvetianmeguiiulade Tnadloanududuiivunntunanaziivuadnaduas
N v [ ! a £ = o Y o Yy v A
fidnwarvensiluwvisasnauiuinndu Gsdunalatnluninududuin 0.75 M
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NMsAnwIBIRUsENBUVBLNAMIBIMALlA XRD (AMWA 4.8) nulguuuunisidediuy
S@dndvesia 4 fedns  denndesiudeyaunsgiuvemdn LiFePO, Aududuves
ansavanelilinadeauduinvesguhuunsie Iy

(n)

(R) )

AW 4.7 amdng SEM vesTanua LiFePO, Mwioudneislelnsimesuea neldgamaiives
malalasmesueadi 180 °C 1uan 3 $alus fimnududiu (n) 0.1 M Fe™ (@) 0.25
M Fe” (@) 0.5 M Fe™ (1) 0.75 M Fe™" fishsndau LiFe:P = 3:1:1 uagldnsanoane
Snufuansaedy

0.75 MFe* 180°C/3h

0.50 MFe® 180°C/3h

0.25 MFe*  180°C/3h
N T W N SO, S

0.10 MFe® 180°C/3h

20 (degree)

At 4.8 sUnuunMsAsLULTABnduasTans LiFePO, finioudeislelanmosuon lagld
sumgiivesnmsvilelnsmesueail 180 °C Wunan 3 lus finvmududu (1) 0.1 M
Fe™ () 025 M Fe™ () 0.5 M Fe™ (1) 0.75 M Fe” #idasndau LiFe:P = 3:1:1 uay
Tdnsamoamodniduansisiu
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a A -3 o -1

4.5 E]Vlﬁwaﬁlla\‘iﬂ'l']uL‘lJ‘LlﬂﬁﬂGUENﬁ'ﬁagaqEJ%ENﬂ']ﬁVI']‘laIﬂiL‘VIE]ﬁJ@a
Tunsnwmavesmudunsavesarsansvesnisvilslasmesueanednvauzdugu
= ) . Y sa & a &

LASYUIANENYDIIARNS LiFePO, Msnnasdlatdnsaweanasinduasiuaudy
nsalagldludsunaeineg iy man1sfinundnyasdugiulasauaninuesian LiFePO, 63
wiatia SEM Usingluniwi 4.9 %LﬁudwmmL“‘ﬁJummmmiazmaﬁmasiasummazgﬂiwmﬁﬂ

) | < Yo A ~ P ) VoAl | fa | ¢ a
voslanmiegaiuladn  leedeiSsuiisumedanlilaldnsaueanasiniuldueanasin
0.25 n$1 vURNANZILTUINUTE 1x1x0.2 Talasiuss Wy 2x2x0.5 lulesuns wandle
Wi rnavesEniuTusLan AU dunsavesasazane Tudiuvesgusrmanvesianms
9 LﬂaaumﬂamaamuuLU&JﬂUuLUuamaauaﬂmﬂﬂmﬂwuavmaaLLmﬂuuwuwwamaﬂum
Ju LLamalwmamLmaaﬂ,mai%msmmmumwumum nsaneanesnkaznsaLauluL ey
Hoaalawdn  dwanslunwil 4.10 wulilsldnsaneanesndudunsanunnindnazi
i‘Ui’NLUuLLNuﬁLMaﬁlM‘UUNLUEJﬂUu wisleldnsauenlailouveamnlaudnnanasiidnwasidu
LmasmﬂmaLmammamamn FeaenndosiunITNAa s Whlttlngham et al (2002) 9
nulnasazatefiafies 6 azlenanfidanwasduiivaey wasiifies 10 wanavidnuuy

2 o a ' £% @ Y [ o
L‘U‘L!ﬂmaﬁlllLL‘I/]\‘iEJ’]'JUB']EJLLM@@JF]&’]EJLMﬁﬂ‘UW’J@QLLﬁ@ﬂUﬂ’]WW 4.9

(n) ()

e
F

AT
v

(m) O

—— i
lum MT"E-
S NN
Mrsbasdlicngzsig

P
|!555.55_
Y

lum

lum

AWl 4.9 nmidne SEM wastansa LiFePO, Mwisusieislelnsinesuea lneltgamyiives
mshlelasinesueail 180 °C 1fuian 3 d2lus ldnsausanastn (n) 0 nfu (@) 0.25
n$u (@) 0.5 N (9) 0.75 n3u Amnudadiu Fe™0.25 M 8nsndu LiFeP = 3:1:1
warldinsnvleanla3nuansiediu () nmeeSEM VBITEAN LiFePO, Ao 6
() 10 (819) (whittingham et .al, 2002)
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(n) ()

I

Al 4.10 awene SEM VI TARR L|FePO4wLmaummﬁlaImﬂwaiuaa Imaisuamwnmm
mshlelasmesuead 180 °C 1unan 3 dlus fieududu Fe™ 025 M 7
m5dU LiFe:P = 3:1:1 lngld (n) nsaneanesn (@) nsawenluideuveavnlaiudn
Duansiadu

4.6 Bnswavesaaumaiiuaalwinainsduasizinieislalasinesuea
Tunsfinwinavesgaumgiuaaletdodnuardugiuiarruiananvesianus  LiFePO,
tildvhnseSeutanus LiFePo, Tnsldgamnivasmehlalnamesuen 180 °C uan 6
s Aanududuves Fe™ 05 M 9niuhnsuealevifigumgi 600 °C 700 °C uag 800
°C meldussenieonsnouniavsgaiuna 6 Falus nansfnudnuasdugutasuinuan
shomada SEM Unngdsluaiwdl 4.11 Tseziiiuiiigamgiiuaalet 600 °C uay 700 °C
sUSmAnvesTanmeaylsiuAsuudasilaisufunousnunale usiiileunalwiifigamgll 800
°C uAnerSumasusmiududounay Juanidqavasummvesianioglutieumgll 700
°C fis 800 °C fatutsgangiiuaaletifnzaumseguszanm 600 °C 81 700 °C iadnw
sUsmanlalliiuAsundas Tudiuvesesdusznouseamavesianua LiFePO, fiinunisunals
gnfnwidewmada XRD (nwdl 4.12) wudwmdsnmisuaalesuuuumaldenuusmseu
wawes  LiFePOuarTanss  LiFePO, arfiamudundnundudanaléananudufiaves
sUsuwumadsuigauiledieuturiounaled  wardmuiiilegamniuaaluigedun
dufinvessUuuumsidsauuasiinty duansimudundnasigalumugamniunale
uieghslsfinuigumniigeazsilynaniinnisvasusanfududeunasils

AW 4.11 nwene SEM weatagus LiFePO, TindousneiSlalasivesuoa lneltgamgiives
melelasmesueadi 180 °C 1unan 6 Halus fieududu Fe™ 05 M wazmn
waaled (M) Aouwn (1) 600 °C (A) 700 °C (1) 800 °C tluiian 6 Halue fidwsnauy
LiFerP = 3:1:1 warld nsm HyPO, 1Huansaadin
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(m) )

AW 4.11 (diD) nwene SEM vesTans LiFePO, fiwSonseislalasimosuea Tneldgumai
yasnsvilalasinesueadi 180 °C Wuan 6 Falus Annnududu Fe™ 0.5 M wazin
waalad (n) Ao (1) 600 °C (A) 700 °C (1) 800 °C Hunan 6 Halus fishsnaau
LiFeP = 3:1:1 wazld n3n HyPO, (Huansaadu
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At 4.12 Uuuunsiaenunididnduasagus LiFePo, fiduassideislelasmoslald
sumgiiveamavilelnsmosueail 180 °C wunan 6 $lus fimndudu Fe™ 05 M
wazwwealed (n) Aeuwn (¥) 600 °C (A) 700 °C (1) 800 °C 1unan 6 Falug
Snsndu LiFe:P = 3:1:1 wazld nsm H;PO, Wuansnadiu

4.7 INSNAVDI9NI1EIUVDY Li:Fe:P Tun1sdunsneii lagdslalasinas
198

[y

lunsfnwinavesdnsndiees  LiFeP  siadnusdug ulasuulananvasianng
LiFePO, thu fiiideldnnaausientanulngldsnmainues LiFe wiiu 2:1:1 filunsdli
T¥nsavleaniosnuaznsawesludouoamnlaudnduasiudy  nansveasuanslunwi
4.13 uiuinsnsaffldnsansaveaniosnuaznsauesludouweamnlaudnudnivuindnas

wariidnvagnavegruiulidn Taglunsdiildnsaneareinduwayniauszanas 200-600 w1
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Tuns wazlunsaintdnsaweuluisuneamalaudnuanivuinanaslans 100-200 uuLUAT
Feazwulaindnsdiunes LiFe:P Wusiivemusuanavemdnegraiuladnau

AW 4.13 nnang SEM waaTanus LiFePO, MwiouseiSlalasimosuea lngligumylives
msvilelasimesueat (n) 180 °C/18 Falus ¥nsaleanlasnifuansiediu (v) 180
°c/18 Halus WnsawerTudeumeaminlaudniduansadu () 230 °C/18 Falus 19
nsmuanludeureainlaudnuasiedu (1) fheg (a) ndamnuaaledi 600 °C
Hunan 6 $alus fimnududiu Fe™ 0.5 M fishsidu LiFeP = 2:1:1

. y
4.8 MsiARaudENe LiFePO, AlgA1suauiutaniinanglag

lufnwinaadoutanue LiFePO, femsusufitnanimanglnaaifierfisaninns
ihlwihanaiveseyne  §idldveasaduthmandulunssuiunsilelannesueauas
wuAaletifiaindeunisueutinuiatan  nansAnudnvagiiuivesdnudmiunsuaa
lotifhowmeta TEM uandlunwil 4.14 euifiuinmeddlunmil 4.14 (n) wEnnaundnd
dnwauznay Tvuelagiadsyszanal 300-500 uilumns vnaieiinsusuadousgiay
mUsEIn 5-10 wiluins ;;uLmeiL?:mLU‘L@Lﬁﬂmauﬂqs‘ﬂjﬁﬂwmwaqmiLﬂumﬁﬂ el
doswnudninainzndulshlisuuuunsdndidendensieset fegidlunmil 4.14
() winfdnwagnay TewaUszann 50-200 wiluwes Usnafazusngduvesnnsuen
\wdousgUsInAIMUIUTZINM 5-10 Wilues uazdidunamiuszunuarnotuuineyn1Aegns
FaLau
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WA 4.14 2 meng TEM vasTanms LiFePO, NiweuieTslalasinesuea (n) gaumgil

° & a a v v 2

Ya3m sy lalasmesuean 230 °C AAMUTUTY Fe™ 0.5 M (ATWLNs (Ul) AN
= A | X a = YY) 2

Yeedvdenlunn @19) JUkuunsideauudianasow) (v) innadudu Fe” 0.75

a o I's a (o) = 13
M gaumgiivesnisiilelasiveiuea 180 "C (MMWNN AMYEgIUIATaIHEN) T
a1 18 Tluauaztunaalytin 600 °C 1uan 6 alus NeasdIu LiFe:P = 2:1:1
wazldnsawauluitounaana laiudniduanssaduy
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a a = ‘l £ v v ada & a a
4.9 answavasdeulvlunsduguidulenteisaianinsatuils
lusddeilleduasnziduly LiFePO, menszuiunsadninsatude wislddudn
walnalununweivlindiion  wasmReulvluduaseiduleliflvuadniian  diedieiiiy
NuARkazanudunanvenduly LiFePO, TadinanauseanSaniiiuduysiwuninasee
InedeulaluduneuvainstuguiduledensyuiunmsdidninsalutisUszneusieg - dnglnin
nlnsyuvegh 17.0, 17.5 uaz 18.0 kV uazdnsn1sivavedansazateegi 0.10 uag 0.15
mlh - anmsiesngilegldinatin - SEM  ieglassasidussiugania wuiiieuly
Andluiln 17.0 kv wagdnsinisivavesansazatvegi 0.10 mi/h Wunaveuduleidniign
1o = Y [ [ ! £74
9E7157179 296 nm uazlleliudnsNsivavesasaraeuadngliihAnuinvinavesdule
ALY AanIwi 4.15

1 pm

711

Wi 4.15 nwdne SEM 1duly LiFePO,: (n) 8m51nstua 0.10 mUh: dnsladia 17.0 kv,
(2) 8n5IN15Wa 0.10 mU/h: dngluld 17.5 kv, (m) 8ns1n1slua 0.10 m/n:
fngluin 18.0 kv, (1) 8mns1n1stua 0.15 mUh: Anglnih 17.0 kv, (1) emsinsiva
0.15 mUh: findlaldin 17.5 kv wag (@) 8ns1nsiuna 0.15 mizh: dndlida 18.0 kv

Gl LiFePO, fildannnszuiunisdidnlnsaduiedidnvasduwiudandnind 4.16 (n)
waziilonunswnaaledidulefasnnaadntosuasdsududmdusnnd 4.16 (@) w
A 4.17 wansnmdulouTuilgluiiseilagldmada SEM WWisuiileunoum wasnds
W1 Iegnudn Lé’umu@uéﬂmaLaﬁaamaqmﬂﬁammﬂizmm 2 wh vl iesnainms
aaemves PVP ilevlesumidunsueuiigumniys
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(n) ()

2n#l 4.16 Awenelduly LiFePO, (n) now way (1) MaIn1siLaa bt

2WH 4.17 Awane SEM Euleunlu LiFePO, fldainnseuiunisddnlasatuils a) nau
way b) NaINITNILAR bl

dlovudule LiFePO,/C finumswiunales uninsieisaomeda TEM wuiwan LiFePO,
gvieviushedunfusuwmying (carbon matrix) FsarsusuiiAnanmsmediues PVP
figaumniigeq shlvmediesanusaasuluifumiveuls dawdl 18 (n) uazawil 18 (1)
uansdnuzes diffraction pattern Mimnudundnuesduly LiFePO/C antussiaaey
aﬂﬁﬂ’izﬂaumaﬁﬁmﬁwmﬂﬁﬂ energy dispersive X-ray (EDX) Fadunmstnseiviinuay
Usinasgimenalian1snseanendanuuesssdiond  lngendendnnisninnisnssideves
Budnmseulutusu wilanUdesssdiondeanun fe3sAidndiidenaanutuiy
dnuaziamzYesazsIn INAmAl 4.19 uanaSinusinine veaduly Faenndediy
M3LAnLIE LiFePO, wag A1SUBY
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5.00 1/mm

29 18 Awene TEM veadule LiFePO,/C filainnseuiunsdianinsatuilefidouls
gm51n1stua 0.10 mUh: Andlisin 17.0 kv () wag (1) A1neane Diffraction
pattern NLAASLATIASIHNANLUUNENLAYY

W Acquire EDX

60001 Fe
g

40004

Fe

Counts

2000

Cu

T
0.0 10 20 30 40)
Energy (keV)

AW 4.19 EDX pattern vouduly LiFePO,/C

4.10 nan1snagdauauuan1aall W

Weannnsneaevauiniuedlvin [Wuduseunldszesnailunisageusniuiu
wagldiandulfosisimgaunn  dealdiandissemanindy dulu nseaeilis
Jfudesdenfnvantimaedlviianziuiannduasieiainuie  conditions it
lnaidendnwanianiiivuineyniafiian  wazidendnwdwavessiulsndmasevuinuas

] | & v Y B a I3 Yo oA -
sUTvessynnegeun sy lnsangianiwsedlagislalasiesuen iy Heni
ANy INaveINS LTSRN IdILYeY LiIFP wagnavensuaalydsaauifinisaillnii wintu
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4.10.1 HANIINATBUANUANIUAN IUAI VDI UN1ANINATIUAIYIT solid state

reaction

il 4.20-4.25  uansshesnwmansnagevaLtRimaailiihveseyaauily
LiFePO, Miw3enieds solid state reaction figamgil 450 - 900 °C an 6 47lus Taouans
ANUENITUSIEMIN9AUAANG (Voltage) Auauglnitdmie (Specific Capacity) vaue (n)
n59AUsYY (charge) way (1) MsAeUseq (discharge) miwmam‘ﬁﬁ’]miﬂizf\ﬂw%aamm
Aefnd 2-4.25 V uagdnsinisuszglnandilunnsa Ae /10, C/5, C/2, 1C, 2C, uag 5C
iy Tuvasfinindl 4.20-4.25 (A) uansHansvIadey rate capability vesian Imams
o3uneHaveINT Wi azgan Mgl ngdl Corate seq mneeLRuIEd C-
rate g4 19U 1C, 2C uag 5C SlAunnssanaanugluindumed Crate f9lsisnn azuans
1 Yanildl rate capability wagmngfasilussndlilunuiidosmasidlngey wu Tu
soeudlause viselugunsalgnsidauunnmla

wan1sAnwINUINTan LiFePO, Aiflvuineyniaedy 10-15 wiluamng MnToudeds
solid state reaction figaumgil 450 °C 1nan 6 Hala Fauanslunnd 4.20 wuindle Specific
capacity vaizdnuazAEUsERl C-rate 9 U @1 C/10g99g#1s199 170 mAh/g dady
mqaqmquwﬁmaﬁa@ﬁ wiililevinnsuseqllil Crate qasﬁu WU 7 C/5 agvilvien Specific
capacity vazdauazaeUszgananiusn 160 mAh/s LLazLﬁav‘hmsUizaﬂWﬁ 5C 9zdlAn
Specific capacity Gumzé’mLLazmaﬂizqamaaLﬁmn 70 mAh/g

450 450
4251 4.25]
__ 4.00] < 4.00 ()
S 375 S 3.75]
< 3.50] o 350] |
(®)]
> 3.251 2 3.25]
S 3.00] = 3.00]
Q 2751 8 2.751
Z 2501 = 2.50]
8B 2.25] 3 2.25]
2.001 2.001
o3 I /1 R —
0 20 40 60 80 100120140160 0 20 40 60 80 100120140160
specific capacity (mAh/g) specific capacity (mAh/g)
~ 200
©)
= 1g0] .00 .
< "1 /5
£ 160 $80s
~ . .C/Z =
é\ 1404 0'---..."
8 1201 e
%
S 100 5
o I+
e %
60 T T T T T T T
ol 0 5 10 15 20 25 30
[7p]

cvcle
P wa = . A o Y
AN 4.20 Han1snaaevantivniaailiiveseuniauily LiFePO, Nwiuusiy

3% solid state reaction 91 450 °C 1181 6 9313 Inauansnmmrsdndiuaugli
Yaur (N) NM33AUsEY way (1) MIaedsey wag (A) NanAaaUsnIIN1SUTEYLNT C-
rate 1499
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dw¥utan LiFePO, fvuinoyniady 30-40 wiluiing MnToufeds solid state
reaction ﬁqmmﬁ 600 °C 18 6 Falus Fauanslunindt 4.21 wuiniien Specific capacity
yprSauazAEUsEedl Crate Y Ao 91 C/10 geogi5129 160-165 mAh/g 71 C/5 agshlstan
Specific capacity UgzdnuazaaUszganandusy 155-160 mAh/g LLasLﬁ'aﬁwmsUs%ﬂWﬁ
C-rate g4 Ao #1 1C uaz 2C axilAn Specific capacity YazdnLAzAEUsEYgsRs 125-135
mAh/g uagil 5C dldsveznailunsdauagaousequiios 12 unil agiie Specific capacity
ypurdauarmeUszqia 100 mAh/g Bsuansliiituintag LiFePO, fiflvuineyniaiads 30-40
ulung nnuanssalumsinifundsaufisnsnsuanag w3edian rate capability gs
N1 ¥an LiFePO, fiuunnayniaads 10-15 uiluiuns el o1aduwsizndnuilu LiFePo,
ﬁLm'%auﬁquQ:ﬁ 450 °C van 6 Falus onadenudundn crystallinity s Jsaonndesiung
msfnulasiadendndae XRD fuansin dnvazvasiinvesila LiFePO, Snnunenn &
wansdnunzvosnudundnillianysol uasduultfesdaaliauysaitululasad wy

= . . <3 ¥
31 microstrain tJunu

4.50

4.25]

—~4.00]

<. 3.75]

o 3.50]

©3.25]

S 3,001

O 2.75]

2 2,50

@ 2.25]

© 2.00

0 20 40 60 80 100120140160 0 20 40 60 80 100120140160
specific capacity (mAh/g) specific capacity (mAh/g)
o .
< 160 ',,(5419_:. (m)
< L. /2 o
b ='l"
5 1204
8100 conun
s 5C
804 = onar

=
8 60
O T T T T T T T
o 0 5 10 15 20 25 30
n

cycle

Al 4.21 uanssegnamanmmaasuandinmaailliiiveseyninuilu LiFePO, Mn3ense
3% solid state reaction # 600 °C e 6 F2las Insuansanuduiussyninannusng
And (Voltage) fiumanugluil (Specific Capacity) vaue (n) N138AUseY (charge) wag
(v) NM3AeUsey (discharge) wae () kanspUFIRUSTENIANRlT v ey
meUszRiudIuTeUYINTUsEl (cycle number) figns1nsuUszglsee
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dwdumansinauiBnaadilvlihvesian LiFePO, iflvuinsyniatade 90-100 wily
R MwSeuieds solid state reaction figamgdl 700 °C ian 6 lus Fauandlunwil
4.22 wuidlAn Specific capacity mmsé’mazmaﬂizqﬁ C-rate #1°) Iﬂé’Lﬁmﬁui’aaﬁm%mﬁ
gaumgil 600 °C 1an 6 s usiilevihnsuszqlni Crate geq Ao 7 1C way 2C awil
Specific capacity mmzé’mazmaﬂizq 120-130 mAh/g wavil 5C e Specific capacity
ypurdauarmeUszqia 105 mAh/g Bsuansliiiuintag LiFePO, fiflvuineyniaads 90-100
wluns Jauannsalunmstnfundanuiisnsinseuasneg vsefian rate capability R
A1 Yan LiFePO, fiflmunneynimads 30-40 uilumnsidnios

4.50
4.25]
— 4001, ()
= 375] !
o 2507
o 3.25] .
Z 300
© 2.75]
= 2501
T 2.25]
© 200
0 20 40 60 80 100120140160 0 20 40 60 80 100120140160
specific capacity (mAh/g) specific capacity (mAh/g)
© -
S 10 e s (7)
° I 1Y
£ 140/ ..C-/-2..1c
*suss
> 10 &no 20
-6 - '.
3 1.
S 100
o 80
[®) 71 = charge
=
60—
8 0 5 10 15 20 25 30
(/2]

cycle
Al 4.21 uansfegrmammaaouantiniaaiilninveseunaulu LiFePO, nTeuse
3% solid state reaction 7 700 °C a1 6 F3lus InuaninuduiussEninemIus
fnd (Voltage) fiumugluil (Specific Capacity) vaus (n) N138AUseY (charge) wag
(v) N13AeUsey (discharge) wax () wanspuduRUSIEnIANRlT v Sauay
MeUsERiUTIUTEUYINTUsE I (cycle number) figns1nsuszglsnge
wamimaauauﬁ’amqLﬂﬁlﬂ/\lﬂwaﬁam LiFePO, ﬁLGﬁauﬁ’m%ﬁ solid state reaction 7 800
°C e 6 Hlas LLammm‘ww 4.22 Faagidiuin VlE]Gli’]ﬂiuLLﬁGl’ls] Wy C/10 ’Jamu%“
Specific capacity aqasmsne] 160-165 mAh/g ae9lsAmu 7 wamﬂﬂsvuawawu 2zdA"
Specific capacity fnasegIN LLam‘l‘wmummmmmsdumiﬂﬂmuﬂszfg‘muaa fian 1ile
deudutaniidunationndn 100 wiluaes seifunse detagivuneuniaiflugu o
dana looouvesafivnardaunstnuszey (Li-on diffusion length) filnadu dawalst
UszAnSnmuasuunneianad
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450 450
4.25] 4.25]
—~4.00] —~4.00] G))
> 3.75] / > 3.75] ‘
o 3.50] | , © 3.50]
O 3.25] > 3.25]
8 3001 S 300
S 2751 S 275
Z 2,50 Z 250 31
G 225] | ® 2.25 '»,
2.00 2.00 4
175 175
0 20 40 60 80 100120140160 0 20 40 60 80 100120140160
specific capacity (mAh/g) specific capacity (mAh/g)
o
= 160] C/10
<E( 1401 =ef" )
£ 1201 .9'/5
2100 %
o
801
2 60 P2
@ 601 ..
O 401 exs 1C
(&) Ssess OO
= 2041 . . Sssss 5C
5 "] oo
& 0 5 10 15 20 25 30

cycle
AN 4.22 uansdiegnanisaaevanianiueiilninveseynia LiFePO, Mesuusieds
. . a o ) v o & ] '
solid state reaction 91 800 C 1381 6 H119 IABLANIANUFURNUTIZIINAIINA
fnd (Voltage) fiumuglulil (Specific Capacity) vaus (n) N158aUsY (charge) waz
(v) N13AeUsey (discharge) wae () wanspUduRUSIEnI ANl v Sauay
AeUsERiuTIINTaUTaeN1sUTEY (cycle number) Mdns1N15UsER LY

deiSsuiitsuramnugliihvazaeUszafisninsuseglisieuasianinTels

$v35 solid state reaction Wunan 6 Flus fuandunmit 4.23 wuirTagiiwiuaaled
oaumgiigandn 800 °C 1l rate capability i1 duaniiwSenigamaininit 700 °C axdia
rate capability g4 laofifanusiiodoudl 700 °C @ rate capability geflan  ssthilosanain
SaniwSouiinamgiisasivumeglusedu 10- 100 uilumns dwald Lison diffusion
length anas LLazﬁﬂﬁléfmeLmaéﬁﬁﬂizﬁw%qua 28191577 Anudundn wise crystallinity
Almnudndty nefiianiiwSeuigamgiisnann wu 450 °C faushgilildoymafitlvuiaidn
191 517 10-15 wluues witlrandundntdesnin ddisyansnmvssuunmeiinienain
Fanislnrundundninfidianas
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5
J -
160 4 :.“.ll..=
—_ -' XVVV AgpAA 2
g140. f2 ST
T 1204 v, 3342
2 1004 Vv, XX 1]
o )
8 80
8 - ENpmm
(0] o
> 60. m 450°C v
@ vy
S5 4091 e 600°C vv
L ] o vvvvy
8 204| & 700°C vy
0_' v 800°C \AAAAS
I . I . 1I0 . 1I . 2I0 . 2I . I0
5 5 5 3
Cycle
C/10 C/5 C/l2 1C 2C 3C

an3NUTERLNA1 vaslanimieuls

A 4.23 LWSsuiisuranugbninvazaeUsey
o =
7

)

o o
:

wuinTaniidl rate capability gsgn Ao TanTwIeui 700 °C

v = d' =) b2 ad

4.10.2 HANIINAHUANUANIAAT IWHIYDIDYNIARINLATENAIETT hydrothermal

Tunsduns1enisngds  hydrothermal vihluladannlvwnauazsusiensinaiy Ined
mMsnuAufmLUsTddy Ao aamgll szevial Anududuvesasavats Anudunsaves
asaraty  dnTdLves LiFeP wossnidy  wazanmgilunisuealed  egelsfny
~ wa )~ 2 & g v Y
Wesnnnmsnegevantimaadlninduduneunldssegnanlunmsvadeveniuiy - wagldy
TanAufesninangunn  uazdesdudnnndsUseinaninty Al msveaeilis
Tfudesdenfnvantimaedlviianziuiannduasieiainuie  conditions Wit
lnevne3de 1denfasfinwinavenslddnsdinves LiFP uazkavesnsuaalelreaud

= = Y - ! ' = ' I3

maedliii Weswindiudst dnadevunauazsusiweteuninun iudiinasennudu
HANVRITANRIY

AN 4.24-4.28 uansiiag AN aaevandivaeiliiiveseuna LiFePO, 7
W3BNAIEID hydrothermal Tasnmn?l 4.24 uansiegrsmanisnaaauantaniuadllniives

. A o PN ) a v v 2 v

aunA LiFePO, Mw3oudl 180 “C 1181 12 falus fimnududu Fe™ 025 M Ingldnsn
waulufeameaminlawdniluansisviu wavdnsdnlaeluaves LiFeP = 2:1:1 lagauniad
wisdladianwagAoud1nau wazdauinusedias 200-600 WILUUAT WazAIWd 4.25 Lana
fegrmanisegeuautfmuaillniveteuniaunly LiFePO, Winiuaudiklsdumiloudu
Tunwil 4.24 widasdnlagluaves LiFeP = 3:1:1 lngaunaiild Igusiaduwsivdviey
usenyu uazdivuinuszana 1000 x 1000 x 200 WILLIAT

nan1snaaeuandiviuedlni wuiniagnlsnsndiulaeluaves LiFeP = 2:1:1 A%
1Y) ] a . . Y] N ° N
aNWUYIUNIANNGL UAT Specific capacity UurnLazA18UTEIN C-rate A1 NUTTUIU 100
mAh/g 80 mAh/g iag 60 mAh/g MiensInszua C/10 C/5 wag C/2 MUa1RU Laztiloninig
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Usgqlnil Crate g4 fie 71 1C uag 2C allA1 Specific capacity vagdnuarAeUsEy 10-30
mAh/g wagi 5C llanunsadnuavaelseqla

450
4.25]
—~4.00] /
S 3.75]
© 350
3 |
L275] |
= 2501
2.25]
© 500] | (n)
178 20 40 60 80 100 120 T 0 40 60 80 100 12
0 20 40 60 80 100 120
Spec'f'c Capacity (mAh/g) specific capacity (mAh/g)
> 120
RS
< 100] I )
| - A
£ 10", e
E 804 ..Q'I.C/Z
§ 60 "Fapy
40 -
3 S
O 2041 oC
T o]l 0 e 56
o T T T T T T T
) 0O 5 10 15 20 25 30

cycle
A il 4.24 uansfegrmammaaouantiniaaillinveseunaulu LiFePO, nTeuse
33 hydrothermal 71 180 °C 1an 12 $3lus waz sasndulnsluaves LiFeP = 2:1:1
TnguaninuduusTEnIneeusdng (Voltage) fumanugli (Specific
Capacity) ¥adg (n) N38AUsYY (charge) Uag (¥) N1sAeUsEY (discharge) Uag (M)
wamIAuduTuSIEnImNgiivazdawazmeUsEiuTIIusaUTaINIsUTEY
(cycle number) 718n51M5UsERLHIR

nan1snaaeuandiviuedlii wuiniagnlsnsndiulaeluaves LiFeP = 3:1:1 A%
o & o a | IS v . LY PN
anvaoynIANdulNuaRsuYULEnY Y 1A Specific capacity vuzonlkazAIsUszyn C-
rate #19 NUszUI 130 mAh/g 120 mAh/g uaz 80 mAh/g Nensinseta C/10 C/5 tay C/2
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100 mAh/g tag 70 mAh/g fisnsnsvua C/10 C/5 uag C/2 muasu LLazLﬁaﬁﬁﬂﬁU%ﬂW
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Crystallite size and composition effects on the kinetics of lithium storage in olivines are studied
using potentiostatic intermittent titration tests (PITT). Here we compare undoped Li;_ FePO4of 113 nm,
42 nm, and 34 nm average particle size, and three aliovalent solute doped compositions formulated
for dopant substitution on the Li (M1) site with charge compensation by Li vacancies: Lig 9oMg os.
FePOy, Lig ggZrg.0sFePOy, and Lij 79Zrg g75sFePO,4. The results first show that a diffusive component
can be measured with reasonable accuracy in all samples, allowing determination of the lithium
chemical diffusion coefficient D as a function of potential or state-of-charge. In addition, a method is
illustrated for the separation of capacity due to diffusive transport from that due to the first-order
phase transition. Using the combined analyses, the effects of particle size reduction and aliovalent
doping are readily understood. Both effects contribute to a reduced lithium miscibility gap and
a greater contribution to stored capacity of the (faster) diffusive process. Simultaneously, the rate
of phase transformation within the miscibility gap is also increased. Highly doped samples exhibit
a complete lithium solid solution at room temperature, and have 1—2 orders of magnitude higher
D at potentials where significant capacity is stored. This translates to improved capacity retention at
high cycling rates, albeit at the expense of reduced absolute capacity due to Li diffusion channel

blocking.

Introduction

Lithium transition metal phosphate olivines have become
commercially important as positive electrode materials in a new
generation of lithium-ion batteries that are especially well-suited
for applications requiring high power, improved safety, and
long life. Recently demonstrated applications of nanoscale
olivine batteries include cordless power tools, hybrid electric
and all-electric vehicles, and even MW-scale grid stabilization
systems.'—* Nanoscale olivines are furthermore an exemplar of
systems in which nanoscaling causes clear and measurable
differences in physical properties that can be tuned to improve
practical battery performance. Known nanoscale effects include
a reduction in the lithium miscibility gap with decreasing crys-
tallite size below 100 nm.*> In previous work, we have shown
that the width of the miscibility gap, as measured by electro-
chemical titration and XRD measurements of structure vs Li
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composition, determines the qualitative nature of the lithium
storage mechanism.® The rate of the first-order phase transfor-
mation that dominates the lithium storage/release process is
highly correlated with the misfit strain between lithiated and
delithiated phases, and therefore the width of the miscibility gap.
Recent work shows that size reduction also influences the phase
transformation pathway and can determine whether lithium
insertion is accommodated by a crystalline—crystalline or
crystalline—amorphous phase transition.”® The miscibility
gap has also been shown to be highly susceptible to manipula-
tion by aliovalent doping,’ transition cation mixing,'®'" and
Li—Fe antisite disorder.'> However, disorder or doping that
produces immobile cation species on the [010] rows of Li sites
(M1 sites) can also reduce accessible capacity by blocking Li
diffusion. As discussed elsewhere,” the impact on capacity can
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Table 1. Six Samples for Which Lithium Storage Kinetics Are Here
Compared, And Their Respective Equivalent Spherical Particle Sizes As
Determined by BET Measurements of Specific Surface Area

sample composition particle size (nm)
1 LiFePOy 113
2 LiFePOy4 42
3 LiFePOy, 34
4 Lig.9oMgo.0sFePO,4 43
5 Lig.30Zr0.0sFePOy 45
6 Li0_7OZr0_075FePO4 45

be assessed by considering the average number of blocking ions
per [010] channel, under the assumption that the ends of each
channel remain open for Li extraction and insertion.

Thus the lithium exchange kinetics in this class of
olivines are necessarily more complex than in most inter-
calation compounds. In this paper, we carry out a com-
parative analysis of olivine materials varying system-
atically in particle size and composition. A good database
of properties has been developed for most of the samples
used here through previous work.*®" The results
obtained here permit an improved understanding of the
lithium storage mechanisms and critical materials design
factors for improved performance. We use potentiostatic
intermittent titration tests (PITT) as a primary method to
explore the kinetics in the small overpotential, small
incremental capacity limit. Effects such as overpoten-
tial-induced amorphization”® are thereby minimized.
By titrating with incremental voltages and capacities,
we also avoid kinetic limitations due to electrode formu-
lation, thickness, and density, which can dominate elec-
trode kinetics at higher cycling rates as recent studies'?
illustrate.

Experimental Section

The samples studied are listed in Table 1. We characterized
the particle sizes of the powders by measuring their specific
surface area using the BET method (Brunauer, Emmett, and
Teller) and computing the equivalent spherical particle size
(Table 1). This gives a mean value of the particle size for each
sample, but does not provide information on the size distribu-
tion. TEM observations* previously showed that the sample of
113 nm particle size, a “carbon added” LiFePO, powder that
was commercially available (Aldrich Chemical), has a wide
distribution in crystallite size. However, all of the other pow-
ders, prepared from the main starting materials FeC,04-2H,0,
Li,CO3, and NH4H,PO, using the procedures of ref 14, have
a narrow crystallite size distribution as shown in previous
studies.*!* The final firing of these powders was conducted at
700 °C for 6 hin Ar. In the doped samples, MgC,0,4-2H,0 and
Zr(OC,Hjs)4 of reagent-grade purity were used as the source of
the dopant cation.

The three undoped Li;_ FePO, samples with mean particle
sizes of 113, 42, and 34 nm were previously subjected to other
characterization methods in the references.**”* Here, we used
them to study the effect of crystallite size at a constant com-
position on the charge/discharge kinetics. Note that as the
particle size varies in the sub-100 nm range, there is also a

(13) Kang, B.; Ceder, G. Nature. 2009, 458, 190.
(14) Chung, S. Y.; Bloking, J. T.; Chiang, Y. M. Nat. Mater. 2002, 1,
123.
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systematic variation in the width of the lithium miscibility gap,
and therefore in the misfit strain between the lithiated
(triphylite) and delithiated (heterosite) phases under two-phase
coexistence where each phase is saturated with respect to the
other.*

The three nanoscale, aliovalent-doped samples that were
included in the study have nearly identical crystallite size,
42—45 nm. In these samples, the miscibility gap is further
narrowed compared to undoped samples of the same particle
size. The doped compositions have, when fully lithiated, the
formula Li,_, M"" FePO, (doping mechanism 1 in ref 9), in
which the dopants are Mg>* (5%) and Zr** (5% and 7.5%). By
altering the overall cation ratios of the sample, we promote
charge-compensation of the aliovalent solute by lithium vacan-
cies; in the purely vacancy-compensated limit, the vacancy
concentration is given by (n — 1)[M""] =[V;/]. Thus the three
doped samples have the compositions LiygoMggosFePOy,
Li0,802r0_05FePO4, and Li0,7OZr0_075FePO4 and vary Systemati-
cally in the concentration of charge-compensating Li vacancies:
5, 15, and 22.5% in the limit of a complete solid solution,
respectively. Note that both the dopant and its charge-compen-
sating Li vacancies represent permanent defect concentrations
in the crystal — these lithium vacancies cannot be removed even
when the material is completely discharged, without violating
charge neutrality in the compound. Upon charging, additional
lithium vacancies are produced on top of this background
population of point defects.

Evidence for this defect model (along with other possible
charge compensation schemes) was presented in detail in ref 9.
In the case of Mg doping in particular, a distinction is noted
between cation ratios that simply allow for isovalent substitu-
tion of Mg>" for Fe**, and those that produce lithium vacancies
for charge compensation of divalent cations on the M1 site. A
composition Li;_, Mg, FePOy, in which Mg2+ is an aliovalent
solute since either it or Fe>™ is forced to substitute for Li* on the
M1 site, is not the same as a composition LiFe;— Mg, POy, in
which Mg”" is an isovalent substitution for Fe’*. Both of these
compositions were made and characterized in our recent study,’
and their lattice parameters shown in Figure 1 of ref 9 distin-
guish these two solid solutions from one another. X-ray diffrac-
tion of the composition LiggoMggosFePO, showed no
detectable impurity phases.

For the Zr added samples, the predominant phase is the
olivine, although vague “shoulders” around the peak at 30° 26
do not allow us to rule out the presence of trace Fe,P»0-.° The
olivine lattice expands nearly linearly upon doping with up to
12% Zr for the present doping mechanism whereby Zr occupies
the M1 site and is charge-compensated by Li deficiency. Refine-
ments of diffraction data (X-ray and neutron) to determine site
occupancies confirmed this mechanism in a sample of overall
composition Lig ggZrg osFePOy4, and showed that 86% of the
total added Zr was in solid solution. With increasing Zr content,
a NASICON phase does become detectable and grows in
amount. The peak positions for this NASICON phase shift
slightly to lower angles with increasing overall Zr doping level,
suggesting an evolution in composition from Li,FeZr(POy);
toward the pure Zr NASICON LiZr,(POy4);. However, it is
emphasized that the appearance of a secondary phase in a
multicomponent system, such as this Li—Zr—Fe—P—0 system,
does not mean that the solubility limit of the olivine has been
exceeded, as is explained in detail in ref 9.

Each of the powder samples was fabricated into electrodes
having an active material loading of ~3 mg/cm? using a for-
mulation consisting of 79 wt % positive active material, 10 wt %
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Figure 1. Current vs time for six samples compared in this study, each
measured at a constant potential corresponding to the open-
circuit voltage at 50% state of charge. Measurements are taken upon
a 10 mV step up in voltage from the previous PITT voltage, during the
first charge cycle of each sample. A wide range of behavior from
rapid purely diffusional response to slow nucleation and growth is
observed.

conductive carbon black (Super P, MMM Carbon, Brussels,
Belgium), and 11 wt % binder (Kynar 2801). The electrodes
were tested in lithium half-cells of Swagelok type, using Arbin or
Maccor or Bio-Logic instrumentation. Tests were also per-
formed using electrode formulations having much higher con-
ductive carbon content (65%) to ensure that electrode
formulation is not affecting the PITT tests. Those results are
not shown here but are indistinguishable from those presented
herein. In the PITT measurements, a “staircase” voltage profile
was used in which the cell voltage was raised in 5 mV increments,
and the current vs time, /(f), was measured at constant potential
at 0.05—0.2 s intervals depending on the rate of current decay in
the particular sample. Each individual titration was terminated
when the absolute current reached a C/100 or C/200 rate.
Galvanostatic discharge capacities were measured by charging
the half-cells at a C/2 rate to 3.8 V and holding at constant
voltage until the current decayed to C/25, followed by galvano-
static discharge at the desired rate (up to a 50C rate) to a lower
cutoff voltage of 2.0 V.

Results and Discussion

To illustrate the wide range of kinetic responses seen
among this group of materials, we compare in Figure 1
the current vs time response, /(¢), measured for each of the
six samples at the potential where the largest increment in
capacity is observed. If a lithium miscibility gap is present,
the capacity at this potential includes that obtained by the
first-order phase transition. From the current relaxation
time scales and the form of the curves, it is clear that the
rate-limiting steps differ qualitatively and quantitatively
between samples. The fastest current relaxation occurs
for the three doped samples. As we will show, lithium
transport is mostly diffusion-limited for these materials.
Among the undoped samples, as the particle size
increases, the relaxation curve increasingly takes on the
characteristics of a nucleation and growth limited trans-
formation, with a local maximum occurring in /(¢) that
does not appear in a single-phase diffusion model. This is
indicative of a nucleation and growth limited transforma-

(15) Levi, M. D.; Gamolsky, K.; Aurbach, D.; Heider, U.; Oesten, R.
J. Electrochem. Soc. 2000, 147, 25.
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tion, and is similar to behavior previously seen in Li,M-
n,0,."> Comparison of the I(f) response for the three
undoped samples shows that reduction of particle size
increases the rate of this response as well. A methodology
for the quantitative separation of I(¢) into diffusive and
nondiffusive contributions is presented later.

In Figures 2 and 3, the PITT voltage steps and corre-
sponding current relaxation curves are shown for each of
the samples. The voltage curves appear smooth at the
scale of Figures 2 and 3 but are composed of 5 mV voltage
steps. Likewise, individual current curves, I(¢), can be
resolved only when the absolute rate is slow, but are
composed of a high density of individual measurements.
Differences in behavior between samples are easily
recognized from the I(f) patterns. We emphasize two
main points in these data. First, the current relaxation
behavior has markedly different behavior and character-
istic times in the single phase region versus the two-phase
(voltage plateau) region. For example, the undoped
samples in Figure 2 A, B, D, and E show, at low SOC,
diffusion-limited relaxation corresponding to the exis-
tence of a solid solution field, then a transition to a
phase-transition-limited process on the constant-voltage
two-phase plateau at intermediate SOC. At high SOC,
there is a transition to diffusion-limited behavior again.
This behavior is consistent with the existence of a mis-
cibility gap bounded at low and high Li concentration by
solid solution fields, and as we have previously shown,*
PITT can be used to establish the boundaries of the
miscibility gap. The absolute rate of current relaxation
differs significantly between the solid solution and two-
phase regimes. With decreasing particle size, the width of
the “two-phase plateau” decreases, and thus the transi-
tions to the slower two-phase kinetics also depend on the
particle-size influence on Li miscibility gap. In contrast to
this behavior, the two Zr-doped samples in Figure 3B,
C, E, and F show, upon charge, diffusion-like current
relaxation profiles, indicating predominantly solid
solution behavior. The voltage curves for these samples
also show a continuous variation of voltage with SOC
indicative of a single-phase solid solution. The undoped,
34 nm particle size sample (Figure 2C, F), and the
Mg-doped sample (Figure 3A, D) show intermediate
behavior.

Another kinetic feature can be observed in Figures 2
and 3: the current flow patterns upon charge and dis-
charge are not necessarily symmetric. Comparing the
charge and discharge curves in Figure 2, the phase
transformation rate upon discharge appears to be con-
siderably faster than that upon charge. Figures 2A and
2D illustrate this feature most clearly; the time constant
for current relaxation on the two-phase plateau is more
than twice as long as it is during discharge. This behavior
may be related to differences in geometrical or morpho-
logical configuration of phases during charge and dis-
charge causing differences in the strain energy that must
be overcome for phase propagation. When the response is
primarily diffusion-limited, as for the samples in Figure 3,
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Figure 2. PITT measurements upon (A—C)charge and (D—F) discharge for undoped Li,_ FePO, of varying average particle size from 113 to 34 nm. Here
and in Figure 3, the voltage curves (blue) are composed of 5 mV constant-voltage steps, on each of which the current (red) is measured at 0.05—0.2 s intervals
until it decays to a value corresponding to a C/100 to C/200 rate. Note that with decreasing particle size, the width of the “two-phase plateau” on which the
kinetics are phase transformation limited decreases, indicating a shrinking Li miscibility gap.

Figure 3. PITT measurements upon charge (A—C) and discharge (D—F) for three aliovalent-doped compositions of nearly identical particle size (43—
45 nm). The doping scheme produces systematically increasing concentrations of charge-compensating Li vacancies of 5, 15, and 22.5% respectively.
Compared to an undoped sample of identical particle size, Figure 2B and 2E, each of the doped samples shows more rapid kinetics of diffusion-dominated
character. As the total defect concentration (dopant + charge compensating vacancies) increases, the miscibility gap disappears and complete solid-solution
behavior is observed. Note that the absolute capacities decrease with increasing Li site doping, however, which is attributed to blocking of the one-
dimensional Li diffusion channels in the olivine structure.

the current relaxation curves do tend to be more sym- We note that the asymmetry between charge and dis-
metric between charge and discharge. charge kinetics that we see here is opposite to that
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Figure 4. Analysis of potentiostatic responses, here illustrated for two samples during their first charge cycle. Where a diffusion-limited response is present,
the short-time current vs time, /(¢), can be fit to a two-term model'”'® from which the lithium chemical diffusion coefficient, D, and a kinetic parameter,
A, are obtained. (A, B) For the Lij g9Zry osFePO4 composition, the good linear fit at all potentials both below and above the 3.452 V potential corresponding
to 50% SOC indicates a predominantly diffusion limited response across the entire state-of-charge range. This sample exhibits a nearly complete lithium
solid solution. (C, D) Undoped sample of 113 nm particle size, for which nucleation and growth dominate the kinetics on the two-phase voltage plateau.
Nonetheless, there is a short-time diffusive response at all potentials from which a value of D can be obtained. The actual capacity obtained from this

diffusive response may be exceedingly small, as discussed in the text.

observed by Srinivasan and Newman.'® At a constant
current density, they observed higher utilization upon
charge than upon discharge, and attributed the differ-
ences to a core—shell configuration in which slower Li
diffusion through the lithiated shell during discharge
results in the lower utilization. The reason for the differ-
ent behavior from our samples is not clear. We have
previously noted® that elastic strain energy minimization
in a two-phase particle does not favor the core—shell
configuration. Nonetheless, actual behavior may depend
on particle size; the particle size of their materials was not
given so we cannot make a direct comparison with any of
the present samples.

For the six samples, we obtained a total of more than
2500 I(t) curves, each of which was then analyzed to
obtain the results presented in this paper. In cases where
the transport is diffusion-limited, Vorotyntsev et al.,"”
Levi et al.,'® and Montella'® have provided clear exposi-
tions on how such data may be analyzed to obtain
transport coefficients within certain simplifying assump-
tions. One widely used method extracts a diffusion coeffi-
cient using Cottrell’s diffusion-only model applied to
PITT data. This graphical method'”-'® utilizes a transfor-
mation that produces a straight line at early times;
assuming that at early times that diffusion dominates

(16) Srinivasan, V.; Newman, J. Electrochem. Solid-State Lett. 2006, 9,
Al110.

(17) Vorotyntsev, M. A.; Levi, M. D.; Aurbach, D. J. Electroanal.
Chem. 2004, 572, 299.

(18) Levi, M. D.; Demadrille, R.; Pron, A.; Vorotyntsev, M. A.; Gofer,
Y.; Aurbach, D. J. Electrochem. Soc. 2005, 153, E61.

(19) Montella, C. J. Electroanal. Chem. 2002, 518, 61.

the kinetics, the regression of the straight line produces
estimates for a characteristic diffusion time 7p = L?/D,
and the ratio, A = Rp/Re, of the diffusion resistance
to the external resistance. The diffusion coefficient is
D and L is a characteristic particle size. This graphical
method utilizes the data from the current-decay, (), and
the total amount of charge transferred, AQ'', after a
single PITT increment. The diffusion-only model for the
current is

Qtotal
l)=——F—F——
) D /A+\/ TTpl

A linear regression on a plot of 1/(1(¢)\/t) versus 1//t
produces a slope and intercept, m and b, from which 7p
and A are determined by

(1)

JTTD

Qtotal

D

:W and b=

2)

m

Figure 4A and B shows PITT data obtained on charging
for the LiggoZrgosFePOs composition (Figure 3B),
plotted in this form. The regression indeed shows a linear
relationship, with deviation seen only at long times (close
to the origin), where effects of finite-space (non-
Cottrellian) diffusion appear. The good fit to linearity,
with R* > 0.98 at all potentials both below and above the
3.452 V potential corresponding to 50% SOC in this
sample, indicates a predominantly diffusion limited re-
sponse across the entire Li concentration range. Thus this
sample exhibits behavior characteristic of a nearly com-
plete lithium solid solution.
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Figure 5. (A) Schematic showing methodology for separating contribu-
tions to the total capacity measured at a constant potential by PITT. From
the current vs time response, 1(7), the “diffusive” capacity is obtained using
the analysis of Aurbach and co-workers,'”!® whereas the additional
capacity, which we attribute to the first-order phase transformation,
can be obtained by difference. (B) Example for the undoped sample of
113 nm average particle size, measured at the potential yielding the largest
capacity in this sample (during the first charge cycle). The yellow region is
the difference between the Aurbach fit and the experimental data; it is an
indication of how much the semi-infinite Cottrelian model overestimates
the observed diffusion.

When the phase transition plays a prominent role, more
complex behavior results, as illustrated in Figure 4C and
D for the undoped, 113 nm particle size sample. Here
there are substantial deviations from the simple diffusion-
limited process. It is still possible to obtain a linear
regression fit to the short-time response for each of the
PITT relaxation curves using the transformation intro-
duced by Montella'® and used by Vorotyntsev et al.,"”
(i.e., R > 0.98). The diffusivity D can be estimated from
this regression. However, the actual capacity obtained
from this diffusive response may be exceedingly small, in
many cases equivalent to less than a monolayer of Li per
particle. Therefore, the existence of a diffusive compo-
nent, which in each of the cases is a faster Li storage/
release response than the phase transformation, may be
irrelevant compared to stored capacity.

Separating Diffusive Capacity and Phase Transforma-
tion Capacity. Separating the short-time diffusive capa-
city from the long-time, phase-transition capacity is
therefore useful for understanding differences in behavior
among the respective materials. Our procedure for doing
so is illustrated graphically in Figure 5A, with a fit to the
data for the undoped, 113 nm particle size sample shown
in Figure 5B as an example. When there are other
contributions to the capacity, 0", such as a phase

Chem. Mater., Vol. 22, No. 3, 2010 1093

transformation, the diffusion-only model will not suffice.
Nevertheless, because short time kinetics are likely to be
dominated by diffusion, the Aurbach graphical method
might be expected to give a reasonable approximation to
7p and thus to D. However, only a fraction, £, of the total
measured Q"% is associated with diffusion: QU =

f 0% The remaining transferred charge is denoted

O = (1 — HO™ In this case, the Aurbach method
should be modified to account for only the diffusive
portion of capacity

Tp D ) VITD
M= AQFT T fAQuoul and b= Ot
\/JFD b2f2 Qtotal2 b2thotal
:f total o TD:’T andA:mT (3)

Only two of the three model parameters (f, p, and A) are
determined by the data and graphical method. Another
equation may be found by computing the relative con-
tribution of the diffusive capacity to the total accumu-
lated charge. Rewriting the expression for the current for
the diffusive capacity and using eq 3

Idiff(t) N tholal N 1 (4)
o)A+ AT, PP m+ b/t

This contributes Q' to the total charge.

Ifin . Ifin 1
total diff
= 19 (1)dr = / —
fQ /[: 0 ( ) =0 m—+ b\/Z

:% [bﬁ—mlog(l + @)1 (5)

where 5, is the time at the end of the experiment and at
which 0'°! is measured. The right-hand-side diverges as
fiin — oo, but so does 0"'*(r5,) diverge as /fi, in the
Cottrell model. Therefore

2 b in
f= Qe [b\/t_ﬁ;_ m10g<1+\{n?>1 (6)

Thus, all three model parameters f, tp, and A are deter-
mined by eqgs 3 and 6.

The parameter f separates Q measured at each
potential step into diffusive and nondiffusive compo-
nents. The slope and intercept parameters, m and b, in
eq 6 were determined with the short-time fit as determined
by the Aurbach graphical method. The total charge was
determined by integrating the current up to the end-of-
titration time, 75y, to find the accumulated charge Q"%
From these experimental parameters, the fraction f is
determined from eq 6. Results are plotted in Figures 6 and
7 for the samples studied. Figure 6 shows the total
capacity, 0 and the diffusive capacity Q% for undoped
samples having average particle sizes of 113 nm, 42 nm,
and 34 nm, plotted for both charge and discharge. Results
are shown against half-cell voltages, i.e., the potential

total
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total

Figure 6. Total capacity, 0" (in blue), and “diffusive” capacity, fQ
(in red), for undoped samples having average particle sizes of 113,42, and
34 nm, measured upon charge and discharge. Results are plotted against
half-cell voltage, i.e., the potential with respect to Li/Li*. The diffusive
capacity is in each case accumulated at short times (see Figure 5). The
difference between the total and diffusive capacity at each potential,
(1 — /)" is the capacity accrued as a result of the slower, first-order
phase transition. With decreasing particle size in the sequence A—B—C
and D—E—F, a larger fraction of the total capacity is diffusive, and the
potential range over which significant capacity is obtained is broadened,
consistent with a shrinking Li miscibility gap (larger solid-solution field
for both the lithiated triphylite and delithiated heterosite endmember
phases).

with respect to Li/Li". The difference between the total
and diffusive capacity at each potential may be assigned
to capacity accrued as a result of the slower, first-order
phase transition, QP. With decreasing particle size in the
sequence A—B—C and D—E—F, it is clear that a larger
fraction of the total capacity is diffusive, and also the
potential range over which significant capacity is
obtained is broadened. This is consistent with a shrinking
Li miscibility gap (larger solid solution field for both the
lithiated triphylite and delithiated heterosite phases) as
the particle size decreases.* Notice also that for the
coarsest material (113 nm), which previous work has
shown to have nearly complete Li immiscibility, nearly
all of the capacity obtained during charge (Figure 6A)
occurs at a single potential corresponding to the two-
phase plateau voltage.® A small phase transformation
capacity is obtained at higher potential steps, suggesting
that there are particles in this sample which require a
higher overpotential for phase transformation. Interest-
ingly, upon discharge, Figure 6D, the phase transforma-
tion capacity of this sample is obtained over a broader
range of potentials (~50 mV) than during charge. The
42 nm undoped sample shows qualitatively similar

Meethong et al.

Figure 7. Total capacity, ' (in blue), and “diffusive” capacity, Q"
(in red), for three aliovalent-doped samples having nearly identical
particle size (43—45 nm), measured upon charge and discharge. Results
are plotted against half-cell voltage, i.e., the potential with respect to Li/
Li". Note that the relative contribution of the diffusive capacity is in
general greater than for the undoped samples in Figure 6, and that
significant capacity is accrued over a wider voltage range, consistent with
a narrower Limiscibility gap. In the 7.5% Zr-doped sample in particular
(C, F), the near-absence of phase transformation capacity is consistent
with a complete solid solution at room temperature.

behavior on charge (Figure 6B). However, upon dis-
charge (Figure 6E), it is apparent that the phase trans-
formation capacity is proportionally less and now
constitutes a minority of the total capacity. The apparent
width of the miscibility gap is also narrower—and the
kinetics faster—during discharge than during charge of
the same sample. This was also suggested by the (¢)
curves for this sample in Figure 2. The asymmetry in
behavior may be related to irreversible changes taking
place during cycling, such as the creation of defects that
lower the nucleation barrier for subsequent phase trans-
formations. The results emphasize the fact that the elec-
trochemical response of fine particle olivines is typically
history-dependent. Changes in nucleation and growth
kinetics upon repeated cycling, especially for larger par-
ticle sizes in which damage accumulation is likely more
severe, are interesting and deserve further study.

In the undoped samples, Figure 6, even at the smallest
particle size (34 nm) there remains a substantial phase
transformation capacity occurring near a single potential
corresponding to the first order phase transition. This is
consistent with there being Li immiscibility even at the
smallest size scale represented here. The aliovalent doped
samples, Figure 7, show further evolution toward com-
plete solid solution behavior. Here the total capacity,
0% (in blue) and the diffusive capacity Q9 (in red), are
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plotted for the three aliovalent-doped samples of nearly
identical particle size (43—45 nm), measured upon charge
and discharge. Note that the relative contribution of the
diffusive capacity is in general greater than for the
undoped samples in Figure 6, and that significant capa-
city is accrued over a still wider voltage range, consistent
with a further reduced Li miscibility gap, especially when
compared to the undoped sample of nearly identical
particle size, 42 nm, in Figure 6B and E. In the 7.5%
Zr-doped sample in particular (Figure 7C, F), the near-
absence of phase transformation capacity is consistent
with a complete lithium solid solution existing at room
temperature. The difference in behavior between the 5%
and 7.5% Zr-doped samples is furthermore consistent
with differing amounts of dopant in solid solution. This
supports the results of Meethong et al.” where, on the
basis of structural analyses, it was concluded that the
Zr solid solubility in the olivine phase continues to
increase well beyond a few percent when the composition
is formulated to accommodate charge-compensating
vacancies.

Chemical Diffusion Coefficients. The lithium chemical
diffusion coefficients obtained from the PITT data using
the linear regression method are shown in Figure 8 for
each of the six samples. The results are plotted against the
voltage at which the /(¢) response was measured. Each
plot includes results obtained upon charge as well as
discharge. Furthermore, we have superimposed against
the diffusion coefficient values the capacities, Q'
measured at each potential upon charge and discharge.
The trends exhibited by these results raise several inter-
esting questions, and illustrate inherent limitations in the
application of diffusion models to materials that primar-
ily store charge via phase transformations. It is to be
emphasized that the D values plotted here are obtained
from [(z) data that satisfy previously established criteria
for the kinetic analysis; diffusion coefficients are not being
obtained from regimes of behavior that are obviously
nucleation and growth limited. Furthermore, for self-
consistency the capacity used to obtain D is the diffu-
sional capacity Q%™ and not the total charge capacity at
the measurement potential.

One clear trend exhibited by the data is an apparent
minimum in D occurring at potentials where the capacity
obtained per increment of voltage in the PITT measure-
ments is the largest. The minimum value of D ranges from
110" cm?/s to 1x10~"7 cm?/s depending on the sample
in question, and the state of charge of the material is
typically about 50% SOC at this potential. The appear-
ance of a minimum in D where incipient or actual first
order transitions occur has been previously observed in
several materials,?*>! including LiFePO,4.?> This effect
may be understood from the point of view that a system

(20) Levi, M. D.; Gamolsky, K.; Aurbach, D.; Heider, U.; Oesten, R.
J. Electroanal. Chem. 1999, 477, 32.

(21) Levi, M. D.; Aurbach, D. J. Solid-State Electrochem. 2007, 11,
1031.

(22) Prosini, P. P.; Lisi, M.; Zane, D.; Pasquali, M. Solid State Ionics
2002, 148, 45.
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Figure 8. Chemical diffusion coefficients obtained from PITT data using
the analysisillustrated in Figure 4, plotted against the voltage at which the
I(7) response was measured, for each of the six samples in this study.
Results obtained upon charge (black curves) and discharge (red curves)
are shown. Superimposed against the diffusion coefficients are the charge
capacities, 0!, measured at the same potential upon charge (red
histograms) and discharge (blue histograms), respectively. See text for
detailed discussion.

which is about to phase separate into Li-rich and Li-poor
regions will exhibit local aggregation of Li ions and Li
vacancies, thereby reducing the lithium diffusion coeffi-
cient compared to the instance of randomly distributed
vacancies. Away from the minima, the D’s are higher by
several orders of magnitude, reaching values as high as
1x10~"" ecm?/s in the present materials. However, exam-
ination of the capacity available at these potentials shows
that, despite there being adequate current flow for the
diffusion kinetics to be modeled, there is in reality very
little capacity available. Although not resolvable in Fig-
ures 6 and 7, these capacities are generally equivalent to
less than a monolayer of Li per particle, at the particle
sizes used in these experiments. Clearly, a high value of
D is only meaningful if significant capacity can be accu-
mulated by the diffusive process in question; there is no
practical value to high diffusivities that accrue negligible
capacity. Furthermore, one cannot be certain that these
values of D represent lattice diffusion in the olivine
structure as opposed to, for example, accumulation in a
surface layer.

In addition, when diffusion coefficient values are
obtained in regimes where the phase transformation is
active, as is clearly the case for the undoped samples
(Figure 8A—C), one should question the assumption that
diffusion occurs across the entire particle dimension L.
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Figure 9. Comparison of specific discharge capacity (mA h/g) vs C-rate
for samples of 42—45 nm average particle size and various compositions.
Compared to the undoped sample, 5% Mg- and 5% Zr-doped samples
exhibit decreased capacity at low rates (A), but retain a greater fraction of
the low-rate capacity at high rates up to 50C. An undoped 113 nm particle
size sample is shown for comparison. All samples are prepared as
electrodes with 79% active material, 10% conductive carbon black, and
11% binder.

Given that the phase transformation has not yet propa-
gated during the short time regime from which the diffu-
sion coefficients are obtained, it is possible, even likely,
that diffusion is occurring over a length scale much
smaller than the particle size. We do not know these
dimensions—but must regard the diffusion coefficients
obtained under such conditions with suspicion given that
the value obtained is proportional to the assumed value of
L?; if the effective size of the diffusion region is 1/10th the
particle size, the apparent diffusion coefficient will be 1 x
102 lower. Nevertheless, the data presented in this paper
are indicative of the relevant time scales and provide a
benchmark against which any microstructural model
should be evaluated. We note that the minima in D are
particularly sharp for those samples in which the phase
transformation is rate-limiting. Thus it is possible that
incorrect assumptions regarding the diffusion length scale
are also contributing to the minimum in D.

Under those conditions where the analysis shows that
the stored capacity at a particular potential is both
significant and occurs primarily through a diffusion-
limited process, comparisons of D seem warranted. This
is the case in the doped samples (Figure 7). (Although
the possibility of a phase-transformation process that

Meethong et al.

coincidentally exhibits Cotrellian kinetics cannot be com-
pletely ruled out.) Comparing panels D—E in Figure 8§,
there is measurable stored capacity over a wide range of
potentials. Even neglecting the minimum values of
D obtained at the potential corresponding to the peak
capacity (where although not resolved, some phase trans-
formation limited capacity may interfere), there are sys-
tematic variations among the doped samples. Taking the
results upon discharge (red curves) in Figure 8, the range
of D where the majority of the capacity is recorded (blue
histogram) in Figures 8D and 8Eis 1 x 10 ¥ to 1 x 1071
cm?/s, but in Figure 8F the value of D over the same
potential range is more than 10 times higher at 1 x 10~
to 1 x 107" cm?/s. We note that at the states of charge for
which these values of D are obtained, the absolute Li
vacancy concentrations differ between samples by less
than a factor of 2. The much larger difference in Cot-
trellian D suggests that the Li migration activation energy
itself has decreased. Such an effect was suggested for
materials doped by the present defect mechanism, based
on changes in bond lengths compared to undoped mate-
rials.’

Figure 9 compares the galvanostatic discharge capa-
cities, and the relative capacity retention, vs C-rate for
samples of 42—45 nm average particle size and various
compositions. Compared to the undoped sample, the 5%
Mg- and 5% Zr-doped samples exhibit decreased capa-
city at low rates (Figure 9A), but retain a greater fraction
of the low-rate capacity at high rates up to 50C. Results
for an undoped 113 nm particle size sample are shown for
comparison; it loses capacity much more rapidly with
increasing rate. Consistent with previous results,®’ we see
that aliovalent doping improves rate capability through
faster kinetics, but at the expense of reduced capacity. Itis
to be emphasized that we report results on these highly
doped compositions not to advocate their practical use
but clarify the effects of nanoscaling and doping on the
storage mechanisms. The optimal compromise between
effects on miscibility gap reduction and capacity reduc-
tion due to [010] channel blocking depends on the particle
size and the dopant in question; for most applications, it
will occur at particle sizes of a few nanometers and doping
levels below 5%. Nonetheless, it is possible that powders
engineered to maximize the rate of the diffusive response
could be used in batteries designed for maximum power at
the expense of energy. Although the results presented
herein are for electrodes of a relatively standard “high
energy” formulation (79% active material, 10% conduc-
tive carbon black, and 11% binder), electrodes prepared
with much higher conductive carbon content analogous
to those recently reported by Kang and Ceder'® do
produce excellent capacity retention at rates as high as
600C.

Conclusions

Crystallite size and composition effects on the kinetics
of lithium storage in olivines have been studied using
potentiostatic intermittent titration tests (PITT) performed
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on undoped Li;— FePO, of varying particle size, and
aliovalent solute doped compositions of varying composi-
tion but nearly identical particle size. Using more than 2500
potentiostatic measurements of current relaxation per-
formed on six materials, we show that the kinetics of lithium
insertion depend strongly on the instantaneous composition
with respect to the lithium miscibility gap. In solid solution
fields lying outside of the two-phase voltage plateau, the
kinetics are rapid and correlate with a diffusional contribu-
tion to the stored Li concentration, or capacity. Within the
plateau, the kinetics are much slower and provide evidence
of a phase-transformation component to capacity. The
graphical method of extracting relative diffusional and
external resistance and characteristic time constants can
be used when, at early times, the kinetics are dominated by
diffusion. In these cases, the contribution of diffusive capa-
city can be estimated by integrating the Cottrell diffusion
model. The difference (between this inferred capacity and
the total integrated current /(¢) in a single PITT step) can be
associated with a remaining capacity which may be assumed
to be that of a phase transformation.

Chem. Mater., Vol. 22, No. 3, 2010 1097

Separating the diffusive and phase transformation
contributions to stored capacity reveals the impact of
particle size and doping. Because the width of the mis-
cibility gap depends on particle size, and on the concen-
tration and type of aliovalent dopant, there is a direct
contribution of such equilibrium miscibility gap-reducing
effects to faster kinetics. Reducing the width of the
miscibility gap by one or both effects, in some cases
resulting in a complete lithium solid solution at room
temperature, allows the majority of stored capacity to be
accomplished using the (faster) diffusive process, while
also increasing the rate of phase transformation at lithium
concentrations within the miscibility gap. The results also
provide evidence for increased diffusion coefficients in
aliovalent-doped samples.
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pylnu Acetone 99.8% Purity (DRY, < 0.1% water)
@13 Propylene carbonate (PC) 99+% purity
a@13a¢a18 12v% 1IN NaOH/DI Water

Tavgawiay (Lithium Foil)

¥ o N o oA LN

fifnans Micro-Spatula

—
o

. Wnuarailillunag 19 Heavy duty Aluminum foil

. wiufudalwidh Glass Fiber Separator

—_
N =

. anueadmsurana sl (1/4 “ Diameter Teflon mixing balls)

—
(SN

. 2mL Polypropylene Wig-L-Bug Mixing Balls

H
n

. gUnsalvanduRandmsuyih Il Wig-l-bug amalgamator

. imseanalamsean Hydraulic Press

[ =
N U

. Usdm 3mL disposable pipettes

. N3EAYTEIT Weigh Paper

—
co

. LHUNTEANYINANAZDIR Kim-Wipes/Towels

. Tuflalnu 6” Doctor Blade

—
O

. BHUATEANIUIR 127x24”

NN
= O

) LLsJuaz@u:ﬁLﬁwﬁm%uﬁﬂﬁa%’mmm (Coated Aluminum Current Collector)

. weuluas (Mylar 0.002” Thick with Non-Salinized Side)

N
N

. WwaanuUwRBYIviAuEzIaKa Coin Cells (pre-cleaned)

N
[N}

. A1T99L08 (Balance)

NN
(S B

. WIALAT 60 mL glass bottles

N
[o)}

. anaainauiadn 2mL (Coming plastic cryogenic vials)
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27. Lﬂ%"aﬁﬂmmzlﬂfaa‘ (Puncher) 9u1® 9/16” uay 3/8”
28. finUsunuaisazany (Pipetter)
29. ﬁ@mmm%u (Dessicator)

30. gUnsalusEnauasLURLmBIwUUWSEEY (Coin-cell crimper)

VUNBUNITUILNBULYAAUALADIUUINIBEY

1. d Teflon balls 3 gnithieldnuandeuaduain PP aunn 125 mL wagiluds
doidn ududuesdlau 39.468 (+0.005) n3u uarladliaivineds

2. Fahwin Kynar 1l¢ 0.593¢ (+0.002) ndl Inglduniuaraillleueg e Lagliuas
Turimezdlaulute 1 vinnswen 5 W19 15839UNIT Kynar 9zagangnin

3. 14 Corning plastic cryogenic vials aum 2 mL wagi@y Teflon ball 1 @Uﬂaﬂﬂlmlﬁi
az vial A sunsasnaiegiidens nioudeude wiosa 919 vial 1wy ABC,D,
Dudu

4. 141 vial ﬁLﬁuQﬂuaa Teflon u& (Laz@oudeud Wy A) whnsfauay tare
weight Tilu 0 w@Saudaldtilnuuin 3 mL ga 1.5188g + 0.001g vevansazany
Kynar fu azdlau Tdasly vial A wagUadl) winfidnegnsunnnin 1 faegne T

o

matunouiidmiviegsiindeds way Tufinfoyavesiwiinaduliddniunis
Funndnsdudunaiiovhd i

5. Muduergiidouuundiuay tare weight Tifugud anduldfidnans spatula éin
HIATSUBU Super P 0.0204 + 0.0001 n3u

6. Waewan vial A wazld Super P uaasulanliain wniiseg1aunnnan 1
fhogs Wihmuduneutidwiuiedsiiviede uay Sufindeyavenininasly

NS mSun1seuIUens AU LNALLNDYINTA LN
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7. uruezgfifloalumsdsnsiiogefidesnsinandd auisnslude 6 Taoldns
19819 0.1612 + 0.0002 ASUMINTAIDYNUINAIT 1 #1918 ADIVIAINELDIN
gUnsaiflddsansyneds wagliiiunsiogaidslailéldlu Dessicator nnasa

8. MdrunAIvERIndads lUagndne Wie-L-Bug 5 undl

9. axlfvomanditudu slury Winesnain Wig-L-bug Insmasuuurusisunseua
(Current collector) wazUragne Doctor blade fisannumunl3i 0.022 i uasld

LY

I3 & v g v ~ a 2 a1 .
nseA1wda Doctor blade nnasaadldnu Weuvensadydnuaineguy vial asuu
1 U a PN a ¥ I v o v . 1
wruiSuNsERaUT AN IR slurry mnauld 10 w1 udi g Desicator UNINAL

gy

o

10. ¥nTlfae19u1nNIN 1 Areg1e Tvieutunauddnsuiiegaimaanie

11. Wefean5kaany Wsawky electrode Tslvunna 2 97 x 1 @7 wazldluvinnnifnn
A A o W & a v < ¥ v o i
2NLAAITDYI DR AN WAlUIENINADINITVADY LaFaudl Ny electrode U
Y a . | a A v .

NARILLASBY Hydraulic press @uiinaeves electrode TAUlIlu Dessicator
Useuna 2 dUau

12. WSIRUNIYNATDUATY Press A 8 WASNAU kazA19h) 10 Wil AeeviAuayen

& O A a Y ' = = 1% v o a P '

gunsalnnATIilalin1sAsuTUieEe wazlalasanan 1 electrode Nnaudald
adluvinfifnaaInANLLAL

13. Tifnavunaidusugugnats 3/8” nauuusu electrode iialvila%u electrode

a o v o va Yo s A < Y o o
yunafinegdmsuilunegeuanRlaladuIuuIInTan wiauwdnluds

14 (2 ' 14
o LY I o

wwdn uaziden 3 dundumdnlnalAssiusnniigauvinismaaevaud Juin
H ) ' e = | A A v | aa v <
Prinvekiazdu waziivdrunmas i dauseldlurinfifnaainwal wazinuly
Dessicator

o

14. ¥ndlfeg19u1nnIn 1 fregd Tvieutunauddinsuiiogaimaanie
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16.

17.

18.

19.

20.

21.
22.

23.

24,

25.

26.

27.
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vhduiedns 3 3u Tdlunuiaundn 3 Tu uasinaaindeie Jarhvanlddesain
1NAKaLdn Antechamber Yaadnvad Glovebox waglininudan 110°C Wutan
1 2l ndenniu Wvhauduneunistidswendn Glovebox Tnegrnu
Antechamber 180 a8194A39ASA

L@3auan 113U Electrode 919 3 1 lulu Glovebox

Tusiulavediennninsuuukuliasuagdalnsovadn Ineldluasauidy non-
salinized side

THeseannunaduriugudnats 9/16” navuwsulansdidfion Tnonounaliguuane
waaianalu propylene carbonate wagld Kim-wipe Waliuis 1s1aglilandifion
90 9/16” 1 Jusie electrode 1 Fu

1 electrode 3udl 1 asuuils cathode 83 coin cell udIMURUAUT? glass fiber
separator 1 %uﬁﬁmmmﬁumugmﬂmjﬂdwLLNuIawsaLﬁauLﬁﬂﬁaaﬁwuuu Tl
F Tl Electrode duifafuusiuiudy glass fiber separator
Nurlangditeuialdvunnudigalduunnudinenusiuiugy  glass  fiber
separator Taelnafienans coin cell

Fgrsunouil 1su electrode Tuil 2 wax 3

Aegmandianinglas 60 ul asuu electrode flavtiey uamsvenlvuanigly 12
%

Yy spacer @U393UnTIe 919%U electrode uazldrsumiuuziiu udla coin
cell peUn cap

o1 coin cell W die wevhmsUanin coin cell frewpdosdiousznouivad

Ql' ~ . .
LURLABILUULKATYEY (coin cell crimper)

(% '
a =2

nossrdnseislvidiuysenauves coin cell n¥uagAnane Die wavguvedgunsal
Uizﬂa‘uLeziaﬁLLumma'%qum%auJ (coin cell crimper)
Ususulonwinsdagliusinanunn 4 wedndu Junan 10 Judl devhnmsUandn
FAALUALADS

(% (Y L3

a = =~ v ¢ q'
AARANTD NIDAUANWUUUATU Cathode VDUBAALLUANLNDT

o
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28. Y tunoumani dmsu electrode TuUN 2 war 3 wazlimshsszezvinalunis
Usenauwmazduauuuiull
29. Wiotasandn Iiwaduumnesoanain Glovebox MUTUADUNITUNFIU8199nIN

Glovebox wazinwadunaasuandanisluiaisely

LONA15D19D9

1. Patrick Bonnick and J. R. Dahn, “A Simple Coin Cell Design for Testing Rechargeable
Zinc-Air or Alkaline Battery Systems.” J. Electrochem. Soc., (2012), 159(7), A981-A989.
2. Compact Hydraulic Crimping Machine: MSK-110 91484310

http://mtixtl.com/CompactHydraulicCrimpingMachineOneforAllButtonCells-MSK-

110.aspx $ufl 11 nsngAy 2556
3. Andrea Frank, CR1620 coin cell 81989910

http://commons.wikimedia.org/wiki/File:CR1620 coin_cell.jpg Fuft 11 nINHIAL 2556

4. Lithium-Manganese Button Battery (CR2025) 1484970 http://www.made-in-

china.com/showroom/szlijia/product-detailgeUntKwGJfrC/China-Lithium-Manganese-

Button-Battery-CR2025-html Juil 11 nsngAs 2556
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