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2. R R EAL 22 R R E SR, TRt T 226, fmad E17 361005)

FEEE ¢ R FH VA IRV I M s BB BR U T 75 LisFen(POL)y/C B4R}, R FH 25 iy 3 K G vl A2 B R WL b1 RHIE 310, R AE A4
BHEE K B v Al = R RE | L AL 24 UL XAFS G591 25 58 LisFey(PO,)y/C M #ILIE 45 ek it fb 2% S i ML 3. 45 21 R
Li;Fey(PO,)y/C 25 H9 h Bt dh 2, 25 B P21/n. 2.0 ~ 4.0 V FLAZ X [H], 10 mAh- g B i % i, Li;Fey(PO,)y/C HLH 1)
B0 LA 129 mAh- g, SR EE AR A X R E E 2.0 ~4.95 V, U RIBHOL A R Ik
165 mAh- g, 1 1 #LIE 19 “E 50 " 45 B 30%. L AL JE AL XAFS M3 R 004 2 W] 8 19 Fe¥'/Fe* F AL X 2 5 d Ak
SETTIE, W AG HRE I AR AD 7 5 0k T BE R B TS5 A e vk J8E 3R T IR I

KERIF b LiFe (POL)/C; HIAL 2 PERE ; oo b2 B {7 XAFS

FEDES: 0646

IR B = s I R = W R o o STl P IV
FH, JFAE H 8l %2 3l g v VR R L e el I Aif ik R 42
SRR R T T AE 04 N UL R R B s
1k &%) LisFey(PO,);(2.8 V vs. Li7/Li)* LiFePO,
(3.45 V vs. Li"/Li)® Fe,(SO,);(3.6 V vs. Li"/Li) @4
LR B 7 3 A1 Y RS o I HE SR 25 4 PRt L AR
TEPEFIIE IR 75 i B A, ) iSh 3 A B8 A 4 B 1 25
PR SR AR & R I S A B H St I AR M R

LiFePO,SE #1 B  Hujth 2 )2 W HT, i = 1
FARAB M HAK (170 mAh-g', B T[N ), #57 3R
FIES A RtE S 2 i 734, WA 3R I 3 4 v
A REEE 25 B U0 LiFeSiOFI52 Bl 1.44 A~ T Ay 1]
W0AE e BN, B L 4F i R A 240 mAh-g
LisFe,(PO,); A1 %}l SE i v i 41, A FH Fe?'/Fe™ 44k
W JFEF S 1 AN 41 R T A A 4 AT e i
FRIE L 25 & 128 mAh - g B4, 1996 4, Goodenough
W52 20 1 Sfe i 38 181 A G B LisFey(POy)s, Ho 75 &
ik 115 mAh-g'. Uchimoto &5 H] 7K #4 4l B % Ji -
BRI (F7 2R ) A B LisFe,(POy),, H 75 7 fig ik 127
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mAh-g! BT FIE 2 B LisFey(PO,); ' Fe i +3 i,
SCVFA B AT e R S B A 1 A T S e
JRE IR B 1AL b R ] Fe™ 484k 3 Jit
Xif 22 B, A8 40 SN DA 3R A4 i Y HE 2 o

AR S 3k U RS- B S S B LisFe,(PO,)s, T 45 15
A Bk 2 1 ok 0 7 1) 75 LisFe,(PO,)y/C M L. BF 5T
2R AR R R S R SR LA, (4.95 V vs. LiY/Li) i
AR R B R - DU A TR T
AH IV A R A 27 0 BT,

1 £ &
1.1 Li;Fe,(PO,)/C #f#}

K FH VA E-BE I A5 i LisFey(PO,);1*', Fe(NO;)s+
9H,0 .LiNO, il NH,H,PO, #% 2:3:3 k2% it it b i
W BEFEMA EDTA(S5 2B E T 1:1)RA &
K pH 2 8 ~9, RJFMA T 5% (by mass)ED-
TA & 1 PVA. 80 °C # 1t HEz5 T (B Wids (B
JE ). B i B I B 2 s 4t 400 °C i Ab B 2 h,
650 °C #&ke 15 h, BIF5 1 779 LisFex(PO,)s.

BRES A0 . LisFe,(PO,); 5 15% (by mass) 4
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1.2 R4

i F Panalytical X'Pert %I ¥} K X 5 28 175 B AL
(far >4 Philip )M K549, A SR B A E5 , Cu #L (A
=0.15406 nm) , & HL % 40 kV, & LI 30 mA, K
0.0167°, 4458 10 s, 10° ~ 80°/a] Ui £ % 4% , MDI
Jade 5.0 1 5 /b JL 2 B0, il FH 9 4 e 7 B BB
(SEM, H 7% Hitachi S-4800 ) F01 =5 43 #¢ 175 5 B, F
W f#8% (TEM, 26 [/ FEI, TECNAI F20) W £ 44 K12
S, TAEH 200 kv, {8 0 A P 5 X
(Bruker AVANCEIII400) , #3758 &£ 4 9.4 T. {#
1.3 mm SRR L % 7Li MAS NMR % , Hahn
[B] 9 5 511 (90° - 7 - 180° - 7 - acq) , 1 A 4E R B} 7] 2
s,90° Jik ¥ B 1.5 ws,7Li % w2 4R S0 R 155.5
MHz, i ff1 fie 5 ¥4 % 60 kHz, fb2# 8% LA 1 mol-L*
LiCl W N 27 (0 ppm). 7] 25 8 5 R XAFS (-
6T (SSRF) 1Y BL14W1 £k 3 ) % FH 15 G A =K.
FA rbiE] 2 L I AR B g B G A X H b )
i, WinXAS H 4534 A1 b B
1.3 HBitAdR 5K

PG TEY T LR R AW B £ M (PVDF) #%
JT i b 8:1:1 7E & Y A R N-F G i e i
(NMP) %W iR AT B3RS 3 h Bz KSR T
FRAELIR 1,100 °C #EF 1 h, & F (18 MPa J% 17)
RIS M. 5 4 s 20 A 17 B Celgard2300 Ff B |1
mol - L' LiPF,+ EC/DMC (1:1,by volume ) H., fi# ¥ ,
R T 40 b 4% il CR2025 A1 4 H h. R
Wi CT2001A H 3t I3t 22 495 (X0 ) I 3K Pl vl v Ak
“EPERE MR 30 °C.
2 HR5tE
2.1 XRD #1 NMR E1E

Bk i -8 B il 43 LisFe,(POL); A4 8} 1)
XRD £ . 3% b I B 0 114 24 AR A S 6, B kLA 46
FE . LisFey(PO,); J& TR L &R, 25 M B P21/n. 38
MDI Jade 5.0 1 5453 2] /9 /i M2 Z 500 .a = 0.8569
nm,b =1.2078 nm,c = 0.8609 nm,3 =90.27°,V/Z =
0.2227 nm°.
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Fig. 1 Powder XRD pattern of the Li;Fe,(PO,);

7Li MAS NMR i & U419 LisFe,(PO,), " #1 & + 15
P 3 ARE Y A% 76 60 kHz Jefs R T, Hifk 2%
D% 43 5 %5 N 39 .87 Al 186 ppm. Hifk 24 v # 1
100 ~ 170 ppmzZ [8] H} B /NG A U PRk B 7R O
ppm B A /NI G B T S wg M  E LiPO, 1Y £
W, PERU A RN 0.4%, UiH LisFey(PO,);
FHALE =
2.2 WRHER

& 3 & LisFex(PO,); #4 £ SEM & . AET 3
AL o B -8 S 1 75 19 LisFe,(PO,); #4 K} 52 8
AL B Bk B2 1~ 2 um. — UK kL 4] 5 92
BB O A U UKL, BRI GBS, B R — R
R A% 2 AR

&l 4 hy LisFe,(PO.); # 8H TEM B . 4l 5]
T 7, V5 G -8 I il 45 LisFeo(POL)s A4 Ak 1) — U ks
PR KNG 1 ~2 pm. BREEALHK , LisFey(PO,)y/C i
7 1 3 FEAK 2 200 ~ 500 nm. 7] LA 25 #b F 2 —
2 JCRE B Bk J2 407 T LisFey(PO,), S Ml 21, H:
JEFETE 15 nm 7247 (1] B'). i1 BE 3K B A7 20 b sk A
LisFe(PO,); #4EHURL 1 15 | 0 3 BEAR T RiA8 RSF,
A Lit 9P HUM AR TR A B A 78 A R A 2 1
fe L L R DT I 2 4R = T LisFey(PO,)/C A4
BHI L A2 P fE.
2.3 BLFEERE

I 5 4 LisFey(PO,)y/C AL AE 2.0 V~4.0 V HL
AL A Fe s L it 4k (A) S S i A it 2k (B).
Li;FePO,)y/C B AT E R Wi 245 0 128 mAh-g,
HHME A RA Y. i AL BRI ZAE 2.87 V 1 2.71
VBSR4 BT A R A B2 R E
Li3+xFez(PO4)3 tF' ax=1, ':F' [f] *Hj‘:/ Li4Fez(PO4)3;x =2,
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Fig. 2 A. Crystal structure of Li;Fe,(PO,);; B. 'Li MAS NMR spectrum of Li;Fe,(PO,);"*"!

[#l 3 Li;Fey(PO,); #4 K}H) SEM HE J
A, AR B, B i B R R
Fig. 3 SEM micrographs of Li;Fe,(PO,);

A, A’ Pristine material; B, B'. Carbon coated material

{4 LiFey(PO,); 1) TEM A
A, ARG OB B, B AR 196 R
Fig. 4 TEM micrographs of Li;Fe,(PO,);

A, A’. Pristine material; B, B’. Carbon coated material
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LisFey(PO,); + Li* + e — Li;Fe(PO,)s (1)

Li;Fey(PO,); + Li* + e — LisFe,(PO,); )
W E 5B s, LisFey(PO,)y/C L AE 2.0 V ~ 4.0 V
HL 7 31 B A A 1) 0 B 7 i R e 7 R R B AR
R ULITIZ AR A R 0 45 # e v R L Ak 2
CIFUE S

6 A LisFe,(PO,)y/C HLH 2.0 ~ 4.95 V HL {1
0 B AS () 35 2 1 J) 00 7 il e it 2 (A) ST 3F
Al 2k (B). W& 6A i ,5 mA-g' R EE T
LisFe,(PO,)y/C HL M (1) 15 J& 3 ik vl 25 1 3k 3] 173
mAh-g!, it T HAIBE A & 128 mAh-g'. BIf#
£ 10 mA - g LU % R O A 2 i )5 38 165
mAh-g', BIISE R 1 30%. UiHEH R S
LT R AR A R R R B A 1 A
It ] BRI T A L R R HLO (4.95 V) b R M
i LisFe,(POy)s i 4 H JF AT 1) 350 43 B 7 Bifi 22 ik v ik
R Lk, BB £ 5 00 38 K, F Ak 2= AR Ak T, Lk
HLSF- 5 8 0 T R R 2 8/ 1C (128 mA - g')
5 3R #2554 130 mAh - g, LisFe,(PO,)y/C
LA A v e B A

M 6B BT LLE H, FER/N R E T,
Li;Fey(PO,)y/C HLIK B A B R FE R A8 5, S8 T
AR T, (RS E EAE,
JLHT 5 W8 R B A7 A A W I 00 25 e o k. 3 ]
= IS RNl = R VAN £ i 2 = A AR e
K& WA S SR} () 25 K AR 1R R IR, IR
F0FEL FLAE T R A VRS A i ™ B A A A R BR
AL I 7E 8 5 HL UL % B2 T LisFe(PO,)y/C HLIK
7 B I 3R 75 4, 1C A5 % 100 AR 3 5 25
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Fig. 5 Electrochemical performance of Li;Fe,(PO,),/C electrode
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Fig. 6 The initial discharge-charge curves at different rates (A) and cycling performances (B) of Li;Fe,(PO,),/C electrode Poten-

tial window: 2 ~4.95V
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1A B ETE, 16 3.0 ~3.5V H BT 8 Ak Rk

= / 800 rmin’
j 500 r-min”
Z 0 T e Uncoated
2
E T
= T
g —
S 250
20l 2~495V
0 30 60 90 120 150 180

Capacity/(mAhg'l)

7 A [ 5 5 BR B B 4 78 (1) LisFe,(PO,)y/C HL B 78 i HE
HiZk BR%E . 10 mA-g' AL IX ] ;2 ~4.95V

Fig. 7 Discharge-charge curves of carbon coated Li;Fe,(PO,),/C

electrode at different milling speeds Rate: 10 mA -g',
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Fig. 8 Discharge-charge curves of Li;Fe,(PO,)s/C electrode at different cutoff voltages during cycling (A) and the corresponding

dQ/dV curves (B)
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edge XANES spectra of LisFe, (PO,),/C electrode during the charging process; D. In-situ Fe K-edge XANES spectra of LisFe,

(PO,)y/C electrode during the discharging process
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Electrochemical Performance and Reaction Mechanism of
Li;Fe,(PO,);/C Cathode Material

XIE Yong', ZHONG Gui-ming?, GONG Zheng-liang"”, YANG Yong'*
(1. College of Energy, Xiamen University, Xiamen 361005, Fujian, China; 2. State Key Lab of
Physical Chemistry of Solid Surfaces, and College of Chemistry & Chemical Engineering,
Xiamen University, Xiamen 361005, Fujian, China)

Abstract: The cathode material of carbon coated LisFe,(PO,); (LisFe,(PO,)y/C) is successfully prepared by sol-gel method and
ball-milling carbon coating technique. The cathode material is characterized by XRD, SEM, TEM, and in-situ XAFS techniques.
XRD results indicate that the as prepared Li;Fe,(PO,); is of high purity and single phase, and has monoclinic structure with space
group of P21/n. Electrochemical measurements show that the carbon coated material is able to deliver a high initial discharge
specific capacity of 128.6 mAh-g" in the voltage range 2.0 ~ 4.0 V at 10 mA - g'. While in the voltage range 2.0 ~ 4.95 V, its initial
discharge specific capacities can reach 165 mAh-g", which is 1.3 times higher than the theoretical capacity. In-situ XAFS study
show that no obvious evidence of Fe*/Fe* redox couple is involved in the electrochemical reaction, indicating that the capacities

which beyond the theoretical capacity may come from the high concentration of surface defects introduced by ball milling process.

Key words: lithium battery; Li;Fe,(PO,)s/C; electrochemical performance; in-situ XAFS technique
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