creative
common

C O M O N § E E D
& X EAI-HI el Xl 2.0 igel=
Ol OtcHe =2 E 2= F R0l 86tH AFSA
o Ol MHZE= SN, HE, 8E, A, SH & &5 = AsLIC

XS Metok §LICH

MNETEAl Fots BHEHNE HEAIGHAHOF SLICH

Higel. Adt= 0 &

o 7lot=, 0l M= MOISOILEBHES B2, 0l H&E=0 HE= 0
S Tt LIEHLHO10F S LICH
o HEZXNZRH EE2 oltE O 0leiet 2AE=2 HEBX E&LICHL

AEAH OHE 0lSXAt2 Aeles 212 LSS0l 26t g&

712 (Legal Code)E Ololiotl| & £

olx2 0S5t

Disclaimer =1

ction

Colle


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

5 9]

A 2}

.
3 g

LiFePO4

Els

ol o

K}

14 4

A

24

2010

A A s



4 AL 9w

.
3 g

LiFePO4

ks

ol <

==

14 4

A

wr
Tor
oy

-
E
IH

Tor

o
Ho
o

el
)

24

2010

A A s



20
4 254

2010

—_
_X_._

—
.6_1



Abstract ........................................................................ 111
;q] 1 & }\1 B i 1

Al 2 o1& w7

2.1 gl Eo] o)A L FA B GE] e 3
21.1 oO]:;'L %éi/\i/] x%o] T—jhﬁ_': g}éﬂl% ........................... 9
21.2 fg_g t‘st}_ﬁ.z:;} ookg—%yg ............................................. 12
2.2 LiFeP049] E& 38454

2.2.1 LiFePO, ol et b & ot N e ineereeerseresennes 16
299 LiFePO4-‘4 /&ﬂ_;% ﬁ_ﬂ ,4/\04 .............................. 18
293 LiFePO4Q %..HC}XL. E A et 19
2.3 7] 714 #Skzis] ] Y SNNEIEN . N R e 25
Al 3 A

3.1 *E“?:_L-OJ %L/\g ............................................................... 27
3.9 LiFeo,9P0‘95O4—5/C }_/\éqp\ig H] xé;é]z;;ﬂl/\g ..................... 27

3.3 Seed& AF&3F v A A (LisP207)EA

3.3.1 Seed3509]r Seed450~°4 '@-}\é .................................... 30
3.3.2 Seed350, Seed4509] %417].9] og@c]: ........................... 32
3.4 %g—g} _‘_ET/%] rg7} ...................................................... 34



A4 AdE3 5 aF

41 _E_.UE]-_}:‘:‘:_/\&] CeuuseesEuseesEss s st ss s ss e
4.2 A7)BA EA e
................................... 45

;1]52(}@ R PR
........................... 62




The improvement of electrochemical properties of LiFePO, cathode by

surface amorphous layer.

Hyun Seung Seo

Major of Materials Science and Engineering, The Graduate School,

Pukyoung National University

Abstract

The storage of electrical energy at high charge and discharge rate is an
important technology in today’s- society-and can enable hybrid and plug-in
hybrid electric vehicles. Recently, LiFePO4 has been extensively ‘investigated
by many researchers because it’s has some merits such as less inexpensive,
less toxic |and good thermal property. Although it has advantage, but
utilization as a cathode material in lithium secondary battery is limited by
its low ion mobility and low electronic conductivity. In this search, we have
tried to overcome this drawback of LiFePOs by carbon coating and low
temperture heating -‘treatment produced a surface amorphous layer.
amorphous. This LiFePOs material has high-mobility of Li-ions in the bulk.
The LiFePO, was synthesized by wusing the -starting materials such as
LixCO3, FeC:04 - 2H20, and (NH4):HPO, Which synthesized by mechanical
alloying process and following heat-treatment. Their structures were
investigated by synchrotron XRD and particle morphologies of these
materials were observed by SEM and TEM. Half cells with lithium metal
as a countor electrode were assembled for measuring electrochemical
properties.

Cycling performance of the heat treated LiFeygPogs04-5/C at 600C for 10h
initial discharge capacity was 135 mAh/g, which was lower discharge
capacity to 106 mAh/g after 100 cycles. But, Seed350-10% (LiFePO,, heat
treated at 350C for 10h, 10wt%) has initial discharge capacity was 145
mAh/g, which rose up discharge capacity to 152 mAh/g after 100 cycles.
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Table 1. Cathode Materials for Lithium Ion Secondary Batteries.

LiCoO; LiMn204 LiFePO4
Structure Layered Spinel Olivine
Theoretical &
. 274mAh/g 148mAh/g 170mAh/g
Available
. 145mAh/g 120mAh/g 150mAh/g
capacity
+ High - Low price .
i : - Low price
conductivity - Non-toxic
Advantage - Excellent
-Easy to - Excellent thermal .
1 I thermal stability
synthesize stability
- High cost ks - Low
; - Low conductivity o
. + Toxic | ] conductivity
Disadvantage - Reactivity of
- Poor thermal - Low energy
.8 electrolyte ]
stability density
2.1. 2. 2& I/ 54
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Fig. 5. Olivine structure for LiFePO,.

2. 2. 2. LiFeP0O49] 4t3-39 A9 &

N

e
ot
rlot
(o
=
<
>
rlr
-
N
3
lo

T

_17_

Eah gole A9

4A71A

&

=}



2 FRUdA Fol2-Fol AF FfHAe 9 AP A =
o] A rH 2 NASICON =Z47x9 3gEolgt%E LixFex(SO04)39
LizFes(POpsol A= 0.8Vel zbol7t U=t ol thEAakgo]le o)A

= PR FFATAH S (degree of covalence)oll 438k W= thE YA}
Madelung A 7]%o 28] #H$-¥r} Madelung d7] 73S Fol22 Azt
o] 9] HA A= e Absk3 A= F
2 ool M AIAH | o &2 E Madelung #7)Fo] ZFEF=
Fe''/Fe” 2tsh- 89 oA AR o] Y& ngtoz 3 oA 9
Madelung &2 113 3lS v Li;FePO,o] AYS LisFex(POysH T} =1}
E AL &+ AUrk. = NASICON B4 Fx A= FeOs ZHA7L ThE
HA e mAHE FFetAl Al A= EeEo] 7] wEol
Madelung &l 713l Fol23t &% whag o] 22 Wb olivine T+
ZA M= BAE el sk A3t Yol RbdE o= Madelung %71
A& okl kel Li/Lit =99k Fe'/Fe” 5919 Aol olivineol A ¢
7zt
LiFePO4¢] #HsH ¢k 34Veln diiz4Ql 8 d =45 Fig. 6 o 4
B ATt

AUAE ol

tlo

2. 2. 3. LiFePO48 5-%d &4

A
rx
ftlo
s
)
=2
o
e,
flo
]

oL
do

Fig. 6 ° AAg Li; FePOso] -

_18_



oAzl F#skA ek, Gibb's phase ruleo] o5t 2F9] A
/ed] ¥kg-o] two-phase interface?] ©]&ol] 23] ZPFH+= AL vk

ohosegoR mi A/ 0R PES AW/ EA ol e
7}

[81[13].

RS

LiFePO, - xLi-= xe — xFePO;+ (1-x)LiFePO,

of
2,

FePO, + xLi' + xe — xLiFePO, + (1-x)FePO,
LiFePOy 5 #19 A REgS wbEg o ofg
S YerY o] olivine FE22 ctEAA I WA E el o] FePO4(heteros
-ite structure)®] TFEHOE FARAIS 7|Qletth. Table 2.91A4 F Fx9]
ST AARFE Hlastg o, Rig 7. oA TS 0D ZAEA
th o] Fxo AfgEel MAud woa b AARFE S5 ¢ AR
FeE o STk, F9E681% Hasial s 2
A 9k LiFePO,2] 1A HAs= 681%9] F-iihvs @29 §u
Wl olal BAE7] wEel gEel2dA yArlelA {12111
4]. AR LiFePOso] %4 A2 Aart SsUdRss o] s
Agstal A7l wWizol & ol2¢ ols ST AFFIAYE FAow
Atk Aol webA Aol = b

o
o
saA Aok EE AFAEE koW

YA Aol F By

=

g wEy gl BAe], ARUES ©E Fogd 54

_19_



FePO,9]

=
o

1.8x10 ~ 14,

= t}[14]. Prosini
35

=

=

LiFePO,¢]

Fo,

o} (diffusion limited) 3 i
e}

g

Q o = B
srrrIzzizieE
- S @ v o M A OIS —
) ) oy %ﬂ}ﬂxgﬁ} = = o %
o ® — X ol XU i < T %
el a3 J w T X B o _,d_m ) RO - lis IS S Wﬁ
~ o T ' X )
TR= S o R ¥ OO I e TR TR T = 4 H o O %
o4 N o5 x0 EOw 0P G Mo o ~n = X
T g & M T = 9T G} U
S o] Wﬁ \ml n N 1__/| .,..E - _Z.A ﬂmo ‘Ul ‘mwl
=N do © © .. ok = R o Tl o ~ o MR
= N < do & o o/ oo W
Ho™ W T o o Wr = = X
. H H = SRR 2 o w8 o = = o
= TR B offf g of § ™ o) U el g S = N
g O = g X T gy e v P g T E
~ w9 o g W = U 42 T o S, o or S 3 B
N = s P OF T EH LA F
@ 7B TE N | T 4R E I ) ™ < W o2 =
N o 1+ = T X = = ° T T = 5
< o om0kl g b o' o B 5% B o < P
o) o M b X R e 2 T oD o R e T o TN S
ﬂﬁﬁoﬂawgo%o%wmoﬂ%ﬂ x w Ko T
—_— o < olJ X o
OT i TR Wﬁ Wﬁ fo) ‘% i o - - ﬂwo o ‘Vrﬁx O_E ‘W 1: J OC ©° " Mbrr
= zi?}leﬁo < Ly ¥ g ﬂr%m P
R O Tx X 0 ‘mwl T ‘m.b e ‘El r Mﬂ L '~ ;OO XO = ]_/_Al EO
" 5 v X of B Mo K K = o iy N T = 5o v o 2
SR = M %L_L%AMAL# 2 L T °
e o2 Yo e = wllWe b E =T Ay
%,ovegﬁﬁegﬂ% MMEHO1H%}J7%@
e go X Q r —~ Y o : <
rA g AF ™ o MIRORE v = o N OB T H =
o = - FT ® ® o WY woRR o = By
~ - T 5 W ol ok = KD i A W W = =
g ! maoﬂosg__ﬁnoqm%aa s X s 5
3 ZWU w 5 o3 o ™ NI Ao "L O W o o & o wow 8 ©
- ap © ) X R — = o T o
I %M%O_E@@M@mgm%ﬂmﬁ A
s ® o < o ® 2 om oy oy F T = x ° » |
& miﬂ_uﬁﬁﬂg. vﬂggz%z@ﬂq.ﬂ
zqwﬂw,ﬂuﬂm;wgﬂ.a Pdw 5§ 5
5T =2 H O OB 3 o @ oI T Mo Ak mu u_/r FON LW = T
N P e T O X @ e
= 5 T o mi = T o M 0
< T o= T s =
N \.m_l fite) E

- 20 -



Aol & LiFePOs= 9 FePOs9] v& A7 dE=® Qs
O o] wA gex XA Hdrisstqow nyEth 1

AP Adolsoe] dARHo 2T AztE=d T =284 LiFePO,
A= 7HA 58l H o] FePOy el wdlol ¥ A drt olgg &
22 LiFePO49] - 252 4dd/2e whe-o] LiFePOy/FePOso] AW
o] o]lFdtHA RIS FubslE XA Aol(first order phase
transition) RE-&-<Q1 Zlo]l 7]1gtth ESF mosaic EE- 3 YAk oA =
oy ztelel A 2 F5e] Ael/&dert 7hestve A4S vt ow v w
g 25 g8 Al gEol-wAULE Fool M2 FESE 22 LiFePOy
T FHe AEE7E H U FePO ol EASHA Ha o] e
Aol v o] AL radial oA} o] nYHEL B2 A

ol

Aol desjof & Ao = AA = AT

Fig. 6. Room temperture charge/discharge profiles of LiFePOy
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5r ,
) ist-3rd
"1} P L f//
g, e \
e Cathode: LlFePf)4
5 ~ Anode: Li Metal
E : : , 0. Im/cmz ' . Tst-3rd
1 - PC/DMC/TMLiPF,
0

0 20 40 60 80 100 120 140 160
Capacity (mAh/g)

Table. 2. Space group and lattice parmeters of LiFeO, and delithiated
phase FePO,

LiFePO4 FePO,

space group Pbnm Pbnm

a(A) 6.008 5.792

b(A) 10.334 9.821

c(R) 4.693 4.788
volume(A”) 291.392 272.357
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Li —

(b)

Fig. 7. Crystal structures of (a) LiFePO, and (b)FePOs.

LiFePOy4

INTERFACE

Fig. 8. Schematic representation of the motion of LiFePOy/FePO,

interface on lithium insertion to a particle of LiFePO,

_23_



[] LiFePO,
N rFePO,

inactive
LiFePO,

C

A
start
material 2ndeycle ===

discharge
E
remanent
FePO,

RADIAL P

MODEL
[] LiFePo,
[ FePO,

B B
charge inactive
LiFePO,
g c
2nd cycle S _ iSO
@0 7/
V. discharge
remanent
FabLk: amorphous
isolating
layer
MOSAIC ®
MODEL

Fig. 9. Schematic representations of two possible models for lithium
extraction/reinsertion into a single particle of LiFePO, (a) radial model,

(b)mosaic model
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2. 3. 71413 #3338 (Mechanical Alloying)
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Fig. 10. Schematic diagram of planetary ball mill.



3. 2. LiFeooPo09504-5/C A oA ¢] v AHAFA

ZU98 2% LiCOs (Aldrich, >98%); FeC:04 +2H:0 (Aldrich, >
99%), (NHy):HPO, (Aldrich, >99%))5 Al&slal, A7|AEEe HAS
913 H7HA &= carbon blacks AH&3FATE Zb2t ShelfEH]l BhE a1
FHog dojAE dIFFEFA B 3wt%el | Fst= carbon blacke
Bgete] A 2FYol &7]d Yi A=ZF ol ES ALE2}e] Planetary
Mill(Fritsch pulverisette 5)S o]-&3lo] 71 A4 shstst A A tH8]. LiFeP
o HE 1:0909%5% sk FHFHoE AAE BEe] FA o
0.9LiFePO4-0.025Li,P:077} ¥ =5 3t vH18]. &= 2w 23 Al=25y
of Bo] YA 11200l I AEHEE 250rpm e 2 A1 E3EkeiTh £3
o] ghRH IS A3rF 27191 Feo bl WA E 9] FHZoIAM Ar
t2E EEFUA OF 37HA B e w dA skl (a) 600TCeA 10
AlZE 1R EA e, (b) 350TCelA 10A13F €38 2 % 600TCelA 104]
o dAE, (c) 350TAA 10412 @A = oA 600TlA 10A17F &

gl o] W $& £ 5T/ minez stk

e

)
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Fig. 11 & LiFe]_—ZyP]_—yO4—§/C9’] 218 ® A T o|t)
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Li,CO;, FeC,0,.2H,0 (NH,),HPO,

R Carbon Black

Ball milling for 3h in air

Heat treatment at (a)-600°C for 10h in Ar,
(b) First, 350°C for 10h in Ar
Second, 600°C for 10h in Ar
(¢) One-step, 350°C.for 10h in Ar
Two-step, 600°C for 10h in Ar

0.9LiFePO, + 0.025Li,P,0,/C

Fig. 11. Experimenatal procedure for synthesizing the

0.9LiFePO4-0.025Li14P-07#/C " powders by a mechanochemical process.
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3. 3. SeedE A& ¥ ¥ AF A LiP:07 &4

3. 3. 1. Seed350 (LiFeP0./C-350C)%} Seed450
(LiFePO4/C-450C)¢ 34

\%

WY 8 2E LibCO; (Aldrich, =98%), FeCy04 - 2HO (Aldrich, >
99%), (NH):HPO, (Aldrich, >99%))E& AF&3tal, H7]|de=e] Ads
A3l "7l = carbon blacke ARE AT 7] SRSt HIFHO
2 dojA= FFEEH F2o 3wtk |35l carbon blackS ¥ ¥}
of A=ZFYol &7 Wi HE2FYol EE ARSI Planetary
Mill(Fritsch /pulverisette 5)5 ©]83}5 &35} tH8]. ¢ o, LiFeP<

molar ratio= lL:l:10]3, 9985 23 23} Eo] FAE 1:200]aL

K

1 &5 == 250rpm e = 3A1ZF Zh-seksith. Efo] dud TS Ars)
F7F 2710 Feol kst WAS fl8) FHEAA Arb%H7ksE 8549
A Z47E 350°C, 450 T oA 1041 AAe spslck dAe] o& S=E 5
/min®. 2 AAJSHATH gk o] Az

Seed450 ©]z}3tt}. Fig. 12-+= Seed350, Seed4509] A& vlA = 2w ot}

H_oawHds ol® 7}7} Seed350,

Fig. 12 = Seed350, Seed4502] A &34 2 L o|t},
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Li,CO, FeC,0,.2H,0 (NH,),HPO,

g  (Carbon Black

Ball milling for 3h in air

Heat treatment at 350°C, 450 °C for 10h in Ar+5%H;

Seed350 (LiFePO,/C - 350°C ), Seed450 (LiFePO,/C - 450°C )

Fig. 12. Experimental -procedure for synthesizing .the Seed350(LiFePOys/
C-3507C), and the Seed4b50(LiFePQ./C-450€C) powders by mechanochem

1cal process.
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3. 3. 2. Seed350, Seed450 A7} F3F

WY s 2+E LibCO; (Aldrich, >=98%), FeCyO4 - 2H,O (Aldrich, =9
9%), (NHy) HPO, (Aldrich, =99%))& AF&3kal, Seed H7Fe] dFS Hl
W3] 98] Seed350, Seedd50E 5, 10, 20wt%® H7bshdch T3 A7)
AExE9 /HAS ¢8] carbon blackS H7MAl = ALEsch. 22 &gk
FEHO gFa HFAHoR dox= FFEEd o 3wtkel AT
dki= carbon blacks ¥ @sto] A|=sitol §7]d ¥l
A}8-3Fo] Planetary Mill(Fritsch pulverisette 5)< o] &3to] 7| A% o+
st AJZA 8L o) W, vgA (LiP:07)xEd S 28l Seed(xLiFePO,/C) + (0.
9-x)LiFePO,/C + 0.025Li4P207 (x=5%, 10%, 20%(mol))E =43} LiFe
09P09504-5/Cel A3 A sttt A3 =/} A =EFYol £ FAE=
1:200] 3L 3] A&EEE= 250mpme = 3Agk ZhEst it =30l gtsd £
< g7 2711 Feolldtst WA & el FEEA Ar7t~E &8 F
HAL 600C A 10217 A48 kA H €48 & $%+ 5C/mine=
AT fleb gl AlzE FES Seed350-(a) 5%, (b) 10%, (c) 2
0%, Seed450- (d) 5%, (e) 10%, (f) 20% o= g+ s} t).

|

CEE R

Fig. 13 < Seed350-(a) 5%, (b) 10%, (c) 20%, Seed450- (d) 5%, (e)
10%, (f) 20% ¢ A4 Aot

_32_



Li,CO, FeC,0,.2H,0 (NH,),HPO,

0, 0 0,
Seed 350 (a) 5%, (b) 10%, (c) 20% > | <

Seed 450 (d) 5%, (e) 10%, (f) 20% Carbon Black

Ball milling for 3h in air

Heat treatment at 600°C for 10h in Ar

Seed(xLiFPO,/C) +(0.9-x)LiFcPO, + 0.025Li,P,0,/C

Fig. 13. Experimental -procedure for' synthesizing .the (a) Seed350- 59,
(b) Seed350-10%, (c)-.Seed350-20%, andthe (d) Seed450-5%, (e)
Seed450-10%5, (f) Seed450-20%Seed350-5% and Seed450-5% powders

by mechanochemical process.
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3. 4. £29 §4 H7}

X-Ray Diffraction (D/Max-2500, Riggaku, Japan, 40kV, 100mA, CuKa,

graphite monochromator filter)E ©]-&3lo] 10°~46° 9l scan speed
3°/min o2 AFPste] FxEAS AT SEM(FEI XL-32 SEM)$
TEM(TECNAI G’F20, 200kV, FED& Ab-&sto] @Adg wure] g2 v
ATZ] Y= W3S uw 2Asar

A718 84 AHS A FAZEwTgA D S EELAS =AA

(denka black - denka),, A%A(PVDE - polyvinylidene fluoride[8% in

NMP(1-methyl-2-pyrrolinone)])S 80:10:109] HFAv = e 3 A=

o] &uf(NMP)Z #7}sle] Paintmixer cup®l] #|Z3uo} & 27

2070 & ¥ 1 Paintmixero] 30+3F WHFSITE o] A THE FHo]|AEE

dFE Yol TEA =x33, 80T SEoA AxAZ1H, A7
o]-&3to] 110TCAA A th T T HF oA 2441 %F A ZA A

= ey 550% gF f

propylene)& AR&sto] WHAAE ekl o wf, A& E= dadS

EC(ethylene carbonate) : EMC(ethlymethyl carbonate) : DMC(dimethyl

il

2
A

carbonate)=1:1:1vol%°] 1M LiPFso] &3i¥ 1% F7] dsfdS 244
Zbowmkel & AREStdth A7|ste s 54 AlEe AdFHo=R
WBCS300(WonA Tech)battery cyclers o] &3to] A9 25~4.3V
A AEE AA A THS].
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Fig. 14 + 20328 ¢ Coind#] =YLt}

oo —

Spring —»

Disc —

Cu mesh

: 7
Li metal —» -

Teflon ring —» ===

Sopratr—s I
Cathode
\
A 1ol — <N

Fig. 14. Schematic diagram of 2032 type coin cell assembly.

. Cell assembly

A4 A4 2 1 F
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4. 1. 254

Fig. 15~172 MA Wo=w A Zsta EAg FA wE vjHdd ol
FAdE o XRD patternelth. Fig. 15 (a) & 1¥W 9xg3
LiFeooPogs04-/C, (b)= 28 dA 2§ LiFeooPowsOs+/C, (¢) = 294 &
A2l g LiFeogPogs04-/C ol A= o] Aol A E A &skAwt, (d) = 1
A 350C, 2984 800C LiFegoPoosO4x/Col A= FeoP o] 2H/go] R
o} 22]3 Fig 162 Seed350S o] &3ke] 600TCoIA 1H G (a)
Seed350-5%, (b) Seed350-10%, (c) Seed350-20%<] XRD pattern®l] A ©]
2ol A BEA] Sk AF T (d) 800TC A EA 2] Seed350-0%l A=
FesPol xpato] mMbAE 9}t whxjato & (Fig 178 Seed450 ©]€3Fo] 6007
off A5 1W  dA s (a) Seed4d0-5%, (b) Seedd50-10%, (c)
Seed450-20%0°1 4] &= Seed3509} #°¢] XRD patternof 4] o] x}go] s
Al kAR (d) 800TCel A dA 2 gk Seedd50-0%0l A = FeaPol 2}l
TAHJT. 918 A3 600CANME AT EZoAs HAEZTY £
31 LifP:078] Aol A s A A [=vh= Kang[18] 59 Ayt o
A gtk 2 800TCel o)A 2 sk st HE P BAZ9] =442 LisP:0y
o] Aol wANA i1, FePolxdwt =0l Kang[18] 5o Z<}

ro

-/

Fig. 18~20& v A AZ I A9 dA-g 43 Seedd dAH &%=
oF ghfaFol wel el SEMe| Aot} Fig. 18% (a)v= 1W 44
SHLiFepoPoosOs /C, (b)= 281 DA 2] LiFeooPosOs/C, (o) 20 &
A28 LiFeooPossOs/C o™ duld o= 28 X st Ay 2vA4 EA e
3 el 1w dxEs Eoxc Av)zh #Agkth Fig. 195 (a)
Seed350-5%, (b) Seed350-10%, (c) Seed350-20% Fig. 20%& (a)

s



Seed450-5%, (b) Seed450-10%, (c) Seed450-20%°]t}.  Seed350°]
Seedd50R .t el A7) 7F Akt
Fig. 212 RlA AT d43 FAES &<Qlst7] 918 TEME &4 o]t
(a) bare LiFePOsoll A= 3ol 7|Z38HA carbon ¥ H A H(LuP.O7) 3 &
WA A kTt (b) LiFePOs + Carbondl A= LiFeP0s¢ 59l carbon
ok BAEAT 283 (0)Seed-0%, (d) Seed350-20%. (e) Seed450-
20%°l A= LiFePO,9] F¢ ol carbonzZ® ¥} 8] A A (Li,P.07)Fol dAH
Aol WAHAG. v A E(LiP09)F 9 F7= e SnmA = AT

L
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Fig. 15. The LiFeyoPos04s/C- XRD patterns of (a) the heat treated at
600C for 10h (b). first, the heat treated at 350€ for 10h and second, h
eat treated at 600°C for 10h (¢) one-step, the heat treated at 350C for
10h and two-step, heat treated at 600°C for 10h and (d) step one, the
heat treated at 350°C for 10h and step two, the heat treated at 800C f

or 10h.
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LiFePO, i "
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Fig. 16. XRD patterns of the heat treated at 600C for 10h (a) Seed350
-5%, (b) Seed350-10%, (c) Seed350-20%. and (d) Seed350-0%.
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|-Fe,P @

® LiFePO, .
1 L 1 T 1 T 1 L 1 L 1 N 1
10 15 20 25 30 35 40 45
(©
. ¢ 0 9
10 15 20 25 35 40 45

Intensity (arbitlary units)
=)

Fig. 17. XRD patterns of the heat treated at 600C for 10h (a) Seed450
-5%, (b) Seed450-10%, (c) Seed450+-20%. and (d) Seed50-0%.
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) ¥ LRt
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Vv 3.0 50000x SE 4.7 KIST

©. !

Fig. 18. The LiFeyoPy95045/C SEM micrographs of (a) the heat treated
at 600C for 10h, (b) first, the heat treated at 350C for 10h and
second, heat treated at 600C for 10h, and (c) one-step, the heat

treated at 350°C for 10h and two-step, heat treated at 600°C for 10h.



()~

Fig. 19. SEM micrographs of the heat treated at 600C for 10h (a) See
d350-5%, (b) Seed350-10%, and (¢) Seed350-20%.
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Fig. 20. SEM micrographs of the heat treated at 600C for 10h

(a)
Seed450-5%, (b) Seed450-10%, and (c) Seed450-20%.
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carbon

—
10

carbon

(e)

carbon

/,JI'

Fig. 21. TEM micrographs of (a) bare LiFePO, (b) LiFePO, + Carbon
(c)Seed-0%, (d) Seed350-20%. and (e) Seed450-20%.
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Fig. 22~242 49 dE4S& AAR Axst Rold 5H4E 4T
Anfolrt. AP 24V~43 V T3t dFUE 1CA7T0mAh/g) = 5
WA skt Fig. 22914 & Kang[18]5<9 A3 & nigte =z Aol& 54
AL Axjolrt, (a) I DA LiFeysPoos0s/C(Seed350-0%, Seed450
-0%)7 (b) 9 A3 LiFeiPosOs/Ci= 27] W& Fol 424 13
5 mAh/g¥ 142 mAh/g °]¥2™, 1008 S o] Fdli= 106 mAh/g¥}
135mAh/g2 SrolA 271 WA SR 247 27%9F 5% @Al §
A, () 29AIZ EA8F  LiFeyoPogOs/CE 2718 A8 %Fo] 145mAh/g
ojlem, 1008 FHd o]Fddl%= 146mAh/g= Z7|W A& A9
el Al ko] 7k gllth. Fig. 2394 (b) Seed350-5%, (¢) Seed350-10%,
(d) Seed350-20%+= Z7] W3 &=Fo] 72k 137 mAh/g, 145 mAh/g, 149
mAh/g oIS & F
46 mAh/g, 152 mAh/g= @3l %7] WA &R
vskth 283, Figo 24004 (b) Seed450-5%, (¢). Seedd50-10%0 A =
%7] W g2Fo] 747+ 138 :mAh/g; 137 mAh/g °lE o], 1003 =
A o] Fo = 7247t 142 mAh/gdt 142 mAh/g&E A 27 &R oF
3%7} E=olATth et} (d) Seedd50-20%E Z7)WA & o] 138 mAh/g
oA Aol Hlste] 1003] WA o] Foll= 89 mAh/go® Z7|HHE&F
BT} 55%7F 24kl Fig. 25~262 9] #olF A F Aol A Fig. 2
29 7 EA 23 LiFeyyPogpsOs/C 294 A 2] 3t LiFeyoPogsOs/Co
Aeetar s X2 8 LiFepoPosOs /CRF Fig. 23~240l Seed350, Seed
450 ¢} 2ol W FAE YeERATh Fig. 25~26 A4 25~43 V
oA AFLEE 1C(170 mAh/g)=Z 100 Al A o] WA A4S JER

2

\
52
& =
>
S
ok
of
O

Zukd o] o= z}7b 141 mAh/g, 1

bozobxl Aot

N

;

kv

ok
2

r°“
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t}. Fig. 259141 Seed350-10%7F W8 o] 152 mAh/go & 7H o
™, Fig. 260141 Seed450-10%7F W38 %o] 142 mAh/go & 7H =9k
t}. Fig. 27~28C A9 24V~43 V F3relA AHFLE 20C(3400 m
Ah/g)Z wWEA F-wAsk Aol Fig. 272 (a) Seed350-0%, (b) See
d350-5%, (c) Seed350-10%, (d) Seed350-20%<] #old 545 =A%
An 2, Z71AE %ol 247t 86 mAh/g, 45 mAh/g, 86 mAh/g, 96 mAh
/goll A 303 FHA o]F o= Z+ZF 90 mAh/g, 46 mAh/g, 29 mAh/g, 85
mAh/ge 2 H 2t} (a) Seed350-0%, (b) Seed350-5%< 27| W&
BT} 4%, 1% AA 5 (¢) Seed350-10%;-(d) Seed350-20%= 66%,
11%7} #28tdth- 12 a, Fig. 28€ (b) Seed450-5%;.(c) Seed450-10%,
(d) Seed450-20%°) Aold EAS ZAHT Ad=, Z=7|UAE&Fo Z+7
55 mAh/g, 82 mAh/g, 66 mAh/gol~1 3038} T o] Fo|= 52 mAh/g,
86 mAh/g, 70 mAh/g Q& FtAsESAtt (b) Seedd50-10%, (c) Seed450-2
0% %7 WHgZRt 247t 5% 6%FFEH AA T (a) Seedd50-5% =
6%7} #askAtt.

Fig. 29~302 F45 B4 2 ol gt Axd A 2542 uu
817] $iskel AhBsl 25~48.V PRl AT wadFE 4%

0.1C, 0.2C, 0.5C, 1C, 2C, 5C,~10C, 20C, 30C; 40CZ %3S upito] 5440
4 A9 Ayelth Fig. 29914 B%o], 0.1C2 A&olAE (a) Seed3
50-0%, (b) Seed350-5%, (c) Seed350-10%, (d) Seed350-20% W5 °F 1
45~150 mAh/gA =9 & WHEIFS HPoH, 5C o9 we T
Aol M= (a) Seed350-0%, (d) Seed350-20%%Ee] -3 &54S W4
th 283 Fig. 3004 HolFXe], 0.1C A &dllA

(b) Seed450-5%, (c) Seed450-10%, (d) Seed450-20% EF 145~150 mA
h/gel WAE&FS BIou, 5C o] 3o we T4 E (a) Seedd50-

_46_



(]
X
=S
o
o
-
b
o
J|m
o,
ftlo
s
v
&2
LS
X
o
N\
rir
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=il
5
rx
ftlo
T

Bl Aotk o wBAGAT TS Foho] PFoleel AU 2t
dojys A 99S & 71 =), Fig. 31 (a) Seed350-0%, (b) S
d350-5%, (c) Seed350-10%, (d) Seed350-20% Ats}-2+- wWkE-<] 7t

AFPge 337 V348 VE 53 Aol AU 1

U ~dEHS ZHsle el Z3}e|t). SEI(Solid Electrolyte Interfa
ce) Aol wel ghol Ze]7F y7le] 0.1CE formation & ¢ A3}
AAZIAY A8 widlHA dA delA oe] A7)

=
3

sefut ol dofuith Wi duels vhg FelA AR WeEES we A
o}

N A o] AAfolFH o] ZolE A (FAM)E vt A WA F o]
2} SoH8]. AF Ao A Fig. 3364 ® o], (a) Seed350-0%, (b) See
d350-5%, (c) Seed350-10%, (d) Seed350-20%< Z}7Z; 100Q~125Q<2] U
FAgE B, (d) Seed350-20%7F 7Hd v WF-A ¢S vERHLE 1
2]31 Fig. 33941 R0l (b) Seedd50-5%, (c) Seedd50-10%, (d) Seed4d5
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Fig. 22. The LiFey9Py9s04-s/C cycling performances of (a) the heat
treated at 600C for 10h, (b) first, the heat treated at 350C for 10h
and second, heat “treated at-600C for 10h,.and«(c) one-step, the heat

treated at 350C for 10h and two-step, heat treated at 600C for 10h at

1C rate.
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Fig. 23. The cycling performances of the (a) Seed350-0%,
-5%, (c) Seed350-10%, and (d) Seed350-20% at 1C rate.
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Fig. 24. The cycling performances of the (a) Seed450-0%, (b) Seed450
-5%, (¢) Seed450-10%, and (d) Seed450-20% at 1C rate.
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Fig. 25. The discharge curves after 100cycles of (a) Seed350-0%, (b)
Seed350-5%, (c) Seed350-10%, and (d) Seed350-20% at 1C rate.
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Fig. 26. The discharge curves after 100cycles of (a) Seed450-0%, (b)
Seed450-5%, (c) Seed450-10%, and (d) Seed450-20% at 1C rate.
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Fig. 27. The cycling performances of the (a) Seed350-0%, (b) Seed350
-5%, (c) Seed350-10%; and (d) Seed350-20% at 20C rate.
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Fig. 28. The cycling performances of the (a) Seed450-0%, (b) Seed450
-5%, (c) Seed450-10%, and (d) Seed450-20% at 20C rate:
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Fig. 29. The rate performances of the (a) Seed350-0%, (b) Seed350
-5%, (c) Seed350-10%, and (d) Seed350-20%.
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Fig. 30. The rate performances of the (a) Seed450-0%, (b) Seed450
-5%, (c) Seed450-10%; (d) Seed450+-20%.
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Fig. 31. The cyclic voltammogram of the (a) Seed350-0%, (b) Seed350
-5%, (c) Seed350-10%;. and (d) Seed350-20%.
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Fig. 32. The cyclic voltammogram of the (a) Seed450-0%, (b) Seed450
-5%, (c) Seed450-10%, and (d) Seed450-20%.

_59_



300 7 300
o (@) (@) Seed350-0%
250 L|—o— )| (b) Seed350-5% |
“a ()| (c)Seed350-10%
[ | v (d) (d)Seed350-20%
200 - - 200
g 150 |- < 150
£
L
o
= 100 |- - 100
5
50 - - 50
0 —40
1 " 1 " 1 " 1 " 1 " 1 " 1 "
0 50 100 150 200 250 300 350

Z"(Ohm cm°)

Fig. 33. The impedance spectra of the (a) Seed350-0%, (b) Seed350
-5%, (¢) Seed350-10%, and (d) Seed350-20%.
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Fig. 34. The impedance spectra of the (a) Seed450-0%, (b) Seed450
-5%, (c) Seed450-10%, (d) Seed450-20%.
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