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Li-ION BATTERIES/Li;FeSiO#/XANES/EXAFS/ELECTROCHEMICAL

PROPERTIES

Lithium iron silicate (LioFeSiO,) is a potential candidate for use as a cathode
material for next generation Li-ion batteries. This is due to its high specific capacity
(theoretical capacity of 320 mAh.g™?), proper voltage value, inexpensive raw
materials, and high thermal stability. In this work, Li,FeSiO,/C materials were
synthesized via hydrothermal synthesis, a sol-gel method and solid-state reactions. It
was found that samples synthesized using a sol-gel method at 650°C possessed better
electrochemical properties than samples made via either hydrothermal synthesis or
solid-state reaction. The sol-gel sample delivered up to 205 mAh.g™ specific capacity
during the first charge cycle. Crystal structure refinements using the Rietveld method
showed that the sample has a monoclinic structure with P2; space group. In-situ X-ray
absorption spectroscopy was done on the sol-gel sample to study the oxidation state of
Fe during phase transformation while electrochemically cycling. The results showed
that the oxidation state of Fe changes from Fe®*— Fe** at 3.29 V and Fe®* - Fe**** at
4.48 V during charging. This indicates that more than one Li-ion per unit formula can

be extracted from this structure. This continuous increase in the Fe oxidation state



from 2+ to higher valences during the charging process is responsible for the high

charge capacity observed in this material.
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Nyten et al. (2005) Taesenansaeumandanaa183s solid-state reactions

a =

Y H i1

VINATAIAUVOILI,SIO, N1 FeC,0,+2H,0 Ngminigil 700 osruaaiFodiodnyiilszdnsnm

= Y a J a a 3 aa Y a dy o A 4 1A
muall IihanmsTinngimvesdiisumanganadiematiams@enuuiadendwy il

4 a [

Taseaduuuens InsoudnTvuauenu a = 6.2661, b = 5.32951a% ¢ = 5.014803aA50%
v H 1 2 H
FadnoglunguInsead19ves Pmn2, #9310 2.9 (a) wadldtgududrelnseadranlidnyme

v W J a3 1
ARIEAUNULL,PO, 1azATIVA 0V 1NVDIHIOYNIAAIINADIYANTIAIDIANATOULLUT O

1 v

N31ASEMMUMITvIaeymamasszina 150 w1 Tuuns uennnuudInuaIuag
o s A 4 a s A S o { < a
dnd lilihuesmsmsei 2.8 Thaduazaanian 2.76 Thadduna ldningUns i unuwiiu

a

{ o 3 4 o { <
(plateaus pattern) NQa¥RH 600IAUTATIAA106A3 1T UTITC/16 fa317 2.9 (b) Fatiaw

U

9

A =

uana1anu luuin 39de 1ddesdseneviiidnyas NAunady 14 (reversibility) @ 1u
4 ! -1 ,a &
nszuaumsmaadl ihTaelianug liihvesmsmsalusenusniiies mang' @eidlu 99%
1 o Z ] ! -1,a g
Yo 1ng i) nasoniiuriull 1-2 seunnug IWihezaii 140 mah.g @eidlu 84% voq
1 =S
AMNNGHY)
Zaghib et al. (2006) ladnu Iassadaazautiananil Iihues LiFesio,n
(% 4 A, J o ! a
d9A5121HA07 solid-state reactions3¥¥ 3114 Li,Si0, N1 FeC,0,2H,0 #gmunfil 8000971
= a 4 a A IS aa FY a dy = 4 1A
HAFAVINNITIATIEHAIVOINIWHANTANAAIWNATANITAGNVUTIT AT WU
s a ] 1 {
Taseaduuvess Inseuinoglunguinssadnues Pmn2, TaediTnsea319909 LiPOM
Ao & o ] =1 a a P Y o dy
gl lua1saIed19nITg I TvinaveaaansNNmes NaIw 1aasil a = 6.263, b
= 5.331 18 ¢ = 5.01503anT0N A931UN 2.1080AAFEINDIUIIBUDI Nyten et al. (2005) TZAL
I = a A g aa ] 1 =]
ANuIuKANVIIAMBNHANTANAITY 31/319UDI01N1A YUIAVDINAN HAZYUIAVDI TN
= vy A 1 o A ¢ v /o &
A150ANE1 1AA18MALANITIAENUUTITIONFUALNE0I9aANTTANDIANATOULU L
. : o d o y A 2 v s ga
d04n310 NUNVMIAMAsYoIOYMANMUIN Idmatinnsennussdend Ao 78 u1lu
{ o Ja o [
was wazghdu lannndesganssmisianasounudeInsia Avs0-100 U1 THNAT 91NHE
a J @ Y Ao ¥ . 1 Y =
msuasziusan Ilihnunszuandaguiluse(cyclic voltammogram)wuin Ingaa3 19l
= ) = asaa A 4 a A s A S A 4
ANuadesd s UNAYIlNIsTInoNTINAN 2.8 uay 2.74 Traaemiv/adialuson
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Potential (V)
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00:00 06 00 12 00 1B 00 24 00 JD 00 36 00 42 00 4& 00 54:00 BD 00
Time (h)

{ a S aa
517 2.9 (2) Tnseadrevesdiioumandamnaauuuannu suaz (b) JUtDD plateaus

1 J a s A )
lusgninenswazmsaainsangungil 60eersaitya

E]

Y o < J
#1889315214159C/ 16(Nyten et al., 2005)
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»‘“\

E‘IJ 2. 1OTﬂNasNwaﬂﬂlmamﬂumaﬂmmﬂ@mmmmnu biﬂﬂllﬂ’f)’f)i‘!ﬂﬁﬂﬂﬂﬁuﬂﬂﬂclu

mmzamamaaﬂmwamamausaumm i (Zaghib et al., 2006)
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. . Y= 9 a A S aa A A 9 as
Nishimura et al. (2008) ulﬂﬁﬂ‘]el'ljﬂﬁﬁﬁi'l\‘isll@\‘]amEllll‘ﬂﬁﬂ%ﬁ!ﬂﬁ“ﬂlﬁﬁﬂllﬂ’)ﬂ’l‘ﬁ

a =

{ 4 a 4 a e I S
solid-state reactions YNNI B000IAUFAIToAIDIATIZHAIINATAN TR UDUTITIONEN

U

1 1 I
A1 uaziBoaga(high resolution synchrotron XRD) wudlaseadieluldiuuny

14 A A ] 1 9 1 Y I aa dy A
993 Inseniinnoglungulnssasaved Pmn2 uali Inssasnutlunuune lupatinnugiunod

U

lungulnssadwueer2, nie P2 milorfSouiouszninalnssadwuuy Pmn2, nu P2, uda

AFIUAWINAYY (trigonal pyramids) V03 FeO,

f=d)}

3 A A 1 v A v A ~
SIHUAINUANANNUAD ﬂTiﬂﬂlﬁﬂQﬂlﬂQgﬂWig

e

[ ] Il (% 1 [ < 1 [ |
nu sio, luldeglunurfernuaaoauasziuasadunuwiugqaegin 211 (ac)lag

4 [ P a o
Tassadauny P2, wwwuldiedunsizingungianlszunm 600esrusaidod

u

(a) Previous model

(b) This work i [100%ern

© @ moam—————- 1 fundamental lattice

37U 2.11 () M390589909 FeO,ND Si0, T 1 5& vos Tumauuuay (Pmn2,),
(b) TumaMerualuauueINishimura(P2,) a2 (c) Tnsead1ananedng

a 3 aa
AZIDEAVDIANININANTFALNA(Nishimura et al., 2008)

an

YR ~ a A S aa A o Y .
Guo et al. (2009) ulﬂﬁﬂ‘]eﬂﬂ']‘ilﬁiﬂﬂﬁmElmﬁﬁﬂ“b"ﬁlﬂﬁ‘ﬂfff\‘llﬂﬂ%ﬂﬂ’w’l‘ﬁ solid-

= a

state reactions 1INA1TAIAUVD CH,COOLi, FeC,0,2H,0 tag Si(OC,Hy), hastnadun

Y A 4 ~ a o 4 =
@Hﬂ'lﬂﬂ’Jﬁlclﬂﬂiﬁ(sucrose)ﬂi@ﬂWﬁUﬂu(carbon) NYUNHUNITAIUATISNO650DIA B ALTY T

U

[ 3’, a J Y a dgl v A o (=Y 9 I'4 a
NaIINHUIAUATIEHAUINATANITIANVUSITONT WU N IATIAT 19UV InToudn



19

[ Ao a d ia <
1nA1RBINDIUITBUDY Nyten et al. (2005)91DHAUATIZHALONADITANIIAUDIANATOU
U ] 4 4 2 2 ° 1 4
HUUA0INTIA WIS mamivewmn I IduuIaveseYMIAana INT1IZ AT UU

a o W 9 @ a A IS aa 1
Ndudaglumsdn ldvavnems Tnveseymaaiionmangamna luszvienszuiunsm
4 { =Y o { o ] 'o 1
TasaSuounuNdsun14.5% sz lawannauazinsnszaieaiedaaiiaue 39dana
Tlgsantiamanil lWdhad@eudronuy Iihndunay 18 (reversible capacity)144.8 mAh.g”
= a a o 1 . A ay
HazUIzaNTNIMNITNINIUADIO (cycling performance) NANQUNYNTIDI

Q u

Xiaobing et al. (2010) lddunsiziuardneautanunillnihvesdiion

[ 4

S aa { 9 . . [ .
MANFANANTUATIZHAYIT solid-state reactionsTLHIN Li,CO,, FeC,0,22H,0 i@a% nano-
{ a a J [
Si0, NQaMQ 70009r AT TABNITANAITUBUIINDIY (pith) azng IAd (glucose)D1NHA
a <Y a da/ v A 4 = Y 4 a Y @
M5 AATIEHANANANITASVUTIFIDNT WUNH IATad519uuve0s Inseudnlnaneeny
a o A = J a a S aa A a nm Y a
MUITBUI Nyten et al. (2005) tlowfFeufeuseninaaioumvangamanduuay 13'ldnu
4 1 =\ A =1 v a A g aa A A 4 v
MIVOUNLINANVFIVOINAIZaRaIaINsUAUANBUHANTAINAMIANAIS VoY tazduily
v < Yy o Aa Y Y ’a g
dung livinaveseyniabanad lagdoanaoInuHaNnIATIZHAIeNa0IgaNITALDIEANATOY
1 1 a 4 o I Y 3 4 1 o
LUVEBINTIA NUNMTANMTUaU IR IdAvuiaeyma@nas Taga1iueuaIna Uz
Yy ¥ A g A 3 Aya = P ' o
T¥1dvuaeymaianiga Wuniannmsi@umivenss lUsredavnens Tavesayuia

[J

] A3 A v 1 slddy Aa
E]‘lélﬂ'lﬂﬂlu3814’3']\1ﬂi%’U’J‘L!ﬂ?ilN”ILLﬁS‘IJ‘LH@@L}ﬂWﬂVILﬁﬂ“l/li:fﬂﬂﬁﬁﬂﬂﬁiﬁﬂWHﬂW’J‘ﬂHWW%

v
a =

Y

. 7 a 3 a
(specific surface area) 11NVUMY ASeuRevauianaai Iihves aeumandamain
a [] a 4 1 a 4 1 o = 4
wunaz luld@umsveusznumsdunisueusiei ln lannuy I lunisdamse
A X a 13 -1 A a Y 4 ° v
NIV INAY 13 mAh.g 11U 131 mAh.g' msizMsAdoUHIDYMAdeAITUBUIZI IR ds

1 Y 9

wam s I wiisvui g sseenmsunsvesdiion lessuauaanazsir 1dina Tnan Isiydu

{ ' ' a s A v Yo ' a 4
toshgaluszrinnszuiumsmswagmsaamisgs lUniniudimunmsduaivouan
[ ) Y1 w a Q" 1 Aa A = ~ = o Y Aa A
mudsi ldmdulsednsmsunsvosdiionloooulinnniga veilddszansamms
o <3| 4 a ¢ aX Y o= a A I aa a gy
mauduvesmnswarmsaamiimvuuennniudirnuaisuansananeu Indanle

r v Y

A13IAN carbon/carbon nano-tube (CNTSs) tWatini)szansammanil I Iiunau wums
i@u CNTs Tdennsodn lddaunems Tavesvuiaoyniala e ld lavueeynialngjue

1 a o a a o ' ' a 4
WUINMIAEN CNTs - el 1ddse@nsainmsyiiauaessuanmsayasSueunin

a = A a 4 - @
Seufiounsian CNTs aziinnuy lWihisudulumsmsaam$aize mahg vagwaenn
[ 9, d' d‘ =3 [ A 9 1 a
11l 100 sounuy Irlihezanasnai 95.1% WeMeuny ABUITUAY dIUMTIAY
4 2 a 4 - o ]

amivouvziinnuy Iihisudulumsaansonig mahg wazrasnniiuly 100 seuaug

Tlihazanasnah 94.2% WomeununouizudY
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.. Y= 9 ] aa 3 aa
Sirisopanaporn et al. (2010) TadneTnsesaraylnivesaieumansang

a

A A Y am . . J ~ = Y o Y
NATEUAIYID solid-state reactions IUITHINADITNOU ngUnu 90009 A NS ALTHF LA 1N

U

a Y a 4

3 ' 3 § o
1819981932915 (quenching) NYUNYI 2509 UFATOAURINATIZHAIGNADIYANIT TAL
ad a 4 I o a e @
21anAT0U(electron  microscopy)NAUANITIAGUVUSITIONS LASINANUANITIASILUUTIH
119939 U(neutron diffraction)nu11a59a5 190 1801911919911 98999 Nishimura et al. (2008)
A A P s A a P Yy o . . o ' '
esniInsaaiauuuees Inseuiin Inel Inseasanaisny Li,Cdsio, 3nadglu nqu
Y =\ a a P o Y o dy
TA59a319v09 Pmnb NvavoaannswIs1umes neun ldaatl « = 6.2836, b = 10.6572
o d' ~ ] Y o I~ A d'
Hag ¢ = 5.038609a0301 W3 uMouTenI11ATIaI 1MUY P2, DU PmabdetRUTaNn
1 v A [ = ~ a ~ @ . [ 9}3 v W I
LANANNUAD NTIAEeIDIisziagIuaMasy Ve Feo,nu Sio, lildvuasadunuilu

1 1 g % % 1 U {
99 uavzuasaaunuliuszan Feo, uag Sio, A3 2.12 (a-c)

a) LFS«@900

b) LFSa 700

[010]
LFSa700
L '

[10-1] 1 ks 700

¢) LFSa %00

[001]
LFS a%0

S g . ‘
o D, o, ,
o
Y Y Y Y
[100] g5 4900

a

A 9 = a A S aa ~ =
gﬂw 2.12 (a) Tﬂimﬁwwaﬂmmamﬂumaﬂmaqumwﬂu 90003F ALK Yd, (b) Mag (c)

U

a

= = 9 A v v ~
llﬁﬂﬂmﬁmﬂﬁ*ﬂﬂliﬂ\ﬂﬂi\‘lﬁiNllUUlWﬂi%8@‘5%1581’1’313111!@%11’1@&!143%

U
a

70003A U AT LA INAANGAUHUI000IAUT AT el

U

(Sirisopanaporn et al., 2010)
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2,62  MIAIBUNTANSMHANTAUNAAIEID sol-gel method

Dominko et al. (2006) laans1lassadauazdszansmmmani luihveg

a =

a ana { [ 4 a, {
afouunemilaganaNduns1217A2075 modified Pechini sol-gel NgaIngil 70003fusaIFHod

U

4 a S aa { o o a, a 4
Tuusseimaeinou tazdfenrandamnanduns1zHA1833 hydrothermal 1NWAATILH
9 a dy v A 4 1 2 = 9 A v o = Y
AUNAUAM TR NVUSITIONT WUNEITNIToIl Inseainnarenu Tasl Tassasanuy

4 a ~ a a IS aa I o A A
993 InsouiinTunsdlveIdMeunanTaNAIE WY Fe,0, 11179 n1AN1901)1(second phase)
' ~ aa A Aaa o < @ A A 4 a o
drlunsdivedmeutuIMUAFANAIZHY MnO Uag Li,SioJuigmanivetuiedini iy

v H 1
anfamandl lfhvesensiiaes nundautiansu Inldhinlua vaztinaug Ilihneanse

o Y Yo A a gy
Wuﬂaﬂhlﬂﬁ’]ﬂ@mﬂﬂllwaq

Q U

v [

Dominko (2008) l&fAnu13agiiiaa lnlihves Li,Msio, (M=Fe uazMn) 7

o J a 1 a y I a

dUNT121A2895 Pechini sol-gel WUMINANAITNIdDINANMTURUIUN W uRY
J 4 o g o 3 o <

asveuduieazi ldmansgesdsnt Wi 1aavu nazi ldvuaveseymaanas

a 3 aa ' {
Tagtlvuaiies 30-50u1 Tumas Tasaiemnansamaiainug llihhdnazadesnimms

9
v o

MUABIOU(cycling stability) AnIaMeuuNIMIiaFanauenINUUSIANYIDU-TY A0

9 a

a g [ 4 S J 3 aa
IMANAMSIAENUUSITIONTG (in-site. XRD)VOIETNIADINUI TIATIA3 19009 Diflounanda
a = o ! = 1 aa a Aaa 1 =R Aa A 9
naladesnimmsiauaeseuanNafeunnemiadanataznunsasafioudag
99n91n 1AT9A319 (Lision  extraction/insertion)vg ¥ 1dinan1silasunilasInssadevela
NAADINANITZHIN Fe 1ag Mn o ldnganssumanil lufuadesuaz 1daianug laih

Y 9
- a a a = v J v o o
9991 (200 mAh.g ) TaaMsnaaeddu-31) MematansmenuusIdendniounuiaauiia
=) 9 T o [l ddy 1
mandl TiflhmundadiuaugasialiiLi,Mn

Fe, S0, 929114 1danuy Idhungauas

0.25" ~0.75

1 @ J o = o ' o
m51%%3@@@%@013aﬁ(cut-offvoltage)f;fﬁ“] vzmlfiadesnmmsinauassoudia

Y= ~ a A 3 aa
Zhang et al. (2009) 11@1ﬁﬂ‘19nmimasmmg}mﬂuﬂummamﬂmwaﬂmam@

[} v o ¥ 9 a A B an ~ a =
mmm/nm”h/\h/\héumaman"l@eemmmma Tﬂ‘t’J’J‘ﬁ sol-gel wqmmmmommwm%aiu

u

Y J 1

4 9 Aa A I o [ aan < 1 a
v3581n1ae15neu Taglynsagasniudusalgnsewazitluuvasdliaisueu wuluna

a A IS aa 9 A o a aa =
AneumManFanaae1n39a319A0003 INsoulin (Pma2,) tazue Tuaalin (P2,) 919939801

[ 4

v o . P A X P, ) aa
AN Rietveld refinement ANANAMTAsMUUTITIONS 1oy Inseas1aue lunain

9
[

I 9 1 Y a a 4 )=t
(P2) Wlulassadanasgriunun ldnwaaiasnsines aalla = 8.2148, b = 5.0128 uaz ¢
= 8.24348%a@n50U 1Az = 99.028° H1nAIRBIAUIIUIIOVDI Nishimura et al. (2008) 1Ay
1 A o S YA o A = a
WUNVUIAVDIDUNANTUATIZH 1ANNTNTZ0A8 TasTivuinoymamdelszuasto w

. a 1Y 1% { o ]
Tumes Famnsoeivredansnaunuveseymaluszau Tuanavewvaniuamsasdula
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v
1 =

4

Y A 1 a J
wonnniidyiaguianiuadl Wi wudanuy dhaesmsaamialuseuusniinigegan

- 4 ] 1 {a I 1
153.6 mAh.g uagziiorull 80 souainnuy Irlihezasnaailu 98.3% vesainaugluih
2 % a o a A {
apuizuAN Faaug Idhvesnisaamiwnaasdslszaninmmiaail I Advesans
#1081
YR [ Ia A =\ an a A
Deng et al. (2010) ladnyimsdunsiziamonnusmiladamnanazaion

< aa 9 Aax 9 Aa a 1 ~ =\ 4 1
IManyaNANIYITsol-gel Taglsnsagainyien 7OOENﬁ%“lﬂﬁl“ﬁﬂﬁiuﬂ5581ﬂ1ﬁ615ﬂ8u WUN

A o N v Y = ¥ s A 2 A Yy Aq Yo o
asidunnzd lensaesdi Tnseaiuuvees Insouin (Pma2) 3l Iaseadwilndifeeny
. = a0 o =2 a a IS aa
Li,PO, NQangisnnInaunsvod Scherrerad 113 0MUIAHIVUIAVOIHANVBIAINONHANTA
a A A Aaa 9 o 1 I a Y
auazdienuuamilasama 1842 nag 50 w1 Tuwas awdauualuanuiusswdivine

=2 2 ' Ao 9 a a a = '
yoananzivina lugnnidnaldnnaums mszervszmannuial nAvewaniod 15u
NAAINIAY (stress)N1511/A0u31 (deformation)n1sinananuda (twinning)uagdaunani laj
3 ¥ o §y a 4 wa { o 1
iuiieiRedni(inhomogeneous) tiiadnizWautianiuail 1W#ha c/16 $1um 50 soU WU
¢ o 4 1A @ v o X
Tusevusnvesmiseeziidng IiligauiiesaniuialsingmissivesnisdSudrvulu
a S aa J a 4 { -
Tassadnlasdifoumangamasziiainiug Idihgegalumsaamian 152.8 mAhg uag
4 ] {a I J 2 U
werull 50 sov vzlinnuy Iihasnaailu 98.3% vesmnnuylifhaousudu dau
aa A aa A 9 ] ] A 1w 1
asuamilagainavzininnuy IMihanaied1asiaiEmazaan7o mahg vasnnaiul
4 a & 1 2 4
20 sou nazioru 1150 sou azdinnuy Idhaailu 37% vesrnnug IWihaouGuduiie
a 4 1 s A d A J 1T aa I aa aa anaa A 4
ANTILH dO/dV o Traa (Hom5V/AdrISY) WuNamsumansamnalinnvelgnieizaend

HENNUITHINOONTIATULAZTANTU TUFIAD dIvamsuMladanalnaveslnie

v
=

=] o @ 1 a o A v W 1 9 = = A = 9
3ANFUENAUTZN 0 NF AT ULaLSanTulug19n319 Fanaaadeauianiuail Wi
@ Y] 9 Aa A =\ Aaa A 1 a A 3 aa = o = A
aunsounay ldvesdiienunsmilagana idgmaioumansamnadaindunguainn
a 3 aa o 1 LY Aan g’/ 4
aeurangainalimdesmumsiauaeseugenNaMeuuNINIdEanauon N0
Aa 4 9 a g = 9| . . !
ﬁmi1814ﬂﬂﬂJmuVITL!LGN“If’t’)u‘VINLmJ“1W1/\|1(electrochem1cal impedance spectra)WUNTINITD
1 dal ~ I a A a Y A ~ a = ~ A
pianuReenitly 3 Uina Aousnw IANan1udge USnanTINnauaNdthunae uag

a A o Y a A Ao A = £ 1 Y Y, .
Uﬁlﬂmﬂlﬂutﬁul@ﬂﬁﬂﬂﬁ’]ﬂﬂ@’l l,iJ’E]?nmﬂ’e;Nmemmﬂ’gmmuw1ullﬂ1/h (electronic

=

= 4 s
resistance) Annuathunarugasdenszuiumsuantasu %139(charge transfer process) LA

H 9
~ %

nanudmudasdanmsunsvesaion looouluiagh 19 (ithium diffusion) A3g1/7 2.13
= A ~ a A A Aaa = ' 1T a A
NANMIANEINDNNANNDFIazuna1ves ameuuMasana vl nnamey

S aa 2 9 9 Y >~ J a A
maﬂ%ammmmmﬂ1m111@nu1mu"l,1/\|1/\hl,l,azmmmumummamﬂaﬂuﬁmiwmamw
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IS 1A

A Aaa = 3 aa = o Y a A a 9, A o 1
LLNQﬂWUﬁGﬁa!ﬂ@3Jﬂ'lﬁ\1ﬂ'31ﬁl“l/lﬂl]!,1’mﬂ%ﬁlﬂﬂﬂ\?ﬂTiﬂﬂﬁSﬁﬂ‘ﬁﬂWWﬂNLﬂiJul“V\'V\h‘ﬂ‘ﬂN']u@]@

U

a A

FoUVDIANIULAMT AT AN 1A

2000 i
o) ,‘"‘
1600 [ A
o] i [ T1iFesio |
A o leFeS|O‘
/ —4A—Li,MnSiO
1200 |- o A | ——
1 /
=
Q
'I\Il 800
400
0
1 "
1500 20001

Z' IOhm

A . o 1 aaA I Aaa a A A Aan
ETJVI 2.13n51 Nyquist YDIAIDYNAUNYUIHANFALNALAS NYULUINIUTBALNEA

(Deng et al., 2010)

. o Ja S Aaa Y Ao Q £
Xiaozhen et al. (2012)dunsizrnaoniandama laanianuuiqns

= 9 Aaa = F) @ (% Y A
Wassasuyvve Tunain nazd lasedseseauu lwuas 1aonmsaans1ziaieds sol-gel
1 [ a 4 . d‘ a 4 A = Y 1 o 1]
FIWNVAITNOANBS (triblock copolymer, P123%dadtasieantianiuad lWihwuidmsy

Aa s Ao 3 s Qo Ay
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sc waz 10 azldnnuyluiiss, 150 waz 120mAhg’ awdey mguani i 1d
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Y 1 a a aan a J
anuy Ifhgaiiezimannmnaljnsetsaenduss Fe' /Fe 1ag Fe' /Fe' 91nMIAATIZ1HRA
[ . 2 o Ja A 3 aa < A . . Aa
A1aTuvos Mossbavers i Inamemmansamnailua1sniirate capabilitylli& cyclabilityn@
~ [ - SR 1 A 1 aa 3 aa 2 <3 o A & A
Bow Tasnnwanisnaasaninuatiniuiiuedigsnamoumansamaiisziluanfennilan

Y a o 9 aa ~ ]
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2,63 MIAIBUNTAUNSNHANTANAAEID hydrothermal synthesis
4 [ o
Dominko et al. (2008) lasnyudoulylumsdunsiedinseadeuas
a a a 3 aa
YseANS oo nandainane35n51638ua1591A3F hydrothermal synthesis 910 @13
Y
A9AU LiOH, FeCLe4H,0 118 Si0M/5ou1floun s standard pechini 1Az modified pechini
[ Y
synthesis ‘ﬁqmwgnmm AUNINA4 A2D819AD HTS (hydrothermal), MPS700 (modified
pechiniN70004A s AITE), MPS900 (modified pechiniil 90003 1% AITHoA) 11ag PS (standard
.. ' v oA s Y 5 = as =
pechini) WUNAIBINNTUATIZHAE PS Duaeymiamay Uszuna 50 wilumas 35 HTS U
YIAYMAMAY U519 100-200 1 TUINAT 1AZITMPS700 AUMPS900 LUHIABYN AR AY
Y
v o < a a o [
Y3231300-500 w1 lwwasuenvniuduaasliifiudlssaniammsiausesouues
a a 3 aa A o 4 o 1 A o J Y = = =
ANBUINANTANATNONTIHITIC/20 VOIAIBINNTUNIILHAE PS UANUIADeTHazIAIAINY
TWfhlndiRssnuammanguinnige
YR = 9 a A IS Aaa
Gong et al. (2008) ladnuImsmsonTaseardeun Tuvesafomuangamna
2y ] 13 % 1 [
Ta143% hydrothermal %28 11nT2UINMNT sol-gel iTonIuiludleda B TaenFoueniy
- 9 Vo3 o \ ' o s 2 an Y 9 ¥
7% sol-gel HUUFTTUAT THI3oNINTUAIDEIE A WUNNIAMITTUATIZHENG 2 75 1A 1ATId319
o a ] 1 Y [} {
uuvees Insouln oglungulnseadnuos Pma2, 1azd10619 A Juuiaeyn1nmas 60-120
1 @ ] { i a 4 A
w1 luwas dIud10819 B Jvuiaoymamae 40-80 w1 Tumas e nsznauiani
1T @ 1 1 a 14 1 - a a3
@il Wi wundedne B imnnug lWihlumsdamisn 160 mahg luseuusn @enilu
1 A A o a 4 & g 2 Y =) a £
96% VOIMNWNYBYNONIINIATBITIC/16 FUTUKAR 1N512NIMANANNUTGNTFI
< o 1 ° Y o @ ) 9|
YUIAVBIDYNIALANAIAZNTNTZVIBA00 1 dN1aNe Uon InUusIlTlgenisiludh
Y a J A A AR ' 2 o I Ya A AAa 1%
aemsinamiveuFouaonuilulassiie e ld Idadion levounuamesilindenugs
Sirisopanaporn et al. (2011) laAnuauiamani Iiihnlinane Insesaiaves

aa IS aa 9 amy ~ any . ~ a =
ANV ANFALNAAIYITNITIATINT1TVINIDT hydrothermal synthesis NYUNHYNAN AD 200,

U

A

Y H
700 LaE 900’8\1?{1&15@1@6?{ WUIINN 3 Qmﬁ@,Mll@gfﬁﬁﬂﬁiﬂﬂﬁ%lwl,!mﬂmﬂﬂu A® Pmn2,, P2,/n
o w a 4 a . . . . . .
Uag Pmnb ANUA1AU 910017 AATITHAIBNATA galvanostatic intermittent titration technique
(GITT)iag potentiostatic intermittent titration technique (PITT) ﬁﬁg 1N 2.14 (a-b) NUN
] Y [
ﬁﬂﬁﬂ%ﬁlmﬁlﬂﬂ%m%umﬂ (first oxidation potential)l,wwﬁumﬂiﬂﬂf:‘f%jN‘ﬁ 9000NA LB ALY
= = = [ [ FY ~ o
—>700’e‘N‘F’mcliaLGIfEJﬁ—>200’e‘Nﬁu‘;]mmitlﬁiﬂﬂnﬂ1waﬂﬁ1uﬁﬂﬂv\lﬂ1ﬂ29, 3.0 uag 3.1 Thaa
o w d‘ Jd a 4 dyw 1 a 9 a A g aa
AMUAAY (LUDFITI/ATVITD) u’ﬂﬂﬁnﬂquW“U’Nﬂ”lil,‘ﬂaﬂuiﬂiﬁﬁiﬁGll’ejﬂamﬂmﬁaﬂ%mﬂ@%
9
@ o 1 . [ 5 o !
%uﬂ‘]Jﬂ”li‘VIN”Iuﬁ@iﬂﬂﬂl@ﬂﬂiﬂﬁgw(cychng structure)§ I 1T IVDINITNNIUADIDU

. d%‘ [ ay
(cyclingrate) s UUN VYU HUAY

Y



25

— T T T T T T T
14} b) |
12} i
. . . I LFS@900
34l e LFS@900(2.90V) a) | 10} 3.06V
o LES@700(2.97 V) - L FS 700 -
é.é‘ e LES@200 (3.10 V) A 10V
=232t 13
e Z6r LFS@200 |
& ¢ o % e e . E 313V
Z 30k ®* o oo 4 T4
& p L] ® o °®
= oo o ° ° ° 2
[ ]
2.8 B ® . {]
" 1 " L " 1 i i 1 i 1 " 1 L
1.2 1.4 1.6 1.8 2.0 28 30 32 ) 3.401 3.6
xin Li FeSiO, U (Vvs. Li/Li')

511 2.14 (a) Augandanuninnn GITT uag (b) oyusvePITT ludnd lWihveq

Y
PONTATUUTANG 3 TATIa519 (Sirisopanaporn et al., 2011)

YR o Ia A 3 Aaa a A
Rangappa et al. (2012) l@fnyimsdaunsiziaiisumangananazaieu
an - ' 4 3 o s
unemiiaganaliituunuuuiuuia(nano-sheet) 1o 19 iin1uy Ifhgiu Taedunsiziaae
H 1 { a3 ]
3% supercritical fluid (hydrothermal) #1 40083 saiBaanu N laansidluunuu1avina 3 1
a J Y a dy [ 4 1 Y] Ao k4 I
Tuwas MnRamsaRsIziaIemaiamspenuusidengnu laignadilassasuiu
4 A A 1 1 9 o v Aaa 3 aa =1 9
uuvess InseuiinfieglunguinseadnvesPmn2, dmsudionmangamauazil Insaadg
I aa A 1 1 Y o v a A A Aaa 3’, A
duneTuaainneglunguinseadeves P2 /» dmsuaienusmiaganausnainiuile
Y
o v @ 1 a 4 A =1 1 a
hmsnsaesaede ldmizdauianiaail lWihwuaunsoaeamen loesuesn lilan

Tassadralauinnat maegasiall 3ol laanuy IWdhluseuusnn340 mah.g uaz 350

'
[ =~

-1 o v a A 3 aa a A Aaa o a
l’nAh.g]’(,’f'lﬂiﬂa!fﬂﬂll!fl’iﬁﬂc]fﬁl,ﬂﬁLlagalﬁﬂﬂuﬂQﬂ?uﬁ%ﬁlﬂﬁ@’lﬂﬁ’lﬂﬂ NYUN NV 45+503f1

Q U

o a A

~ 9y @ a 4 o o A Y =2 4
I UFITAIYDATINITATYITIC/50  (WANAT ﬂmwﬂwmmmmamﬂu"laaauaaﬂ‘lﬂ”lﬂ

9!
q
Ao a A A
N

1 YR | < 1 I ] =~ o 1
WNN 1 daegasiall Humszglnnianvazdluununig taziilssansmunmaudae

39UA15-20 50U

= a a 4 a = A A J
2.7 NYHHUASNIINAADI dU-UT) ﬂ’JEJ!‘VIﬂ‘Hﬂmﬂﬂiﬂiﬁiﬂﬂﬂ]ig’lﬂﬂﬁuiﬁﬁ!ﬂﬂ“ﬂ

(in-situ X-Ray Absorption Spectroscopy)
a = A v A L] = A oo J
matadnlnInsaIndnsganduismendilunmsanyinisgana usidendues
( ' [ @ J 4 a an {
pzaonludiodns Tasmslinasnussmendidn linszquineIdinalgseinsnlasumlas

Y ag v R R d Jo @ Y ad
GU’EN‘]fu’E'JLaﬂ@]i@uﬁlui$@ﬂﬁﬂ“ﬁﬂlﬂuﬂﬂﬂ%uﬂﬂv\lﬁﬂ\ﬂuiwﬁﬂu L!ﬁ?@tﬁﬂ@]i@uﬁ1ﬂ1iﬂﬂi$1@@

]
o IS

v gz [ (d‘d =1 o Y a ?1// [ [ =
@’t’)ﬂul‘ﬂENﬂfl!WaN"I‘L!’NLE“I‘L!%VINW@NTLAQ’Qﬂ’N vmlnaganznnadusunasnuszavan



26

19 9 4 U U v A o= Y o [ 9 = A
FUNUT AGIFUIIO (2552) DA “TIFRAFN IFTUMTUNMINA0IIZABINANE1INTY
d' d‘ [ 1 9 = [ d' ] ] [ A A
@eanasaliuala saziindsnuliaouiioglusanaianunsganauvetoznounio
U 1 % H =) d u H Q' 4 2
IndiResnuamasaudamilorvesdanasouluozaou” aegua 2.15TaeEuduiieindsau
o aa v ad g’/ 1] % 1 o [ Y
TWasewdmnnszquuazilgsonvoanasoulususzanan Fallmuasnuminunse
[ 1 [ Aad 1 ~3
TndiRssnuammaanusamiiervesdanaseuluszaon sz aanalio@nasauausoniz laa
Y 3‘/ [ P @ =3 o Y Aa A zgzl.l [ =
pon lUgisunasnumusntinasnugainn sohldnaannziindusundsnuszauan
Y [ A 9 Y A o [ [ = ~ ad 3‘;
D1MNNAIU TR UMIININTZAUTAINAINUIMNUNAINUTANUSIV0IBIANATOU T LT
~ A o oA o A1 Aa 2 H] o
KUD992A0N 9ZI38NN159ANAUTITONTUDIDADNAINAN1IENINNAATU TUFUNTI91Y
[ =

9 Y Y 1 H H Y
52AUANTI MIQANAUTU K (K-edge absorption)ttas Tusudus naan1izianeluyuy

[ v 2 dq YA~ Y = o
Wa\“IQ’I‘L!?I’%WU@ﬂﬂi“ﬁ“ﬁﬂliﬂﬂiuaﬂﬂmglﬂﬂjﬂu

edge: K Lj Ly Ly

A A

Continuum

8
:

e
=

8

Mass absorplion cosfficient

s 0 I I A TN N T S
- 0 0l 02 03 04 05 06 07 08 0% 10 11 12 13 14 15
1 Wavelength ()

{ [ g’/ 4 gj/
51U 2.15 ?fﬂ']‘l!gWﬁ\?\?']uslfuﬁ']mu‘ﬁﬁ]@ﬁﬂ’liﬂﬂﬂau“]ﬂu K (K-edge absorption) !LﬁZﬂ'lﬁﬁ]ﬂﬂﬁu

U

YU L1, L2was L3 (L1, L2, L3-edge absorption) (Jalilehvand, 2002)

a oA [ [ [ 4 o []
Tumaljiasamnsaaenmsiadnasumsaanausidonduesaisaiedisla 3 33 Ao
1) M33A XAS LUUNGHIY (transmission XAS)
2) 1539 XAS 1UUE oA (fluorescent XAS)
Y] adg
3) M33A XAS LUUNTEUEBIANATOU (electron-yield XAS)
1 < Aa A o v Aa 4 o ]
Tasluuaaz I salaNuHIzaNazlssanTNNE 1M UAATIZHA1TAIDE19
~ 1 [ 1 o =Y Yy 9 [ Y
Auanaanu 'l iy 93ad5ZnoUNIUAT SANUSNINMENN ANUEUTUYIa1TN13H 1T
= [

@ i I 9 [ = 4 ' @ A @
VYDITI1TAIDYI Lﬂu@luﬂ1ﬁ'3ﬂﬂ’]ﬁﬂﬂﬂauﬁﬁﬁl@ﬂcﬁllﬂﬂﬂggwqu ﬂﬁgﬂ“ﬂ 2.16 (a) 3zIANT

o A J Y { @ 1 @ ] [
9;]@]ﬂﬁuiﬁﬁl@ﬂm%'lﬂﬂ’ﬂhl%ﬂﬂl@ﬂiﬂ%ﬁaﬂﬁ\Tﬁﬁ\‘l%'lﬂ‘WZQW']HG]'J@EJ'N Iﬂﬂﬂ'ﬂﬂ!"ﬁ’ﬂﬂlﬂxﬁﬂa



27

J ] @ ] o 1 o 1 o v {
ﬂaumqmumamﬂ(l,,) UAZHANINSARIUAIBYIN (I)idlﬂ'JWNﬁﬁJWH‘ﬁgniJﬁiJﬂWi‘ﬁ @riue

o . v o T oAaAdg a Y 9
ﬁ"lﬁﬁ‘llﬂ'lﬁ']ﬂﬂ')@‘(’JW\WIHJL!W\‘]L!ﬁ%ﬂﬂ?ﬂﬂﬂl?ﬂluﬂl@ﬂﬁ'ﬁiuﬂ%ll'lﬂ!@;f\i

I, J\ I
X-ray —KI

(a)

Sample

Fluorescent X-ray

X-ray detector

ay
B

JUN 2.16

electron-yield(3UNUN ﬂé’wqmm‘f, 2552)

I = Ioe_‘ux

mydaanasu XAS TuuuaN 9 (a) transmission (b) fluorescentita® (c) NU (d)

(2.4)

A o [ a £ [ 4 @ ] o w
Iﬂﬂ"ﬂ@nllﬂi QLR x ﬁ'ﬁ)ﬁllﬂi3ﬁ‘ﬂ‘ﬁﬂ'liffljﬂﬂﬁuiﬁ’dl'ﬁ)ﬂ“]ﬂla%ﬂ’NiJ’I’Tu'IGU’ENG]'J’E]EJ'N Ay

diunsialudnaeddtaemsiadyyuEeas /AU 216 (b) uazmsiadyyia

ac @ A 2 g Jdo o @ v A g = @
aranaseu 1a1311 2.16 (c-d) FutluansununasnuTdaouvesdamendgruneIny

1e

o Qddal o v W ] A R o o ' '
ﬂﬁ')ﬂiui’ffN’)‘ﬁ‘L!i]gL“Vill1$ﬁ1WSUGI'JGEJN1/ITJﬂ'JHJWuHJ1ﬂG] G'Tidﬂ%al,aﬂcv"lummmmqmu

v W 1 A =Y [ <3 ] a £
18 vazansadadseranianudutuvesaisludsunailosla ed1alsnauduilszans

) 4 ~ 1 1% A A
ﬂ1§@ﬂﬂauiﬂﬁlflﬂ°ﬁ (},L) Glu’c’fllﬂ?i‘ﬂ SAITHANANWNNUFAUNITN 490

If,e X 'LLIO

(2.5)



28

a

% a 4 @ ] 9 = A v A o [
1NMInaapdiaLaz InsiziasaedumemaiindilnInsa Indmsganausadond 1111
v Y as < v A 9 = ~ A o I o 1
1ianle3s Inunmunavesadnasun lanisesianvas itmilounumnduasaiedis
a = @ A I o A v A s = = o
siaaedny 3U7 2.17 Wuanlnasuuesmsganauisdendiozaouunemiia Feanlnasy
wilsznov lUdreTnssadandnanswiia Ao Tnsea319 Xoray Absorption Near Edge Structure

(XANES) uay Tngaer319 Extended X-ray Absorption Fine Structure (EXAFS)

14} [«—— XANES — N

12}
1.0: ‘ \/\’\ EXAFS _

= _
aal | \Q

In(i, 1)

02 1 " 1 " 1 " 1 " 1 n 1 "
6400 6500 6600 6700 6800 6900 7000 7100

Photon Energy (eV)

A @ A v A I 2 = Y
3191 2.17 anlnafumsganausamena lusu K veezaan Mn Fauaadlansdailg XANES
Y 1
uazEXAFS milnaiuil ldninmidadied1s Mn,0, (A0d19m9) a1l XAS 199

v aw a [ t4
Beamline 8 Tugnniuitonasgulnsasou (FUnu1 adnoquIsel, 2552)

Deb et al. (2005) ladnuias LiFePo, InsldmataaminInsaInilmsganansed
o 3’/ <3 { 1 I'd 4 o 1
OAF 1UFY K YDI0LADNIMANNAAIITAIE] UBINITHIS UNOHIA MK UIVDI02A0Y (local
atomic) 1A39a5 191191931 (electronic structure) taztadesnimmaail lWihnmaudesou
'e/ 4 A 1 a
(stability electrochemical cycling) 1A8ANHILIFePO,NAUATIZHA0TT sol-gel WUIUNANT
A o [l A v 2 & A ad
oumuMIvoUMIganauveddlnasudutiumsnldsuanugalanaseuIn 1Is—4p 1Ay
1 4 A 1 J
1s— continuum transition TUszHINNTZUINIT TAsdD UL EUAUVDA LiFePO,NDUNITVITD
< 4 3 4 o 3 Vad
(0.0 mAh) Uanuilu Fe uazlasuilu Fe' iiomina5a (3 mAh)WI1ZNDANATOU 1s VD4
Tavg Fe'* TWunzazniveymavoamnaniindansind re Sadanalivoumaganiuves
v A = dyw 1A ) . < <
alnasuimslasuntasuenanuganunumsuenadUu(spinyvauransenluaosdniug

[ Y v
Ao Fe (1), duag Fe (1D, d’ Faaanziinanesngnuszasuisuuu lilanszezinalng



29

@ J { Y : 3 {

Y9900NAZIATA (320352 Fe-0 1lasull 02 odvdnson) sudumaibeuvullon
A o aan [ I Y Aa %
ANNINIVOIDBNAZIATA IAB TIN5 IAasUBY O 2p N1 Fe 3d 1Wuaurg lviinanisuendd

4 a & o ' {1 4 { : g
Yoaan1zil myesureiiini llgdeazUna e Tassadaldeunilasain Li Fepo, Tihilu

a o 2 < ! o 4

FePO, Tao Fe’ gnoond ladnan1izisudu (A) Tihilu re'” Rannzgaiie E)asgili 2.18

o o 1 1 4 a a a @
Taganlnainvesarednnluseninensrvedu-5y sremaiindin Insa Inllmsganausd
P . A s A o ¥yg . y A Yy A
FUDY Fe 11 Li FePO, NAN1IZ159M6199) AU uaaa l1iifiua1ens LiFePO, uul Insaasnan

{ o 4 4 °
anasnthns e lanaeseuion 1l 14au

=
2
2 10+
S
(=]
w
=
=
5
= —— A (0 mAh)
g 05t B (0.75 mAh) .
5 —— C(1.5mAh)
< —— D(225mAh)
— E (3.0 mAh)
00 - 1 1 1
7120 7140 7160 7180
Energy (eV)

71/ 2.18Normalized Y99 XANES dlnasuiimsganauiidond ludu kx veseyaouman
TU3ENINBISIA (0 mAh), B (0.75 mAh), C (1.50 mAh), D (2.25 mAh), 11ag E

[

(3.0mAh) HaAIaN TN A1 Tuvaz Iasadond (Deb et al., 2005)

a 9 a

a = v A 4
Dominko et al. (2009) l1afny18uU-5Y MemaiindalnInsa Indmsgandussdonds
aa a2 Aaa a A I Aaa o Y as ..
VOIANIUUNINUAFANALAZ ANIUHANTANATIUATIZHAOIT standard Pechini  sol-gel
= 14 a o 3’, a % = Y 9 a =~
anu1lumsmsaazaamsaseuusANIeenFaruLazsantu laelsmataalnInsa 1nil
A oo s A a A = = =
mMiganausimenguazmaiadilnInsdInlMossbaver 1HoANYIDINITIAB UMY A
I 1 o [l < a < aa
Taseadvoumanuazuamilanunasaedrauman ludioumangamnaianuades lu
4 a 4 Y [ A ey eqe & <
MIFITazAaISva1NITaRUNaLlA (reversibility) Tng XANESatnasuveurianlu
1 ~ Y ~ 14 a 4 [ 1 [ 1 ~
32117195009 1 PUTUN 5 veamImsanazmsaasia i lauanaranuas aulunsalves
=\ Aa A =\ Aaa [ [ =\ d' 14
wamdaluameunueanmtiasana anyae XANESalaasuvoauuamtiaiionsa hlsow

SN WUAILHUIBEAONTOUY axasuvoauNanmbananisiasuudasluseriig



30

NIEVIUMIDONTIATY Taegniinaoglusaaues M’ iy Mn’ insizmsnlasunlasdimis
= = o Ia A = an [} = 9 A o
pzAoNILY BzAoNvBIIINld S Inamenuamilad@na luaunsel Taseadenny
nav 1@
. Y=R @ Ia A S Aaa A A a 9
Dongping et al. (2011) laAnyIMsdunsziafiourandananindo 10y 1Aa1e
¢ 1A g ya 9 2 9 o ¢ _an . o
asvounuyIni e ldlinug Irlihgeuudien1sduns1291n3F solution polymerization

a

{ s a ' {
sol-gel Ngaingil 6003AUTAFoE TUUTTEINIABITNOUIINHANITAATIZHAIY XANES N3

U

3 o A a

o ¥ < 1 Aa 3 aa {
AANAUTITIO NG IUFU KYoozaoNuMannUNaHeuManFanannaouAIoYN1AAIY
4 = a % < 2 2+ 3+ 9 2+ 1A a A
MIVoUTBONTFIATUURUNANTI Fe' tag Fe 1ulnseaing Tag Fe azagiusnanisganau
[ Y= P [ [ = v W 1 3+ A a A v A 4
FAMONENT120 eV TADYIUIUNAINUNY FeO a9 Fe 920N NUNTGANAUTITIOND

@ 1 v a a Jd v 1 o y
7122 eV %ﬂagiugguagaﬂaﬂuﬂu Fe,O, L‘Wi13Lﬂﬂfﬂi?Jﬁ)ﬂ‘;ﬁhlﬂﬁﬂll®1ﬂ1ﬁ1u531ﬁ’31\1ﬂ15’3ﬂ Lﬁﬂ

~

o 1A 3 aa a o [
dunaNYAgIgAUDIpre-edge XNV NANBVHANTANALIZIZNAA (coordination) YDI IHAN
I a2 o a J 9 Y Ja d 1 1A
Humnsgdasanaz1nnsins1ziNaA18NA099aNI TAUDANATOULULADINTIANY I
{ 1 { A 4 a
YUIAVDIO YN 1AL A1 T2 U1 40-50 wiTuwiuas drunaninsigiaomain
dal v A 4 1 9 A 9 I aa A a o A
msmenuusimengwun ldmsiili lnseadraiuuouue Tuadin (P2,/x) iWolnsizHaniia
a Y, aa 3 aa A A A ] o ] 9
mandl ihaesdiienmanddinainaourmoyniasieaisuoununannug ihvesns
a 4 1A = a @
AraSIseUnsNogh 225 mAh.g lagdiion lesouunsanaudnlulasadnld 1.36 Tua
1 é ] 9 1 [ EY d' 14
o nilantie Inseadruaznuanuandnd ihnz2 v uaz 43 v lumniavessouusn
g’/ d o 1 {
wonanuulunszuaunsnsageladnyIex-situ. Mossbauer W19 3.8V @15U5zno
o 2l
Li,FeSio, vz1/aowmilu LiFesio, tiodafionloooussnliainTaseadie az ldnauy il
R I : a @ g !
Y3z 100 mAh.g Fudumsilasueendiaduves Fe'/Fe’ 1ntiui 4.2 v Tassaiiaves
{ < X 3 { A o o {
LiFeSioazlaswilu Fesio, suilumsilasuoondiasuveos Fe' /Fe aa3di 2.19  (a<c)
yw o { [ 3 14 1 -
uennnidiausodsulasusainialumsalaslaainug 1ufh 135 mang'uag 100
1o v o < s A o o X o 3
mAh.g dmiuons i lumsnsan 1c waz 10 awdau selszaumaduialunis

o Ja A 3 aa Y [ ° 9 A ' o
’L’f\‘llﬂ‘ﬂgﬁﬁﬁﬂEliJl,Wﬁﬂ“]fﬁm@]llﬂi%ﬂﬂu'liumﬁilmgﬂ15u11ww1ﬂﬂ31ﬂﬁ10ﬁﬂﬂq\i (4.8V)



31

-15 -10 -5 0 5 10 15
*Mﬁ#ﬁ%é . ' o -:;swe?.:aes-'&-#
(c) Charge to 4.6 V
Fe**

Intensity (a.u.)

Velocity (mm s")

~ o Aa A S aa ~ A a Y 4
31U 2.19 a11lnasy Mossbauer ¥OIANBUHANTANANAADUAIDUNIANIIATT DY
. . . s A ¢ A
(a) OCP (opencircuit potential) (b) ¥199N4.2 V 1ag (¢) ¥153N 4.6 V
(Dongping et al., 2011)
va a g aa 1]
Dongping et al (2013)1aAnmauiamani I vesdifsumangainadiy
% [ 9 9 ~ R a A 9
anuasalumsiunduldveslaseadanarvisoasaienlessuidinazesn
(insertion/extraction) 910 1A53a3 19 IduInnNHIedneriarueTaTIad1e Tasldmaiin
a a 9 a = A v A 4 k) a dy (= o=
au-a1) AMemataannInsa InlmsganausidenduazAemailansaeUUTIF o NG
I Aa A ~ Y Y o w = = 9 a .
Wumadamaynausaud luvodinaueansaneinslasulassadauuufy (ex-situ
= A v A 4 < [ < Aa A <
method) TaensANYIvOUNMTAANAUSITIONFVOUHAN WU loppuveuranludieuman
Famnamnanmaasunasosngiatuedwasiiiod lidnmghlioondasugannlusznin
4 1 [ { % o [
n3zUUMINse Tasldanuaednd i 4.8 v Fauaasdeanuannialumsnundu’ld
[ L I 1 a a a e Y] 4
wodlaseadnludaqinilulyldge aaulumsneassdu-gy memaiinnsipenuussdond
9 = . . o a 9 Aa A S aa
wazm s 1enguYUeA first principle WguIMMs)asunlaslnseaisvosdmenranamna
A 9, 1 14 a 14 A 9}3’1 = 1
iy Wihgeszrienszuaumsmiwazaasia vai 1IANIn1snaaswaz NGB
Y o 1 1A A S aa =\ A Y 1 A 14 ~
APANADINY HazNUoNNAMsuranFanalma)asuuas Tnseadvasriuionsa ln

4.8V A1311 2.20



32

02 00 02 04 06 08 10 1.2 1.4 1.6(Li'formula)
6.0 1 " 1 " I " 1 " 1 " ' " A " 1 " 1 P 1
57
5.4 In situ XRD /‘\
5.1 i K
_4.84 '

Li, FeSiO,

> L
4.5 /"F
=) r
S4.24
; LiFeSiO,

S 394 R
1 . B g AN
3.6 < = C
3.34 i 5
3 0: ._—-0-—0"" In situ XANES
gy Li,FeSiO,

2.7 Y—r—rr—r—r—r—T—r—T—"rT"T"TTrT
30 O 30 60 90 120 150 180 210 240 270
Specific capacity (mAhg™)

~ - ] A A S aa . . < . .
31U 2.20 manfasun)aalnsaaiavesdaenandanan Li,Fesio i1 LiFeSio,

uaziilu Li, FeSio,iiom 5117 4.8 V(Dongping et al., 2013)
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31 unin
a o dy ] 9 = A 9 a A S aa
mAveigaiulumsanyimsnasuuladdassaivesansisenovameumanda
A dal J 14 a s 9 Aa A a =~
e NMAPTUTTHINNTZVIUMIITInazAdIITIAImATndu—5Y) aulnInsalnilnis
A v A 4 a0 X 9 R ag @ d a A 1<
ganaussdond Tagluauiselilddnu1iTmsdunsiziaisdsznevdfiouman
Fana A2e3s 1) solid-state reactions2) sol-gel method 4@8&3)hydrothermal synthesis WO
a o 4 @ wva a S aa
ABmsduasiziuazdSudseauni@niani lWilhvesarsdsenoudifoumansaina
] Y v
Itiay ilwnuaiu Taemsinana lnmsuandeudiion loeswdazeonluTnssad
. . . . . Y dﬂg A Y ax 1 1 A a
(Li insertion/extraction)U04 L12_XF681O411{°11J1ﬂ5Uu W9 0 <x <2 A%WITAN ] LFUNTIATDUNT
& X ° a IS Aaa ° o 2 2
pyMARIBAIIA1I Do Feazsh lvensdszneuddioumangainaiinigth lWihndvulaelna
a 3 aa ' ° o - - .
udrasdseneudmeumandamaiainizin ihé ~6 x10™ S cm’(Dominko, 2008)

v awv 1

g‘/ 1 a o 4 {a % o Y a
rw:nzazuuumfnﬂmuiwaﬁmaummimmaummﬁauﬁmmmwmﬂ G?\ﬁ]g'ﬂﬂ'ﬁmﬂﬂ1i

Y '
=

v Y
M lWihminducazyi ldinamsuannlasuaimenlessululassadaldavy wasariliina
9 A é! = ad é d' v Aa o 1 1Ta 9 A
anuy Tl unuudnisuilsninidedulngtion1d Ao n1sanvuiavetoynIANIN
~ 1 as o J Y . .
WEeuMeusenNITMITUAIISHANY 1) solid-state reactions2) sol-gel method 4@ 3)
v g’; A, [ 4 A % a,
hydrothermal synthesis #9193 3592 dUATIZH IAUUIAOYNIANA1INY TAdT1) solid-state
(% 4 aa S aa =

reactions 3z @ NIAFUATIZH AT NRUANBUMANFAING IdvABUMAMAY ~150 U1 Tu
ax o 4 a A 3 aa 9
A5 (Nyten et al., 2005)2) 3¥sol-gel 3L e WTATUATIEHETUTL ARV AN BMHANTANA A
VUIADUMARAY ~50 U1 TUIUAT (Dominko, 2008) 118%3) 35 hydrothermal synthesis?E 11130

o 4 a A 3 aa 9y A .
duaszrarslsznoudioumangana ldvuiaeyniamaes ~200-300 w1 Tumas (Dominko

= é’, any 9y v = 9 A Y] A =~
et al., 2008) FINae ATz Idauiamanil lfhiaesnu iesnvuiaveseyninaziing
Tasnsenuszozmsnaounvesaiion lessululaseade (Li° diffusion path)inszd1vn
< o q ¥ A ~ A a y & 2 o q ¥
yuraveseymaanIziiliszezmanaouivesaieon looo uluTaseadeauas 31

% [

1 1 < P o 2 Y A
ienleoswnaounoenuaziinlulnssadreldEaiu nagiildanuy i wnuiu 1inise

9

a
=2 a [ wvAa a A 3 Aaa 9 g}/ ax o 1 9
%QH&NﬂiUﬂ?QﬁﬁJ‘UW‘U@QﬁWTﬂiSﬂi’)‘]JEIL‘VIEJllH’Taﬂ"]ffllﬂ@ﬂ?]ﬂ‘ﬂﬁﬁ@ﬂ’J‘ﬁﬂﬁﬂai’mﬂﬁ@u
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wialduanuaiuisolunmsii Wihuazansavanasuameulessudnazoonlu

] A 1 J a 4 a IS aa
Iﬂi\‘]ﬁ%’]\?lli‘%jﬂﬂ'lﬂaﬂx‘lﬁzﬁ']'l\‘lﬂ'i%‘ﬂ')lﬂf']ﬁ‘ﬂLlagﬂﬁﬂﬂﬁ%ﬂ"lﬂﬂ'lﬁﬁﬂ‘]&l"lalﬁﬂulﬁaﬂcﬁalﬂﬂEUEN

[
= 1

v Aav 1 1 3 a 4 1 a

eI Tagd 1 v dumsAny IR nIZHaveIMSIANAIT ATV UITU NILANSsUCrose

1ag L-ascorbic acid (Zipenget al., 2012)1azN1TAAUUIAYDIDYN1A(Gonget al., 2008)NNHAND
A = ] 1 a A I aa Aa a J .

guianiuadl I Fanunarsdseneudifiounansananin1sANa15A15 Vo UL-ascorbic

{a 4 - { a 4 {
acidin 11y I AAa3159~135  mAhg nazMiana15n15ueU sucroselina g TWin

v
[

Aasi~125 mahg TaelFsnsinsaaniad (C/16) drmuIteiaavuiaeynAnuN

ansoanvuiaeynn la~40-80 w1 Tuwas e 1w ldanuy lWihidansa~160 mahg'

Y
A v A =2

2 A < [ H
Faaadu~96% vosmnnuy i lumenguf nazuenainiidalimsAnyimsnaounas
a < aa ] I'd a 4 Aa A a
TAsear51990IdiouManFaINATENINNTLUIUNITII IALATIITIA0MATIADU-F1)
= A v oA o X = A A
anlnInsaTnin1sganausad@end (Dominko et al., 2009)IAsANYINUDUNITAANAUVDI
<3 Z & 1 9 a a I Aaa a
anTusu K(Fe  K-edge)Banua11asadseuesainonman FALNA INANTT
~ a Y < o Y a = Aa A
wasunilasaninzeendasuveuranimliaiuisoesuienalnlumsuanlasudmen
9 9 Y 1 d a A =
looowdwazoonlulaseaield Tagluszninenszuriumsniatiionlooouazgnas
) a % < 1 I 4
pon lanlasead e ldaninzoondasuvouvanidasuain Fe 1y Fe uaziio
a d aa = [ 9 9 o Y a o
nszvaumsadinraien lesouszgnasnaud 1 luTaseadwih liannzesndaduves
< 1 I 1 { 1 4
manlasuan Fe iy Fe uaznunlassadwunlananuadesaenszuiumsnsaag
a o o o Y 1w ' a = = A o
adamsaazausorundulduads liauisaesuigdamalasumlasaninzeondasuve
< I
mann Fe'lu Fe' 1a
a o e A o Aa Aa a [ d <
lunudtelidiservdenldmaindu-gy aulnInsaInlnisganausidond (iu
a [ = a = 9 A a dg! 1 4
madananlumsaneinganssumsasuuilaslass@i NI U HINNTZUIUMTHIS
a o . . = =~ 9
nazAa¥ITevedd1slizney  LiFeSio /C lumisanyinisilasundaslnseaieues
. . Y oy Y= A ¥ . . Y} A 2
Li,FeSi0,/C upnanuugs laanuinmslasunlaslnsead9auedLi FeSio /Caramaiintond-
a = v A L4 a
Fy anlnInsaInilnsganaus@ond (ex-sit X-ray absorption spectroscopy) laalfinaiin
msasarienlesussn liainlaseadra (Dodd et al., 2006) s lifinansilasumlainiely
{ a a 1 [} I~ H [} a
TassadendSuavesdonuanarany uaz lanardunuiesusulunisosuranis
v v Y 9
wasunaslnsea$reiinaty uenoniigaldinadin ExtendedX-ray  Absorption  Fine
Spectroscopy (EXAFS) 11detu1omsulasundaslaseadaldimusu wieuieunuauide
X a o ' { s
V93 Dominko et al.(2009) HI@IWTADTUEA U UINTIAsunasvesozaoumanTuy

] y o I d v
Tnssa$1elded1vduonnintiuds1dna1ziignin(phase) vosa131lsznou LiFeSio,/CAIY
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a X v A J . = A
MANANSIANVUTITONS (XRD) UL Rietveld refinement®aa 111501 115uad1siandu
o 4 1 4
lumsdunsizd e uaznrenIweyn1AUeIaslsenoy LiFeSiO,/C A10nanI9anssmilyy
NZQHIU (high resolutiontransmission electron microscopy) WO IUUIAUDIOUNIATEAU UL 11
o wa = Y Y a o . . < Y
w3 wazdaguianmaad IWiharemaian1siauuy galvanostatic cycling (w13 1Ay

' 9 v
WUUUYBINTZUANAE 11 TUB19ALA 1.5-4.8 V Ngainniiveq)

Y
Aav A

] I J @ 4
Tagunanieluauideil ldutansnaassesniilu 3 dau fie 1) Anvimsdunsizy
Li,FeSiO,/C #1675 1) solid-state reactions 2) sol-gel method t18&3)hydrothermal synthesis oy
[ A o a 4 o o
Yulgsauiasumsih liihdromsindeudteynindieniiueu2) Anvianudunus
5zwdwﬂmqﬁ%ﬁa§mugﬂ (polymorph) uazﬁmﬁﬁmwmﬁ"lwﬂwmaaLizFeSiO4/C3) AN
a ~ .. 4 a 4 1 @
WoAnIsuMslasue (phase transition) TuvaznszuIMmTIAzAdIITIveIAaz gL T
Li, FeSiO o 0 < x < 25znaenationlosougnasoon 11 (extraction) wazgmihnduanll
a a a o 4
(insertion) TuTnssa$1e TasmsAnuidu-syaremaiinainInsalndmsganausadons
4 { o s a @ °
mommsnasunlasigninvedliFesio,/C TuvaznszuiumisazadmnsouasMuImm
1 [ . A =Y Aa A =i Y A
AINNUAUIUY (density) 1loUTmudmonTooougnaseonldvninlaseadrcioninig
wasuutaslaseadraluniianying it cel) lunszurumsinale (phase diagram)ved
9 H 9
Li,FeSio,/C 1@ uwnauddonsrua aegili 3.1 s10az100a9unonv09n15naaoaz15ns

nageuaia ldnanluirdoeda 'l
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=

Ll =
3.2 NN U??Jﬂ]ﬂ!!ﬁ%ﬁ]i!ﬂu
a o zﬂy G . . G (S ' Y an A ' [
TuanuIvetimsmisuasliznou Li,FeSio,/C 1103000819020 5 NUANAINNAY 3
35 A0 1) solid-state reactions2) sol-gel methodttag 3) hydrothermal synthesis 119991091
o A a o o { 1 I U g
UHUMSANTUIUITY 93N 3.1 lauansnaasseanily 3891 vazvuaoulunis
] o [ 1 < ] 3 An & Y A = g’; o 4
Funszviansaleeanuaeenily 335 ¥99z 1dosu18518aL0eATUABUNTFUATIZH AT
% 1 1 a o 1 tﬂy
fedaunazItaane hlil
v d A
321 Ms@unsztiaslszneuLi,FeSio,/C A3835 solid-state reactions
3 J . . 9 ax . . @ A
MsFuATIEHaIsUsEnew Li,FeSiO,/C 978773 solid-state react1onsﬂ\‘]§ﬂ‘ﬂ 3.2
3 axAq Yo 1 o 4 o 1 a [ 14 9 g’/ Y
s lsnuunivaelumsdunsiznaisdredamusiinuazigamans lasldaisaiau
4 a 4 <
Glugﬂmmm*sﬂamamm”lw Ao mﬁsmﬂ15umu¢1(LiZC03)(99%, Acros  Organics)i¥ian
4 aa 4
0N l%4 (Fe,0,) (99.6%, Baker Analyzed) Ganou laoon laa (Si0,) (99.8%, Carlo Erba) 1o Tas
a 4 a
Twsiueanoaod (99.7%, Carlo Erba) tagtoniau lInanea(C,H,0,) (99.5%, Carlo Erba) Iaai)

g’; (% do 1 ,3
mu@mumsaumwwmm"lﬂu

Y
o/

UM 3.2 TupeUMIIATINAT Li,FeSiO,/C A187bsolid-state reactions

Can
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Y ) aa 4 s £

A1UIAVAT AeMIuaaszneuaeNMSUIUAYIINT 1w 10
o a J Y oo

niu luarsazaielo e Tniaueanosoa lnsldgnuea stabilized-ZrO, ua

I o {

e 30 wildseuadsgl 3.3

Y aa ¢ ¥ v _ 3

anafioumiveuaeeninvIaualivuadleiitlsiaeinlesou

(deionized water)

3)

4)

5)

6)

7)

319 3.3 519UAF1TAIDE

U

haua lianuaaliuds daugnuaansaiuduaen laon1duded

a = < o
wuny 100 earsaed 1WuNa 6 GI)"JINQ

el

v
2 1 =

9 o Yo A Y A o =

Fadrunduaugasi ladiuaaliain1siei 3.1d20n309%9az1900
netien 4 AN uazoasaIulagTua (mole fraction) 581319 Li : Fe ;

.3 U y a J Y g
SiWul - 0.5 : ldaaruwaunivuanay lolaTnsWatoanssed niouna
Tagnuaaslluvava THiAemeluvieuaedinies 1 lu 4 duves
YIAVA
Harhvaualiuiu dnisensldSasen q vaaua e ldulauanyu’la
Tusaua

° J <3 o
el laTusrauauaidiuna 48 ¥ Tug
nsouowiiua ldeenlinua laluiininesedil¥aagnuauin 141e T

a o
Tnsiaeanogoanadnulnuaazgnualddzoln
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a =

= ¢ v Yy A .
8) “LJTUﬂLﬂ@SVlﬂiﬁﬂﬂiuiﬂuﬂQmﬁﬂﬁJ S0DIA UV ALFYTUASNIUNT Y (stirrer)

U

v
2

L - , ; 2
o laasleTwInsiiaueanssedenn aunszna lananuiavesansaaduy
o v ¥ 9 Ayyw v y A a

9) waursvesdrsasduila lihmldanuiouniguugl 900 oem

a 3 & o P A £
wrarsed 1101081 12959 Tu luusseInAunae1sNoULTgNT (99.999%
. A v ) = a3

purity)iiieAuANUITIMATUMIsENIRANNTuFUanIEgnINT Ty

UHA3oTEANTY (reduction) Tagldoasinisldnnudou (heating) wazns

< @ . 1 o = 1 A o A Y

BUAT (cooling) 1NIAV 5 BIRUFAITEAADUINAIFUN 3.4 1214
. . A o aaa o <] J

a15152noULLFeSiO,/Cvignsennuaiaauysal

o A o Y U o Y A .

10) thensndunszi 1a hasindenignindieiAses Xoray diffractometer
Ay ' s A A a o a
910 Bruker  Ju D2UpagudiniedleIinerriansuazinalulay

a QU = =)
unImeaoma lulaggsuts
o (% ] a 4 H

1) iwadied191U5as1zin1slasuniaslassa$ 194 28 Rietveld

refinementX-Ray diffractiontiae 019 3 o UNIA A1endeq high resolution

transmission electron microscopy (HR-TEM)

1 1 { a ¥ @
A5 190N 3.1ﬂ?ﬁﬂ?ﬂ’)ﬂ!gﬂiﬁ’J“LlWﬁiJ"’U?NLifeSiO/CﬁW]Nﬁﬁﬂ?gﬂ’E)‘LJ10% Tagvniin

A o Jd Y ax i 9
NTIUATITIAITsolid-state reactions

Yy wIaluana salumsdunsizd 10 ny EFREINIE S
AIAUAY
(g/mol) (batch wt.) (2)
1) Li,CO, 73.8909  [(73.8909%100/99)%215.0067]X 10 3.4714
2) Fe,0, 159.6882  [(159.6882/2X100/99.6) +215.0067]X 10~ 3.7285
3) SiO, 60.0843 [(60.0843X100/99.8) < 215.0067]X 10 2.8001

4) C,H,0, 62.0676 10% TagivinuestSunanly (1+2+3) 1
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{ i o 4
517 3.4 TFmswenIianudou (heat treatment) @15NdUATIZHA8ID solid-state reactions

a < o ] a £
gun9ii900 aerwamed tunal 12 ¥l luussoimaunaeineuligns

=)

[ d A
322 MsduAtia1)sznouLi,FeSiO,/C 43835 sol-gelmethod
o Ed a 9 an o J Y I
NMIFUATIEH AT IINNAIYID sol-gel ?ﬂiﬂiﬂﬁ\uﬂﬁ1$1fiﬁ'lﬁslﬂllﬂ?]'lill,ﬂu
=< A d A I dy = o 9 [ v av 1 1R
Naﬂ‘]flﬁiJ‘]J“ﬁm m’nmﬂumm%muqq uaz”l@mgmﬂmmmzﬂuuﬂummumi]ﬂmuslwmum
a o 4 a Y Qddy g’/ Y Y o o = 9
HYIUFTUATICUTITLHETTIUNAIYITU uaﬂﬂ1ﬂuumﬁm1m“l%ﬁum1w°luﬂ5mmnmG] LL'ﬁZGlG]f
Y (== a a 1 A o dy A Ja [ 4
LIATUDYNINITNINUEITUDLUULAN Glut’f')u"ll’f]\i\‘]'l‘l!’)i]8“%$Lﬁ@ﬂﬁlﬂ$3ﬁﬂ1§ﬁﬂlﬂ51$ﬂ
LizFeSiO4/C@91}’JEﬁ?ﬁLL‘U‘U sol-gel WioNnizonN polymeric sol-gel(Xiaozhen et al., 2012)1ag
A g Y o I v 1 dald a A = .
arsalinldlunmsduasziiaeae llline afeunedimalalansa(LiC,H,0,-2H,0) (98%,
. A . a 4 Aaa
Acros Organics) LWﬂiﬁﬂllumi@](Fe(NO3)3'9H20) (98%, Acros Organics) MNP Na00s INTa

1ne(C H,,0,Si) (98%, Acros organics) Pluronic®P-123((C,H,0*C,H,0) )(Sigma-Aldrich)lta 1o

20

[ A = g’/ o do 1 dy
nuea(C,H,0) (99.8%, Carlo Erba)mgﬂw 3.5 TaelvunouMIdaUnIIziaIne 11l
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%

517 3.5 TuApUMIIATINAITLI,FeSiO,/CAI8ID sol-gel method

1) Fasniaugasdiunguilamuan 13 dinsei 3.27ael45 5wl
N1 §UAT120.002Tua YoILLFeSiO/Criaydnsiaau Iao Tua(mole

fraction) Y14 Li: Fe : Si L‘]dJLl 2:1:1



42

k) ax

A19197 3.2 GATAIUNANVDILI,FeSiO,/CAFUATIZHAI03T polymeric sol-gel method

Y waluana 3 c, Ysmnun 1y
ATAUAU Fnalumsdunsnz+i0.002 Tua
(g/mol) (2)
1) LiC,H,0,"2H,0 102.0200  (102.0200%X100/98)X0.004 0.4164
2) Fe(NO,),*9H,0 404.0200  (404.0200%X100/98) X 0.002 0.8245
3) C,H,,0,Si 208.3300  (208.3300X100/98)X 0.002 0.4252
4) Pluronic®P-123 ~5,800 1

2) 1415090 1UN AU Pluronic®P-123U5 w1 1 a5y Tuasazaigabsolute

a aa a <3| { o
alcohol311m1 20 Hadans Ngangivies Iazmeiluasitiofednuay

I8ensazarelasagii 3.6

5109 3.6 HAUPluronic®P-123 luaisazaigabsolute alcoholayt laansazatela

U

a a 4 aa = A A 1
3) PNETAZAINNIZIO N0 INFana (TEOS)‘]JTJJTEH 2 Had lyanduae

~ a gy I = I &’ = o
Noaunauviouduna 10 4N Az uasieReINu

q U

4) duamenuedmealalamsanumessa lumsa audrduludSuaau

A VoA Ay & & & &
AT INN 3.2N’duﬁawqmﬂﬂuﬂmtﬂunm 2"113111\1 %uazmmﬂumima

Y

= 9

meanuez ldasazaneladuaudy (crimson)dagilii 3.7 (a)
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o o ¥ 1
5) masazanendaniey 1aaaluaiumiziaed (petr dish) Yaoe 1y alcohol

{ a I ' o
szmeoon lnguugiidoulunatediados 5 ¥ lueg lanaduaady

U

(crimson gel)ﬁﬂg 19 3.7 (b)

(b) : a

v
=S

¥ v A a Y] a aa a o
gﬂﬂ 37(3) ﬁ’lﬁaga’]ﬂqyﬁNﬁ’]iﬁ\j9;]uw!@]fl'ﬂllllﬂ"l]’]ﬂﬂ1ﬁlﬁﬂalﬂﬂﬂl!ﬂ(ﬁflw@"lﬂhlalﬂiﬁfn_]

oA
massalumsnaz ldarsazareladuaaudy (crimson) (b) aFUAUTY

nasnilaosfalcohol szivennn 1

a

6) wvanla lloundelumieugyyinifoven vacuum) Ngmugi 100

EY

< @ !
peraid iilunan 1 Avsg Idwaudaduaudy a3 3.8 (2) vaz (b)
7) hluadieTnsauas (agate mortar) #3317 3.8 (o)
= a S 3 o <4
8) wngmuuglesopsauzadomiumat 12 ¥ lus lunssernisauna

91T NOUUTANT (99.999% purity) 1aslFsasimslinnuiou (heating)

[

S o . 1 o = 1 = -
UASNIIIUN (COOllng) Ny 3@Qﬁ1lcﬂﬁ!°ﬁﬂﬁﬁﬂu1ﬂﬂﬂﬁﬂﬂ 3.9u8¢ 3.10

U

9 . . A o aan v < o
vz ldasilsgneuLiFesio,/c Mmhilgnsennuadaauysel
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()

Y 9 9 1
3.8 (a) W1 UFUYINIA (oven vacuum) (b) RANEIALANINIAE () VAR TNTIUATTT

{ { o 4
511 3.9 B mawn1iaudeu (heat treatment) #15NAUATIZHAIID sol-gel method

A a a 3 < 1 o
‘VlQiLl‘W Y 65003y aLsY T Llh!nﬂ”l 12 G]f'JIiNGlLliJiifl”lﬂ"lﬂllﬂﬁf’)"liﬂ@u

a

IgN

&Ads )

=
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507 3.10 e Il 1d lumsenldanudouaisilszneu LiFesio,/C

° o 4 o 4 .

9) harsnduasizd e llas19aeuinn1ndl01n309 Xray diffractometer
A v 1 s A A A 14 =
910 Bruker ~ §U D2v@3guUdIAToaN0INeIAI@aTnazinalulag
umImeama lulaggsuis

o @ 1 a 4 { .

10) ¥imedred1e TdmsiginsidasundaslaseadradroRictveld
refinementX-Ray diffractionttaz01831/0un1ARI8NADI high  resolution
transmission electron microscopy (HR-TEM)

[ d
323 MsduAtia13)szneuLi,FeSiO,/C 43835 hydrothermal synthesis
o <Y an . I o 4 Yy
MSFUATIZHAIOTT hydrothermal synthesis 11unsdunTIzHa1s iAW
I @ 1% o o J a
Hunanmeldanudeuvazuseaulindous nu Taevann15duns121@2875 hydrothermal
. o L A d a 1 ra Y . .
synthesisdz@uns1zr s iluszuvila TaeaiuIvaion]sya teflon-line stainless steel

Y @

< S o ¢ an & A ' .
autoclave 11luginsainanludunsizriaredsi aegiin 3.11a9u1l52nouveaya teflon-line
9 Y
o [ av A U [ 4
stainless steel autoclaved %50 Iua1u v i uaeumsduas 1z iy hydrothermal synthesis
a v 1 [ . v 1 e a
91091UIVBUBI Dominko et al., (2008) Tagensaiinleslumsdunsizinaine lUtinedienls
4 Aaa o
as50n lw@ (LIOH) (98%, Acros organics) U1IuFanoulaoonlad (nano-Si0,) (99.8%,
L ® J v 4 )
Acrozil 200ye3Fanae lsamnse lawsa (CLFe4H,0) (99+%, Acros organics) 1tazng Ind

(CH,,0,) (Acros organics)ﬁlﬁgﬂﬁ 3.12
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319 3.11 drmlsgnovveayaduns 1z es DY hydrothermal synthesis

:

1N 3.12

9
Q/

YU

ADUMIIATOUAITLI,FeSiO,/CAI0TD hydrothermal synthesis
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1 2

g’/ [ 4 a o 1
Tﬂ‘t’JﬁGUl!ﬁ@uﬂWﬁLﬂ%EJJJ?NLﬂi?gﬁllagﬁlﬂi'lgﬁ‘ﬁ}ﬂllaﬂﬂ €] YDNE1TAIDYI

U

. . A o I Y axy . [ 2’, o o 1 dy
Li,FeSiO,/CN&NIATIEYIAI8IT hydrothermal synthesis ALIUADUMS TUATIZHAD 111

D

Faensaliagasdiunaui ldmuiald dwaseh 3.3Taeldf5umlu
MITUATIZ0.005T1a YOILi FeSiO,/C  uavdasraiulasTua(mole
. J . . g A ¥ ¥ dq va a
fraction) 3¥WIWLi : Fe : Si W4 : 1 udesnnaIsaeaunlvamey

A . S 1 = 1 (3 =~
looou fe LioH Hanwiesllumsszimegavaldlusasilagluan

1 a3 1
AU

A13197 3.3 gATAIUNENVDILI,FeSiO,/CFUATIZHAI9ID hydrothermal synthesis

- wa luana 3 ) Viinanly
ATAUAY salumsdunsizy 0.002Tua
(g/mol) (9]
1) LiOH 23.9500 (23.9500X100/98)X 0.02 0.4888
2) Clee'4H20 198.8100 (198.8100X100/99) X 0.005 1.0041
3) nanO-SiO2 60.1000 (60.1000X100/99.8)X 0.005 0.3011
4) Czleo6 180.1600 (180.1600)X 0.005 0.9008

2)

3)

4)

5)
6)

% . . A A aa I
aza19lithium hydroxide (LiOH) 14111 deionized 151111 20aaans 11U
a9 A a a9 Y < dy
19130 UIN ﬂjﬂlﬂiﬂﬂﬂﬁﬂﬂﬁﬂﬂqmﬁgwﬂﬂﬂ leaxmmﬂumigua
AEINU
~ ) o ¥ . . A
MTYINUNTLDY (dispersed)nano-SiOZIﬂEJUHHNE‘TSJﬂ"U‘LH deionized U3u19
A aa 9 VY .3 @ 9y . a
8 UANNT LLAUVYIAYultrasonic Lﬂunm 1 GK'JI?JQGlW@Hﬂ'Iﬂ“U’EN Slozlﬂﬂ
R dy = o .
MInszeautuasie@eInu(homogeneous solution)
Y
2¢a19 iron (II) chloride tetrahydrate (C1,Fe-4H,0) 11141 deionized USuas

a aa 3 oA IS
4iaaansunan 15 UINNYUNHUYIBO

U
b4

02018 glucose (C,H,,0,) Tuth deionized S 23008803

WE nano-SiOz‘ﬁm:i‘fJiJllﬁjfTﬂﬁﬁ a1y iron (II) chloride tetrahydrate Tu
1 14 94 4 o 1 { []

glove bag NAIUANUTTOIMAAI801FnoULNaeileenu1ild Fe'' Moy

& < [ [ U
Tuasaadugn oxidized 1l Fe" naumuiunar 5 wii wdounulaes



48

[ s { o
LA D15 NOU(Ar bubble gas)ad 11/ Tuasazareinauiuay ldensazared
=
§11d)8]
= a PP . =
7) SUMUAITALA1Y lithium hydroxidettae glucose a1 luensazaneinay
] 1 9 3’; 3 = 9 [ 1 [+
AUNDUN U FﬂuﬁWﬁazaWﬂ‘ﬂﬁﬂMﬂﬂa’]ﬂlﬂuﬁl“l/l'] Wﬁ@ﬂﬂﬂiﬁﬂ@ﬂllﬂﬁ
4 A o @
919N9U(Ar bubble gas)’dﬂﬂ“lumiazmﬂmWﬁuﬂumaﬂnm Tﬂﬂﬂﬁllﬂu
I ~
Flunan 45 w1 Tu Teflon
)
8) INUUUN Teflon laaalu stainless steel reactor (gl"]gfj‘ljﬂ Teflon-line stainless
steel autoclave U94UTHN Parr acid digestion vessel model 4749 @1U1TD

a

[ 4 9 { (=N [ 4
?Nmﬂzwmi"l@ﬁqmwﬂug%jﬂ"lnmu 250 i’]\?ﬁ'l!,“l)'ﬁ!,é]?ﬂﬁ IGH NI FRIATY

Y

v a aa Y 4 ’d
1énaz1s  Haaaasaeluszvvezilsznen lidreunasiineounas
)
£y

asazannay A931Nn3.13

R

{ o [ [ J
3191 3.13 Teflon 1ag stainless steel autoclave THTUNILUVIUMIAUATIEN

1111 hydrothermal synthesis

° A~ = I o kS Y =
9) 'ldeun 180eeruwaiFoaiunal 1297 Tusnniuaz laarsdnion
= [ d'
WeIAagn 3.14
Y [
10) 319410111 deionized 450 Nadanslszuim 3-4 sou Tasldtluga
quaneasgii 3.15 1Hnszaenso9d1591Ia 9 cm (watchman#42) 92

|AnAnv0IA1TLL,FeSiO,/C NANUUNTZAIHNTOI
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s
4

317 3.14 A1592A18LL,FeSiO,/C HIUNIZUIUNS hydrothermal synthesis N1Qa1if3

1809 luna1 292 Tug

v
Q/

A v &
319 3.15 TunpumInsoImsAteugyaIMA

9 9

o { Y { a
11) thwe I8 Teuutalumieugan1a (oven vacuum) Ngaivgi 80 0IA7

U

I~ < 9 o
e 11unal 24 92 Tueag 1dmadimicn

{ a <3| o [
12) wngangN4sopsauaarFoatlunar 12 921w Tuussermaund

91T NOUUTENT (99.999% purity) IaelFsaiimslinudou (heating)

[

< @ . 1w = 1 = A Y
HAaENITEUAI (cooling) ININU 36Qﬁ1l‘¥al‘¥8ﬁ@]ﬂu1ﬂﬂﬁiﬂﬂ 3.16%81@
o

U

{ [ aan a [ 4
a151/52n0VLI,FeSio,/C NvgRsomazinanannesaauyysol
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o o 4 o 4 .

13) thasidunsizd 14 ldasrvdenignindieinies Xoray diffractometer
A Y 1 S A A A 14 =
810 Bruker U D2v@3guUdIAT0IN0INeIAI@aTuazinalulay
uInedema lulaggsuis

o @ 1 a 4 § .

14) ¥awadaed1ea ldias1zvnisdasuutdaslnsead19a 10 Rietveld

refinementX-Ray diffractionttne o EJg“]J aUNTIA A1uNdng high resolution

transmission electron microscopy (HR-TEM)

{ { o 4 an
517 3.16 M3 115U (heat treatment) @15NFUAT1ZHAI9TD hydrothermal synthesis

= A I < ") 4 a <
Nomngil 4500 uwaiee Wunal 12 ¥ luluussemaunae1snouUIgns

=2 aa Y Y an = ) P
3.3 ﬂ1§ﬂ\1a!‘nﬂu@@ﬂﬂ‘]ﬂiﬂ5\1@751\19]38’357”\1!?\31 (chemlcal dellthlatlon)
WS HUNITNAADY chemical delithiation 1A81 @15 NAUATIZH 18a187F solid-state

reactions NINFUNY potassium persulfate (K,S,0,) amue uMsN 3.1

Li,FeSiO, + y(K,S,0,) = (1-y)Li,FeSiO, + FeSiO, + y(K,SO, + Li,80,), 0 <y < 1 (3.1)

v W a v < o a Aann 4
Tag 14975180210 UAUIUITEUDS Dodd et al., (2006) Faldnannsinalfnser Saond

=

= @ 1 [ 9| A 4 a 4
UDN Kzszog/ K,SO, l,l,ﬁ3llﬂ'IWﬁ\‘]\ﬂﬂﬂ?'lll@]'l\‘]ﬁﬂfﬂ%l“l/‘hﬂi%ﬂ1m 5 V IUDBITAUALATBITV

= v a Aaan = ‘a A S aa ~ 2K A A 9 9
LWENW?]GI’E]ﬂTﬁlﬂ@ﬂ;]ﬂifﬂiﬂﬂﬂ‘ﬂ)’ﬁmElllmﬁﬂ“])’ﬁlﬂ@]ﬂ’d1ll1iﬂﬂdﬁmfliJE]’E]ﬂﬁnﬂIﬂi\i’c’fiNulﬂ
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wnigadosnInenilaniineIasead1a (full delitiation) TagWaua15aZA8potassium persilfate

o { a I o

AURIYDY Li,FeSiO,/C Ngungil 50 osausaibon (Junar 24 21w meldnisaiugu
Y < J 2] A [ J 1 v

visormiaimiuersneuund TasnisiasuuiasonsidaiulagIuaseninek,s,0,0o

Li,Fesio,/C 3z 1amedniifisandiu Tne Tuavesdifeufiuansatumuanns

a Y 4
34 mmmswﬂm’e)shaéiwm?aax-ray diffractometer

J o

a d o ' a 1 o { 1 o
ﬂTﬁ%Lﬂiw“rWI’JfJElN@%}’JEJmﬂuﬂﬂﬁLaEl’JL‘U‘L!i\‘]?foJﬂ“]f aagin 3.17‘036’(11]1'50“])”3851481!

U

'
a %

Y A o 4 g’/ = A A A Ao A a
ulﬂﬂﬁﬁﬂigﬂ’é]‘U“I/Iﬁ\‘]LﬂiW‘Hﬁﬂuu mgmﬂmmqmmamgmmuﬂusma&ma LYRRITRRL

g a ? ¥ o a J Y ] [ 2
19g NI IEHNIIYNIALAZ NI INTIZH 15905 10U09a 1570619 LiZFeSiO4/C1nmm51°* W 1ans
395

341 MIIATININMAYES LiFeSiO,/C
ﬁ1mmﬁnﬁauﬁ“gmﬂmmmiﬂizﬂaULizFeSi04/cﬁﬁqzﬂﬁzﬁ"lﬁ'mﬂﬁ’q 395
Tagns1grigninvesaisdsenoudinan Budaus 207 108980 ¥ step sizetniriy 0.02
DA AD stepll@® scan step timelNAY 0.53119 A0 step 1AY rotation (NINY 15 50U AD WIN
divergence slit size IMAU 1 1AZ receivingslitsize 191171 0.1 Tunnaledrawaa1¥lsunsy

Diffrac. EVA Tumilinsigrigaa

¥

iy &
I‘lﬂg

]
=

‘]Jﬁ 3.17 Lﬂi’fN X-ray diffractometer 8¥1® Bruker iu D21nﬁuami@mmmmmﬁmmaw

ma TuTagurinImendoma Tulaggsuta
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d
342 MyInnzHlnssad1e LiFesio,/C
9 . . A o N Y 1%
as19a00 1AT983 19Ue9a15152NOVLL,FeSiO /Cduns 129 lauaaz oyl
o a o o 1 o A 3 '
(polymorphﬂﬂfﬂ/l'lﬂ'li'.]tﬂi'l%?i’.];]ﬂ'lﬂﬂl’ﬂﬂﬁ']iﬂiﬁﬁﬂ@U@Nﬂﬂ']’.]@g]}’)flﬂ'liﬂﬂuﬂﬁa&%ﬂﬂLiiJGNLm
201 10 94 901% step sizetN 1AL 0.01 DIA1 AO steplifigscan step timetN 1N 2.57U19 719 step
Tagrotation (NN 15 50U Ao U divergence slit sizetM 0 1 1ag receiving slitsizetn1n 0.1
11!‘1(] amed1audd 15 1dsunsu PANalytical X'Pert HighScore Plus version 2.2 (PANalytical,

2006)AT1ZH 1ATITI

a ¢ v v 1% F% ia o U '
3.5 NTAUNIICHAIDYINAIYNADIYANTIAUBANATOUUVUTIINIU
a ¢ o 1 9 9 ‘a g 1 ] [ A A
ﬂTi’Jlﬂ3"IZ‘1’?9’]’J’E)EJNﬂ’JfJﬂﬁ@QfgﬁﬂﬁiﬁuﬂmﬂﬂiﬂulmﬂﬁﬁNW']uﬂﬁgﬂ“Vl 3.18d1U15DN
1 A o a [ 9 . . A o W Y
%Z%ﬁﬂﬂuﬂulmgﬂ‘ﬁUTﬂﬁﬂ‘ng‘UfNTﬂi\iﬁiﬁﬂlﬂ\iﬁﬁﬂi%ﬂﬂﬂﬂlﬂﬁ L12F651O4/C°Vlﬁ\‘]!,ﬂi”l$1’illﬂ
9
TﬂﬂﬁﬂBTTﬂi\‘lﬁ%NGluiZﬂ‘]JuTTulilﬂi"Uﬂx‘maﬂ ueﬂmﬂuummmmmaﬂymzmwwmmwﬁﬂ
9
U #18MINATILH LU Uselected area electron diffraction (SEAD) il energy dispersive

v v = o 1

spectroscopy  (EDS) #4098 3¥88UGUANHAULINNIZVDINANLALTATIUNIAUATVBIEI5N

Tunszi 18 lagordodmasdianaseuiiiaainmarunszua Tfussgadr 111 filament

o Ya A ' Y 2 o ad A2
%3“11W@laﬂ@3@u’3\1@@ﬂll’]ﬁ]’]ﬂffﬁuﬂﬁ’]ﬂﬂlﬂq filament ll‘iJfN'J@']q BIAULFAIDANATOUNINHNIU

EE

2 @ I [ o X o a 4
99229 lUduaud1nding (objective lens) uazszgnueredyara i Ingyu vildnaiu

Q

)

M2 Y

)

51 3.18 ndesganssmisianasounUdeIrIU Y9IUTHN FEI U TECNAI G~ 20

a ara J a J a @ '
MAINNand anzInemans UN1INGJUDULNY


http://materials.mit.edu/index.php?PID=267&depth=2&page_type=equipment&task=view_one&item_id=58

53

a d A Y
3.6  mannzdiandamani liihvesdeanunnes
3.6.1  MansNlsznouNUAIABINLUNIZAN (coin cell battery)
~ ~ . . A o N YY as
mMsaseulsgnounUAMes 1Ina1515eNoULLFeSiO,/C NFUATIZH 1an107F
] a Y ~ I Ao & 1 dy
A199 Hvupeumsesentlseaeuilunuamesasiunouae 1l
1) WmJWQ"’U@Qﬁiiﬂixﬂ@ULizFeSiO4/CﬁU conductive carbon black (super P)
1az binder (Kynar 2801) IagdaduTasuinviin 79:10:11
2) i lduadisniesuauuuEapeed  milidunais ¥ lualagld
13982818 N-methyl-2-pyrolidene (NMP) Wudnihazas

Y
3) waamﬂuuﬁw”l,ﬂﬂmawuuwuagmﬁﬂuw (Al-foil current collector)

aeludia A3l 3.19(a) wag (b)

~ ~ ] Aaa o o ~ ad A v A Y
;nJ‘n 3.19 (a) ﬂﬁmaammuagmuaummmmmaaumaﬂimﬂ B)ANTNHTUNUALAD

] a 9y
1haasuuuryegiiiisuyaaeluia

) hldeud soesmuzaoaidunat 10 ¥ lus ludouguanme 1zl

o

ac o [ o g’/ ~ 9 [ o 14 . .
@Laﬂiﬂi@ﬁ’l'ﬁiﬂﬂ’l"ljﬁﬂﬁﬂﬂﬂizﬂﬂﬂﬂﬁﬂﬁﬁ@ﬂnnuﬁ(actlve materials)

Uszinm 3-5 mg/cm2
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Y H v
5) nnuhednInsanld1Udszneudlunuames 1 inert glove box Tag
~ A A o v A ad .
wssuaaneziudn 1 fel) sranInsa (cathode) 2) micro porous polymer
(celgard 2400) Wunrunulunuaees 3) Tanz@MeuuruuIa (lithium
IR [ o ag J . .

metal foﬂ)ﬁWii‘]J‘l/]Hlﬂi‘uﬂ(anode)ua$4) ﬁﬁﬂ%ﬁmﬁlmﬂi‘ﬂiqaﬁ(11qu1d
electrolyte)ﬁﬂixﬂﬂuﬁl 1% ethylene carbonate : dimethyl carbonate
(EC:DMC) or ethylene carbonate : diethyl carbonate (EC:DEC) ludaaiu
Taolya 1:1: 1

6) dlsznoua1en 199 luIDANBIIULNTZAY (coin cell battery) A4

t:' A o Q. g’/ 3 ti'

319 3.20 (2) TaoldAUBUAIFLN 3.20 (b)

7) 31N 320 () drlsznouniee veuamasnuunszgulagl = a9
HUANDT (cell can) II = L1IU (gasket) III = spacer IV = o 1/54 (spring) V
= fhu (cap) VI = nuapesuuUnszauilsznouai )

' 9 v v
8) 317 3.20 (b) FuveIdaNsznevedlutuameasHUUNIZAU TAY A = cell
9 v
can ¥141910 stainless steel 1HUGIUIN B = LiFeSiO,/C mﬂﬁa‘uaguu
unuegiiition C = uHUNORINDS (separator) D = WIUWa@An E = lans

a a

9 £
ANeNUIGNT F = spacer G = 134 (spring)

® oeO0e

*‘S“t;"/ih‘"ﬁwzj?‘l s

“‘Jm!‘.",h’.l. ‘::

H v 9
317 3.20 (2) AU 32NN VBWLANBIUVLNTEQN (coin cell battery) (b) FUUDITAY

U

= ' =
‘I/]‘]J§$ﬂﬂﬂﬂgﬁlutlﬂﬂtﬁﬂitlﬂﬂﬂi$ﬂu
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Y 9 9
9) INFUUDIIAANN AUA1RU A B C 1tag D 1InHUNouI1NTUved lave

Do,

a

a ad 4 4
aenusgns (B) WveaasazarodianIngladasly 12 vea ield
I @ A o 9 a a a A A
Wudrnarsnagsirld Tavzafiounanisindoufiveslosonly
2 a s A 3 o
nszIUMIMSwazaansuiiodszneunduaioo: 1daegi 3.20()
ES 2 Y ' = Y Y o v
10) MINHUINTUYDTARA1eY aslunuawesuuunszauldasundnillle
Twadessaniminyummezdmsuivduulianudumuaneig1a
nuaaesuuunszaudmiuih lnageuautiamaad Tuih

A A g Y qQ Yo w '
11) L3JE]“]J5$ﬂ@ﬂllﬂﬁl@l@ilﬁifﬂLm’ﬂ'ﬂun’ﬁﬁ]ﬁnﬁﬂ NI glove box

< o
12) wushanuazealiizeusoe

m3tasenlszneuuunINeINUVYENDNAII (Swagelok battery)
2 A ad A v o Y A Y A
VUADUMTIATINDAN INTA MUBUN VYN 3.5.1 Vo 1-5
6) amszneuneg 1NsasluuamesuuYenenIa (Swagelok battery)
A1311 3.21 (a) 1@z (b)
d' 1 1 d‘ 9J J 1
7) U7 321 (a) @UU52NDUAINE) VOUUANDIHVVIDADATIIAY A = LN
) [ I g’; o [
stainless steel IV UVIVIN B = 11HIU Teflon(gasket) C = 919981
] a ] a 4 g’/
Li,FeSiO,/C UULHUDQUINNDI D = UNUNOANOINY (separator) E =
a A =) Q( 1 a A .
TaneaMeuuIgns F = umun1alane 8iow stainless steel G=

~ 1 1 o [ I 3’,
SIER (spring) H = Y0n0N3d Teflon I = LIN4 stainless steel ATV U2

ay

P4 9
v A Y '

Y 9
8) INFUVBITAYAIE] AWAIAY AIUT G FE tiag DIINUUNOUINYUVI
@ [ a d 4
@10879 Li,FeSi0/C(C) 1¥iveadisazaredianingladaslyl 12 vea
A Y I @ A o 9y a A a A A
wioliitludanarenazi ld Tanzamounanisaasunuedloosulu

J a 14 4 <3 [
nszuIUMsMIwazagnivlelsznoundnasaeg ldasgy 3.21 (a)
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v v 9
3‘]J‘VI 3.21 (a) ﬁﬂuﬂizﬂ’ﬂ‘ﬂﬂNﬂ ﬂl@ﬁllﬂﬂlﬂ@illﬂﬂ“ﬂ}ﬂﬁﬂﬁﬁﬂ (Swagelok) (b) ¥UUDIINR

d‘ 1 d‘ 9 1
Nilsznoveglununneivoannsa (Swagelok)

v

(v} a d
3.63 ML IANZHIVAINDS
v Aa ' ua [ o o o I
msianszdantanmuail lflusuiannuy dihdansdauiusey
A 1 9 Y A @ wa =~ 9) o .
YDIULUANDILALTOUADDIYNT 1T UM o Tadutianaadl Wi Taen153a galvanostatic

I Y ] A o ] g’/ 1 A a9
(L‘l]l!ﬂ”ﬁ1ﬁﬂ’J”I‘JJ‘I(T‘LHLLHMGU?Nﬂi&LﬁVW]NG] nu Glu%’mmgm 1.5-48V VIQ‘EI!“I’TQ?JW?N)

d o a A v d
37 msamsiznaledsamaiamninsalnlmsganaussd@end (XAS)
M3IATIEHAIBNATANTAENUUTITeAF NEIUL 1T UM IAT I N8 UsY
anuudgnsvesignaidunsigd laminiu uads higwnsaesuiemsn/asunilaslasead

o Y Y Ya v

! ¢ a 4 A A =< q9 A
FEUINNITVIUMIFITALATHITIVOUAABINTUAI W [ARITe Idmatinaln Insa
& o J o A . . d'
Inillmsganausidend Tuanitinaassvesszundudeaudibeamline 8 1182 beamline 2.2 9
v av a J = a A g a A &£ A 1
a0 Insasou (AN INMIFY) FunaialiudnmauaenianauIsnyy
a A 9 A a zg 1 14 a 14 A
asemanasuuilasinseaieineunusznINnTzuIUMI NI WA ATTITVVRIUAIADT
2N 4 a 3 aa {
Tag @5z Inssadavesansilszne@fisumandamna Nveunsgananved Fe K-edge
TAgMINAROUY ex-sindlas in-sii XAS  tazidenindilnaiy XAS uuunzqu1y

. . é g’/ axl v v S dy
(transmission) FIVUADULAZITMINAADNIANUNATY XAS mma”lﬂu
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371 MSAENRIeEMUUAIEIHI UM SNARD MU Uex-situ XAS
A Y ~ Y A Y = a ¥ =
WTIUANUNI DUVRITDIUNITNAIAIMITIAON IFRANIazARAIHAN 11
A I v o A [ a v d”
1N304 double crystal monochromator (DCM) dudmaamennasnundy Tasluauidoi
A Y X 9 ~ (W) a (24 4 a A 4 o 44
1000 1FNANV0IGe(220) W5 0NINT BT L UVLNTAIINM TIANLNTD15NOU 390aaTHAUA N
o a a A I4 1
Fiaou1n lannuauussomenlng (~998 iaauns) ludauvedionization chamberti3n(l )uag
a 24 4 a A 4 o Y A A Y Y [ a 1
Wunnee1ineu2l4iaausnaunuunadnon 19 lannuauussermalnd ludiuves
. . . l:' % d’ Ié g’/ ~ % ) d' % U
ionization chamber Na®4 (I,) AN 3.22H3VUADUNMIINTINAIPINUVVHINDIAANATY
. ] o Y o A v 0 dy
ex-situXAS HUUNZQRUCTUNARBgUITal, 2552)Tese 1T
1) daunusuliivuie o1 12 Tadwas nhe e Tadwas Taeldueiule
Meena13aa3Ln 3.23 (a)
a . o [ 4 ]
2) Aamilnaniiudedniainiag Inde ludnioma) kapton asuuuRy
lsuesoue 13 aagalin 3.23 (b)
3) hasaleduuuraualiaziBeadlenIAUATIT (ceramic 130 agate

A Y I A = é’ a I dy = @
mortar) ma“lwﬂaquum1/1azz,astJuuazmﬂmmgﬂumammﬂu

v
=

57 3.22 w5eeiaan)nasuluaniinisnaned XAS Y0952 VU URSAT beamline 8

{ @ a J
naouuasrulasasou (DIANITUNITU)
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517 3.23 (@) wiw s 1F lumsimsoudaodi (b) msdamini

4) 1 9 emsansaunui lidaneen 1l anuazeraunumsy

¥ ¥ o @ ! . o
Gl‘l’ildiﬂ‘ﬂiﬂﬂ Gli’Ji]fTE]‘]Jﬂ’ﬂllﬁ'llHﬁll’OGU’ENﬂ'IiLG]%EJ?JG]’JE]EJNT@EJﬁ"E]Q@GlG]

! = = G (3 1 A 1 A <
HEREIN AITHANIAYINITIATINAIDYNNUFDIINHIDIIUY

4 o ' 1 <3 Y Y =S v 9 ES
5) demaedisasuuduvsuaiwdneldmlnnilaiuduuu mintiu

vy o Y ) a
l¥dudanaializeuniusna

372 MSINSUNAIDENINUAINBINIHSUMINAADINVY in-situ XAS

9 v ]
5111!@]’?)1!ﬂTiL@ﬁEJ‘JJ@]’JE]EJNLLUGIWI’E)‘%Lﬁ@’JﬂﬁLﬂﬂﬁﬁJ in-situXAS LLUUV]%E}W"I‘L!%

9
%

D

2)

3)

U (%3 U 1 dﬁl
JuapuMInaaoiaalnniy XAS asas l1il

poNULUAIBELARDs AT iamlna iy XAS ununzgrula aa
A S 2 v A Y a
519 3.24Tag91z 305 ana 1o I NITRIA 1D Triaadu Tasasou
9 [

anunsonzgriu laud 150k kapton  Uagnsaesdruivedloannlald
{ & o a ad 4

ormiend 1 lunuaaes Faaziild lane aifey arsazareddnIng lad

Aa A S aa A o Y ~ ] 14

wazaslsznsudmeumandamnadey 3z Inuuawes Iuausassa

HazAa¥Ise e

o % ' Ad'Ad' o v Y . . L) ] 1

@081 UAN I NBOAULUTNS VIR in-sit XAS lawdn 1 luseela

#10819 A931/7 3.25

) v v H ]
wouae Wi uINA DA VU VAT ITINUIATOY galvanostatic

4) mfwazaamivaenszua Winagd (0.20) Asgiin 3.25 (a) uag (b)
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v
a A

] 9
‘]Jﬁ 3.24 MWAAVINVDILVAADINOOAUUUTINTUIN in-situ XAS (a) VIVINTININ

stainless steel(b) 81931131910 Teflon(c) sﬁ'aauﬁwmmﬂ stainless steel

[
A A

‘]Jﬁ 3.25(a) ﬂ”IWﬂﬁ@]ﬂ@ﬂLLU@L@B?VIB@ﬂLLUUﬁWﬂiU’M in-situ XAS LL‘]J‘]JVI%QNH‘L! Tﬂﬂgﬂﬂi

a a { @ 1 1 4
uﬁﬂqﬁmﬁmwmuﬁwuiﬂm3@uﬁm WUA819 I UTEHINNTEUIUMTHITY

C)

a 4 d o [ 3 9 J a 4
Hazaa¥139(b) Gljﬂf;ﬂﬂimﬁ'lﬁiﬂﬂﬂllaglﬂﬂmﬂyﬁﬂﬁgﬂjuqﬂﬁ%llagﬂﬁﬂf'ﬁﬂm@q

HUAINDINOONUULTINTUIN in-situ XAS HULNSQRIY
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[ v Y] d a
373 myaanaduvesiiedanasmsInZHNannatia in-situXAS
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Recently, orthosilicate, Li;MSiO, (where M=transition metal) materials have been attracting consider-
able attention for potential use as a new generation cathode for Li-ion batteries due to their safety, low
toxicity, and low cost characteristics. In addition, the presence of two Li* ions in the molecule offers a
multiple electron-charge transfer (M2*/M>* and M>*/M** redox couples), thus allowing a high
achievable capacity of more than 320 mA h/g per M unit. Good electrochemical properties of Li,FeSiO,
have been reported through several approaches such as downsizing of the particles, carbon-coating, etc.
However, in addition to electrochemical performance, fundamental understanding regarding crystal,
electronic and local structure changes during charge/discharge processes is also important and needs
more rigorous investigation. In this work, lithium iron silicates (Li;FeSiO4/C) in space group of Pnma:
a=10.6671(3) A, b=6.2689(2) A, and c=5.0042(2) A have been prepared by solid-state reaction. The
synthesized as well as chemical delithiated samples have been characterized by XRD, HRTEM, AAS and
XAS techniques. We will show the results focusing on Fe K-edge XANES, EXAFS, HRTEM and XRD of the
Li,_,FeSiO4 samples and discuss how the crystal, electronic, and local structure changes upon Li* de-

intercalation.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

With the world energy demand expected to increase by nearly
half in the next 20 years, coupled with the growing demand for
low- or even zero-emission sources of energy, there has been
increasing awareness of the need for efficient, clean, and renew-
able energy sources. Of particular interest are energy sources
based on electricity that can be generated from renewable
sources such as solar and wind. However, the use of electricity
generated from these intermittent, renewable sources requires
efficient electrical energy storage such as batteries. High energy
lithium-ion batteries have improved performance in a wide
variety of mobile electronic devices such as cell-phones and
laptop computers. However, new fields of applications such as
power tools, electric vehicles, and large-scale stationary power
require batteries that have high safety, high durable power, long
life, and low cost. Materials selection and processing as well as
understanding factors influencing the materials’ properties are
central issues in the development of these batteries.

* Corresponding author. Tel.: +6681 9656727; fax: +6643 202374.
E-mail address: nonmee@Kkku.ac.th (N. Meethong).

0921-4526/$ -see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016j.physb.2013.02.019

Today, researchers around the world are trying to find materi-
als to be used as electrode materials for Li-ion batteries. Many
families of ceramic compounds have been developed for use as
cathode materials. The most common ceramics are layered oxides
LIMO, (M=Co, Ni, Mn, or V} [1-3], manganese spinel (LiMn,0.,)
[4-6], and phospho-olivines LiMPO4 (M=Fe, Mn, Co, or Ni) [7].
Lithium cobalt oxide (LiCoO,} is the most common cathode used
in Li-ion batteries today; however, the high cost of cobalt and
safety concerns make it impractical for electric vehicle applica-
tions. Olivine-type and spinel cathodes have become of particular
interest for transportation due to their low cost, high safety, and
environmentally friendly characteristics. However, they are not
yet a perfect material because the olivine cathodes have low
intrinsic ionic and electronic conductivities, and the spinel mate-
rials have low specific capacity, rapid capacity-fading, and poor
cyclic efficiency due to severe Jahn-Teller distortion effects.

Recently, orthosilicate, Li,MSiO4 (where M =transition metal)
ceramics have been attracting considerable attention for use as a
new generation cathode for Li-ion batteries due to their safety,
low toxicity, and low cost characteristics. In addition, the pre-
sence of two Li* in the compound offers a multiple electron-
charge transfer (M?*/M3* and M3*+/M**+ redox couples), thus
allowing high achievable capacity of more than 320 mA h/g per M
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unit, 2-3 times higher than the abovementioned commercial
cathode materials. Nyten et al. [8] have successfully prepared
phase-pure lithium iron silicate (Li;FeSiO4) via a solid-state
reaction method. The electrochemical performance of this cera-
mic compound also looks promising. The initial charge capacity is
165 mA hfg and stabilizes after a few cycles at around 140 mA h/
g With regard to the crystal structure, they suggested an
orthorhombic LizPO,4 based structure with the Pmn2; symmetry.
Recently, new polymorphic forms of Li;FeSiO4 have been reported
by Sirisopanaporn et al. [9] and Nishimura et al. [10] indicating
that structures with the orthorhombic Pmnb and monoclinic P2,f
n space groups are possible. Dominko et al. [11] reported the local
structure of Li;FeSiO4 and Li;MnSiO4 with in-situ X-ray absorp-
tion spectroscopy (XAS) for electrochemically delithiated sam-
ples. The results suggested that the local symmetry of Fe cations
could reversibly return to the initial one after cycling suggesting
good structural stability for potential use as cathode materials for
Li-ion batteries.

In this work, lithium iron silicates (Li,FeSiO,) in space group of
Pnma were prepared by solid-state reaction. Chemical delithiation
process was employed to prepare Li,_FeSiO, with different Li-
contents. This method is a quick and easy method to prepare samples
with different Li-contents as well as a more thermodynamically
equilibrium structure of the samples upon Li* de-intercalation than
the typical electrochemical methods. The synthesized as well as
chemical delithiated samples were characterized by X-ray diffraction
(XRD), transmission electron microscopy (TEM), selected area elec-
tron diffraction (SAED), atomic absorption spectroscopy (AAS) and
XAS techniques. We show for the first time and discuss how the
crystal, electronic, and local structure of the chemical delithiated
samples changes upon Li* de-intercalation.

2. Experimental
2.1. Materials

LiFeSi0, ceramics were prepared by solid-state reaction from
stoichiometric amounts of Li;CO; (99%), Fe;03 (99.6%), SiO,
(99.9%) and 10 wt% ethylene glycol. The starting materials were
first thoroughly mixed by ball-milling in isopropyl alcohol for
36 h. After that, the mixture was stirred at 80 °C to evaporate the
alcohol. The resulting powders were ground by a mortar grinder
and calcined under flowing an argon gas (99.999%) atmosphere to
different final temperatures for 5 h. Chemical delithiation of the
Li;FeSi0, sample fired at 900 °C was performed by using potas-
sium persulfate (K;S,0g) in an aqueous solution, as follows [12]:

LiyFeSiO4 + y(K>5,04) — (1 —y)LiyFeSiOy4 + FeSiO,
Y804 +LipS04),0 < y < 1

The K;S,04/K,504 redox couple has a Nernst standard poten-
tial of approximately 5 V vs. Li/Li*, which is higher than the 4.5 V
vs. LifLi* for Lig gFeSiOy4fLis oFeSiO, couple. Consequently, K,S,05
can oxidize Li;FeSiOy to full delithiation. An aqueous solution of
K3S,0¢ and LiyFeSiO4 was mixed at 50 °C for 24 h under an argon
flowing atmosphere. By changing the molar ratio of K;S,0gf
Li;FeSiO,, the Li,_,FeSiO, samples with different amounts of
lithium were prepared.

2.2. Materials characterization

The effects of chemical delithiation on the crystal structure of
LiFeSiO4 were studied by XRD measurements using a Bruker
Model D5005 diffractometer with a rotating anode and Cu-K,
radiation. Structural parameters of the samples were refined by
the Rietveld method using PANalytical X'Pert HighScore Plus

software and Silicon NIST 640c as the external standard for
particle size analysis. The chemical compositions of these samples
were determined by performing AAS. The morphology of the
samples was observed by a high resolution (HR} TEM using a JEOL
JEM-2011 instrument.

The effects of chemical delithiation on the local structure of
Li;FeSiO,4 were investigated by XAS measurements carried out at
Beamline 8 (BL8) of the Synchrotron Light Research Institute
(SLRI) in Thailand [13]. X-ray absorption near-edge spectroscopy
(XANES) and extended X-ray absorption fine structure (EXAFS) of
Li;_,FeSi04 samples at various degrees of delithiation were
measured at the Fe K-edge (7112 eV) at room temperature in
transmission detection mode using a Ge (2 2 0) double crystal
monochromator (energy range was 3440-10,000eV). All XAS
spectra were averaged and normalized using IFFEFIT software
version 1.2.11 [14].

3. Result and discussion

As shown in Fig. 1, an XRD pattern of the Li,FeSi0, sample
prepared at 900 °C by solid state reaction was measured, and
Rietveld refinements were carried out. The XRD pattern can be
indexed on the basis of an orthorhombic unit cell in space group
Pnma. The lattice parameters are refined to be a=10.6671(3) A,
b=6.2689(2) A, and c=5.0042(2) A. The starting parameters for
the refinements were obtained from Sirisopanaporn et al. [9] and
Hirayama et al. [15] for the Li;FeSiO4 phase and LiFeO, phase,
respectively. The relative amount of each phase was determined
and found to consist of 91.5% LiFeSiO4 and 8.5% LiFeO, phases.
The averaged particle size of the LissFeSiO4 sample resulting
from the refinements is 173 nm. Particle shapes and morpholo-
gies are shown in the TEM image in Fig. 1 (inset). The averaged
particle size estimated from TEM is found to be 200-300 nm,
which is in agreement with those determined from the XRD data
refinements. It should be noted that conductive carbon layers
arising from residual carbon in the raw materials and ethylene
glycol can be observed on the surface of the particles. Carbon
coating is a common technique for preparing electrode materials
with good electrochemical properties; therefore, we are expecting
good electrochemical performance of this material. However, it is
well-known that electrochemical performance of electrode mate-
rials is particle size dependent. For example, the sample synthe-
sized by solid state reactions with the average particle of
approximately 200 nm and containing 4.68(5) wt% carbon shows
specific capacity of 125 mA h/g at a C{25 rate, and no irreversible
capacity is observed. The loss in capacity over 100 cycles is less
than 3% [16]. Another sample synthesized by a hydrothermal
assisted sol-gel method with the average size of approximately
80nm shows the maximum discharge capacity of
153.6mAh g™, and 98.3% of the maximum discharge capacity
is retained after 80 charge-discharge cycles [17]. The Li;FeSiO,fC/
C nanotubes composites prepared by a tartaric acid-assisted sol-
gel method with the average particle size of approximately 20 nm
and containing 8.06 wt% carbon shows a high capacity of
1768 mAh g~ at 0.5C rate in the first cycle and a reversible
capacity of 132.1mAh g~ at 1C rate in the 50th cycle [18]. We
are expecting good electrochemical performance of our material
similar to that of Ref. [16] but the electrochemical performance of
this material may be less superior to the carbon coated and
smaller sizes samples as shown in Ref. [18].

The X-ray diffraction patterns of the Li;FeSiO4 powders pre-
pared at 600-900 °C are shown in Fig. 2. All diffraction patterns
show evidence of LiFeO, phase impurity formation (space group
R-3m), which is common to this synthesis method as previously
reported by Hirayama et al. [15]. This is because the reaction of
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Fig. 1. XRD patterns refinement of Li;15FeSiO, phase indexed in the space group Pnma corresponds to the orthorhombic structure with a=10.6671(3) A, b=6.2689(2) A,
€=5.0042(2) A, Ryy=22.45%, Ry=17.58%, Rop=21.43%, and Goodness of fit=1.09. TEM image showing Liz ;5FeSiOy particles prepared by solid state reaction at 900 °C is
shown. Conductive carbon layers on the surface of the particles are also visible in the image (inset).
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Fig. 2. X-ray diffraction patterns of Li,FeSiO, crystalline powders calcined at
600 °C, 700 °C, 800 °C and 900 °C for 5 h in an argon atmosphere.

the starting materials, Li;CO3 and Fe,03, to form LiFeO, can occur
in argon atmosphere above 600 °C. With an increase in tempera-
ture to 700 °C, the phases Li;FeSiO, and Li;SiO3 can be found. The
typical peaks at 18.92, 27.00 and 38.60° are attributed to the
diffraction of base-centered orthorhombic Li,SiO; phase (JCPDS
no. 29-0828 in S.G. Ccm21). The Li;SiO3; phase occurred at this
temperature was a result from the reaction between Li,CO; and
Si0, used as starting materials. Besides, the observed peaks
positions of the Li, 1sFeSiO4 correspond to the full diffraction
pattern of orthorhombic LioFeSiO4 phase. The intensities of
Li;Si0; phase decrease as temperature increases and are found
to diminish at 900 °C.
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Fig. 3. XRD patterns of chemically delithiated Li;FeSiO, samples: Li;1FeSiOy,
Liy g2FeSiOy, Liy 54FeSi04 and Liy 1,FeSiOy. The Li contents were determined by AAS.

Since the Li,FeSiO4 sample synthesized at 900 °C showed the
most pure phase, it was used to prepare chemically delithiated
samples with various amounts of lithium ions. Chemical delithia-
tion process can be used to prepare thermodynamically stable
structures of the LiyFeSiO, materials since the process involves
only slow and controlled chemical reactions. XRD patterns of
these chemically delithiated samples are shown in Fig. 3. The
states of delithiation of the Li _FeSiO4 samples were analyzed by
atomic absorption spectroscopy and found to be x=0.00, 0.38,
0.46 and 1.88. The X-ray diffraction pattern for x=0 (Lis 1sFeSiO4)
is shown, and indexed in the orthorhombic structure in the Pnma
symmetry. As the degree of delithiation increases, the main peaks
intensity of the Li,FeSiO, structure decrease indicating structural
changes upon removal of lithium ions from its original occupied
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sites. The main peak intensity of the impurity (LiFeO,) phase does
not change suggesting that there is no lithium extraction from
this phase. Lithium removal from the structure of Li;FeSiO, makes
the structure become more and more disordered. This can be seen
as we extract more lithium ions, the background of the X-ray
diffraction patterns increase, which indicates that the crystalline
particles transforms into amorphous materials. Finally, when
lithium ions are nearly fully extracted, for x=1.88 (Lig14FeSiO4),
the structure becomes completely amorphous. The observed
peaks are of the LiFeO, phase in the sample alone.

An investigation using HRTEM further showed structural varia-
tion of Li»_ ,FeSiO, particles. Fig. 4(a) shows a lattice image and the
corresponding SAED pattern (inset) of the orthorhombic (Pnma)
Liz.16FeSi04 composition, where all of the spots were evaluated to
represent d-spacing of 3.65, 3.15 and 2.70 nm, which can be clearly
indexed as hki referred to the crystallographic planes of (201),
(211) and (220) in the [112] zone axis, respectively. These
structural information obtained by SAED are consistent with those
obtained previously by XRD. Fig. 4(b} demonstrates the correspond-
ing SAED pattern (inset) of the Li; 5,FeSiO4 composition. The spots
were calculated to represent d-spacing of 5.34, 3.91 and 3.14 nm,
which can be indexed to the crystallographic planes of (200),
(011) and (020) and in the [0T 1] zone axis, respectively.
Fig. 4(c) illustrates the lattice image of the Li; 54FeSi04 composition
bordered with carbon coating. The lattice image is clearly visible and

(a) Liy 14FeSiO,

10 nm

(¢) Liy s;FeSio,

distinguished from the carbon coated layers on the surface. The
electron diffraction pattern (inset) displayed spots to represent d-
spacing of 3.91, 3.65 and 3.15 nm, which can be indexed to the
crystallographic directions of (01 1),(20 1) and (21 1) in the [122]
zone axis, respectively. Fig. 4(d) presents a HRTEM-image of the
Lig1FeSi04 composition showing a high degree disordered struc-
ture. The SAED pattern of this disordered area consists of fuzzy rings
attributed to formation of amorphous phase consistent with the
XRD results shown in Fig. 3. Phase transformation from crystalline to
amorphous structure has also been observed by Nyten et al. during
an extraction of more than 1 Li* from the Li;FeSiO, structure [16]
though detailed investigation is not available in that work due to
low quality of the data obtained from in-situ X-ray diffraction
measurements. This result is not surprising since the complete
delithiation of Li;FeSiO4 produces MSiO,, which is a good glass-
former. In our work, the disordered or amorphous phase is observed
even when less than 1 Li+ per unit is extracted. Although in
principle the chemical reaction and the electrochemical process
should lead to the same end phase (s), the rate of phase transforma-
tion is difficult to assess. In the electrochemical charge/discharge
process, galvanostatic mode is applied so that delithiation proceeds
uniformly. However, ions and electrons transport in the chemical
delithiation process is difficult to control and is very much time
dependent depending on the reagents/particle contact as well as the
concentrations of the reagents. Therefore, the results obtained from

10 nm

Fig. 4. TEM images with its corresponding electron diffraction (SAED) patterns of Li; FeSiO4 compositions (0 <x<2).
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the chemical delithiation process may not translate directly into the
kinetics during electrochemical delithiation. Currently, several
in situ techniques are being employed to study the effects of
chemical vs. electrochemical delithiation/lithiation processes.

The structure of the amorphous phase cannot be studied
further since SAED and XRD techniques only allow identifications
of crystalline materials. We alternatively performed infrared (IR}
spectroscopic experiments. Fig. 5 illustrates the FT-IR (Fourier
transform infrared) spectra of the samples at different states of
delithiation. For the Li, ;sFeSiO4 and Li; 54FeSiO, samples, a strong
absorption peak occurs at around 890 cm™'. This strong absor-
bance is ascribed to the vibration of Si-O bond in the Si03~
symmetry, which appears normally at around 900-930 cm™!
[19]. The IR spectrum of Lig;4FeSiO4 shows a strong peak at
around 1070 cm™", which can be ascribed to the characteristic
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absorption peak of Si-0-Si bonds from the Li,SiO5 structure [20].
Thus, we concluded that the amorphous structure formed during
delithiation (as shown by the XRD and TEM results in Figs. 3 and
4d) is similar to that of Li,Si03. We note that the Li,SiO; in the
crystalline form is a well known lithium ion conductor which
provides a fast Li* diffusion channel, thus effectively enhancing
Li* diffusion in the Li,FeSiO,4 material. But, in our case, the Li;Si03
formed upon delithiation of Li;FeSiO, exists in the amorphous
form. Therefore, effects of crystallinity and amorphous contents of
Li,Si0; material on electrochemical performance of LiFeSiO,
materials should be investigated further, and the results of this
study will be presented elsewhere.

The local structure variations around Fe ions during chemical
delithiation process are studied by XANES. As seen in Fig. 6, the
XANES spectra of the samples at different states of delithiation
obviously show changes of the pre-edge and edge positions. Since
XANES is sensitive to oxidation state of Fe ion and geometry of
anions {oxygen) around it, the XANES data; therefore, indicate
chemical and structural modification due to delithilation. Fig. 7
shows the pre-edge region of the Fe K-edge spectra in the
samples. The pre-edge features seen in all spectra are related to
1s—3d transition of Fe ions. The data shows a smooth and
systematic progression of the pre-edge energy toward higher
energy as Li content decreases, which indicates that the valence
state of Fe changes from Fe>* to a higher state [21,22]. Shifting to
higher energy means that the nuclear bonding around the core
ion is stronger; therefore, we can see that the fully delithiated
sample (containing Fe ions in Fe3*+ or higher state) has stronger
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Fig. 5. FT-IR spectra of Li; ,FeSi0O4 samples at different states of delithiation
showing the absorption peaks that represent Si-0 or Si-0-Si bonds.
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Fig. 6. Normalized Fe K-edge spectra of a series of Li, ,FeSi0, compositions

(0=x=<2), as prepared by chemical delithiation of Li,1sFeSiO; and those of
reference compounds: Fe,0; (Fe**), Fes0, (Fe?*+) and LiFePO, (Fe?*).
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Fig. 7. The pre-edge features of the Fe K-edge XANES spectra of Liy1gFeSiOy,
Liy 53FeSiOy, Lig 14FeSiO, and the reference compounds.

nuclear bonding than the fully lithiated sample (containing Fe
ions in Fe>* state).

To quantify the relative amounts of the oxidation state of Fe in
the Li_,FeSi04 samples, the energy of the 1s—3d pre-edge
transition centroid, which has been found to correlate linearly
with the oxidation state, is determined according to the proce-
dure described in Ref. [23]. In short, a straight line background is
first subtracted as a baseline from the sloping region below the
pre-edge. Then, a spline function is used to define a smooth curve
through the absorption edge from several electron volt above, to
the now flat baseline below the pre-edge. The curve is constrained
to be positive and equivalent to the baseline before joining with
it. After subtraction of the edge background, the pre edge peak is
fit to two Gaussian peaks of the same width. The centroid is the
energy of half the total integrated intensity of the fit to the pre-
edge. Fig. 8 shows the resulting effective baselines and extracted
pre-edges of the samples and standard materials. The correspond-
ing centroid values are in Table 1. Here we use peaks position of
LiFePO4 and Fe,03 as the standard materials for calibrating the
centroid energy representing Fe?+ and Fe>*states, respectively.
Fe;0, is known to have both oxidation states Fe>* and Fe** co-
existing so the centroid energy appears between these two
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Fig. 8. Pre-edge peak fits of (a) standard compounds, (b) our Li, ,FeSiO4 samples. After background subtraction, two Gaussian peaks are used to find the best fits. Note that
we do not use the Guassian peaks position directly to quantify the Fe?* and Fe*>* oxidation states. Instead, we calculate the centroid energy of the pre-edge features. It is
this centroid energy value that is used in the quantitative estimation of the oxidation state.

Table 1

The centroid energy of the 1s—3d pre-edge feature for the Li, ,FeSiO4 samples and the standard materials. The estimated uncertainties in the last digit(s) of fitted

parameters are provided in parentheses.

Sample First peak Second peak Centroid energy (eV)
Area (A1) Center energy (eV) (X;) Area (Az) Center energy (eV) (Xz) %Zﬁz
Fe,05 0.119(5) 7113.9(1) 0.040(5) 7116.4(1) 71145
Fe; 0y 0.217(7) 7113.4(1) 0.033(7) 71155(1) 7113.7
LiFePO, 0.063(5) 7111.9(1) 0.027(5) 7113.8(1) 71125
Lig14FeSi0, 0.128(1) 7113.9(1) 0.005(1) 7116.2(1) 71140
Liy 55FeSi0, 0.159(1) 7112.4(1) 0.084(1) 7114.1(1) 7113.0
Liz 1FeSi0, 0.137(1) 7112.2(1) 0.037(1) 7113.9(1) 7112.6

positions. As shown in Fig. 8 and Table 1, the centroid energy
shifts slightly to higher energies when the number of lithium ions
is decreased during lithium extraction and falls within the range
of 2+ and 3+ oxidation states. This means that the oxidation
state in these samples change from 2+ to 3+ and no 4+
oxidation state is found. The centroid energy of the synthesized
Liz. 16FeSi04 sample appears at 7112.6 eV, which is slightly higher
than the edge energy of the standard Fe?* of LiFePOy (~0.1 V).
This may be due to the fact that our sample also contains a small
amount of LiFeO, impurity. The centroid energy of the partially
delithiated sample (Li;53FeSiO4) appears at 7113.0 eV, which
indicates the mixed Fe*** oxidation state. For the fully
delithiated sample, the centroid energy appears at 7114.0 eV.
This means that the oxidation state of the Fe ion in this sample is
mostly in the 3+ state. Ideally, the valence of Fe ion for the fully
delithiated sample, FeSiO,, should be in Fe** state in order to
obtain the charge balance condition. However, in the case of
Lig 14FeSiOy, the Fe+ state occurs. This means that full delithia-
tion of LiFeSiO4 may not be possible without changing the
structure of this compound.

The short-range order around Fe ions in the Li>FeSiO4 cathode
materials during delithiation was directly determined using the
information obtainable from the K-edge EXAFS spectrum analysis
with the IFEFFFIT program package [14]. Fig. 9 shows the radial
structure function obtained by the Fourier transformation of the

EXAFS data over the limited k range between 2 and 11 A~. To fit
the experimental spectra, the structure parameters obtained from
the XRD refinements are used to generate paths for a theoretical
model (FEFF). A very good agreement between the model and
experimental spectra for the Li;sFeSiOs, Lijs3FeSiO4, and
Lig.14FeSiO4 samples is found in the R range from 1.1 to 3.2 A,
1.3 to 294A, and 1.2 to 2.6 A, respectively. Table 2 shows the
results of a fitting analysis with errors in parenthesis. In the case
of the Li, 1sFeSiO4 sample, Fe ion is located in a distorted FeO4
tetrahedral symmetry with two oxygen atoms at 1.97 A, one
oxygen atom at 2.00 A and one oxygen atom at 2.11 A During
the chemical delithiation, Fe-O bonds decrease slightly with
increasing Fe valence state. For the Lig4FeSi04 sample, the Fe-
0 bonds are 1.95 (one oxygen), 1.98 (one oxygen) and 2.09 A (two
oxygen). The XRD data indicated that Lig ;4FeSiO,4 is amorphous
phase. Nevertheless, XRD cannot identify its atomic coordina-
tions. On the other hand, the EXAFS data can be used to identify
that the amorphous structure of Lig 14FeSiO4 has the SiO, tetra-
hedral geometry. This result is also consistent with our FT-IR
finding as described previously. Comparing the Li, {sFeSiO, and
the Lig14FeSiO4 bond distances result in a volume change of
approximately 9% upon a complete Li-extraction. Even though
this material becomes amorphous upon lithium extraction, this
volume change of 9% may have a strong effect on electrochemical
performance for Li-ion batteries that use the silicate ceramics as
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Fig. 9. Magnitude of Fourier transformed, k>-weighted Fe K-edge EXAFS spectra
for (a) Liz16FeSiOy, (b) Liy 53FeSi0y and (c) Liy14FeSi0y4, comparing experimental
(dashed line) and theoretically fit (solid line) using IFEFFIT. Spectra are vertically
shifted for clarity.

Table 2

Structural parameters of the nearest coordination shells around Fe atoms in
samples obtained from the IFEFF fits at different states of the lithium extraction
process: CN is the coordination number, R is the inter-atomic distance, o is the
mean squared displacement. Best fits in the k-range=2-11A * and R range of
about 1-3 A were obtained with the amplitude reduction factor s2=0.8-1.0.
Uncertainty of the last digit is given in parentheses. The best fit of Li,1gFeSiOy
structure has R factor < 0.02.

Shell Scattering paths CN RIA] o [AY
Li; 15FeSiO4

It Fe-0 2 1.97 (1) 0.006 (2)
It Fe-0 1 2.00 (1) 0.006 (2)
1st Fe-0 1 211(1) 0.006 (2)
Li1.53FeSi04

It Fe-0 2 1.95 (2) 0.008 (3)
Ist Fe-0 1 1.98 (2) 0.008 (3)
It Fe-0 1 208 (2) 0.008 (3)
Lio_mF&SiOA,

It Fe-0 V) 1.95 (1) 0.006 (2)
It Fe-0 1 1.98 (1) 0.006 (2)
It Fe-0 1 2.09 (1) 0.006 (2)

the cathodes because the materials could resist fatigue structural
damage due to repeated charging and discharging processes,
enabling a long Li-ion battery life.

4. Conclusion

In this work, Lithium iron silicate (Li;FeSiO,) ceramics were
prepared by a solid-state reaction method. Crystal structure refine-
ments indicate that the materials have an orthorhombic structure
with the Pnma space group symmetry and a=106671(3) A,
b=6.2689(2) A, and c=5.0042(2) A. The materials prepared by this
method have a narrow particle size distribution with an averaged size
of approximately 200 nm. The HRTEM confirms that this structure is

orthorhombic structure (Pnma) by using compared hk! indices. The

crystal and local structures of the chemically delithiated samples
were studied. AAS was used to measure the Li content in the
chemically delithiated samples. XRD and HRTEM results show that
the materials become amorphous as the lithium extraction pro-
gresses. FT-IR shows that the amorphous structure of the delithiated
sample has the Li;SiO structure. The XAS measurements can be used
to study the local structure around Fe ions. XANES data reveals the
oxidation state of Fe ions changes from Fe?* to Fe>* upon lithium
extraction. There is no evidence of the formation of the Fe** state
even for the fully delithiated sample. EXAFS results show the best fit
for the local environment of Fe slightly changes by less than 0.02 A,
which result in a reduction of approximately 9% of the volume upon
lithium extraction. This may be beneficial for the silicate ceramics as
it will be stable during cycling, ensuring a long life Li-ion battery.
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