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Abstract

The mechanical process followed by hydrometallurgical treatment has been developed in order to recover cobalt and lithium
from spent lithium ion battery. In the previous study, a citrate precursor combustion process to prepare cathodic active materials
from the leaching solution was elucidated. Resynthesis of electrode materials should be more valuable in spent battery recycling.
Conventional slurry mixing of LiCoO, and carbon cannot make uniform distribution, and therefore the cathode cannot reach the
theoretical charge-discharge capacity and is easily degraded during the charge-discharge cycling. In this study, ultra-fine LiCoO,
powders has been prepared by modification of the combustion process and fabricated the enhanced cathode by modification of
mixing method of LiCoO, and carbon added.
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Fig. 1. Thermal analysis of the citrate precursor.
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Fig. 2. X-ray diffraction patterns of (a) 10°C/min cooled, (b)

air cooled, and (c¢) quenched powders prepared
followed by the precursor combustion.
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Table 1. Lattice parameter and integrated ratio for powder
(LiCo0,) prepared by the precursor combustion

Specimen 10°C/min air cooled quenched
a(A) 2.8264 2.8130 28172
o(A) 13.93 14.15 14.11

c/a 4.9285 5.0302 5.0085
To03/Toos 2.06 1.93 1.90

Fig. 3. SEM images of (a) 10°C/min cooled, (b) air cooled, and (c¢) quenched powders prepared followed by the precursor
combustion.
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Fig. 4. SEM image of LiCoO, and carbonaceous materials.

J. of Korean Inst. Resources Recycling Vol. 16, No. 6, 2007



LiCo0, ¢} Famkes EiRtel nlXle fakel w8 15

Bare LiCoO,
—— NG-LiCoO,
— super P-LiCoO,
— MCMB-LiCoC,

intensity

20 30 40 50 60 70 80 90

Fig. 5. XRD patterns of LiCoO,-1 wt% various carbonaceous
materials powders.

200

- Bare charge

~{}- Bare discharge

—i— LCO-G charge

—— LCO-G discharge

150 —8— LCO-super P charge
k&)l} - ~{~ LCO-super P discharge

—#— { CO-MCMB charge

) ~= L CO-MCMB discharge
g
Z 100
£
=
S
®
g
S 50 |-
0k
1 [l 1 1 1 1 i 1
0 5 10 15 20 28 30 35 40
Cycle number

Fig. 6. Cycle performance of LiCoO, cathodes at 30 mA/g
charge-discharge.

o) Fzo| AL HXA] P= Ro)
a0 ratio(=4.9 in cubicys T2
MRS Uehle @ AE2A, o 3} 271
= AL 2] o|xFQ] AZe] TUlEda &
=0, T8 A 490132 A& EA3eH0),
o] g@4e] Frle| o LiCo0,% 31 d = %
olF EAL Jeld Fig 6ol XW BAFE LiCoO,
FUEL S S593 AolE BA40] & J e =
g Jom, AAEA} super PO A7W7t MCMBQ] 3
71l B)Eld Huh 9453 AIEAS TS 2 4 Ak
AURFH O F LiCoO,= FWhdoe] A Eg°ﬂ w2t A&
HoZ BIgdo] F7tEH ofAle] LiCo0,9) &%
£ 9o7)E F8 Udoem dEA Qi o9} e
9] F7te A= Wl A St ZiQlgt).
FGolA A= 58 oE F U= 89 o

32 Fl

_I

@ He b
0

& 7}%]7} AAANE 7P & 8902 o AR &
oFe 4= 9t} a) WA Aol e F2AQ W}
Azl Rupdsl b) FFANEY AR &3, ¢
Asjde] Rt o2 U3 A H= SEISolid
Electrolyte Interface) A3Ado|ct. =2 FHbde B¢
FFEEE, EAA, AGA MM BEZ A active
material)?} =R A (carbon additive) Alo]e] HEHE
E3) At de=y, 52 ate =44 4 =
2|37 Asjde] e AdAH (three-phase boundary)
< Z3) 2F oley FE2F Ajie] olFoiA} I
st} a)e) AAE AEHQ Fuo HF B FH0]
LiCoO, ZAAte] 73 B9 oAU 5 &
R 47 BEAF R =14 Aol HEE oY
A HEolM AAAL AYSIE dodle Afolth
bl A= AR &30l ool = E=E A
o APZ(depleted layer)©] AA=3L o]Zlo] =4
Aot FF 2 Alole] FEAAE A AR
ol Tt olz} BE ol AU FENL T
Aoz AL 7ot v e Asfde] &
goll <3 SEUt °k;1L 54 ¥ A=A A
AEZ gAY, EE LiFY 2 7 o A7}
Ao Ak 57}"]7]": A2, o|Hg Fwuto]
&= BEE 7“7}"]7]13}—1— =

A7NAEE7} Hojdt @Ag HI/IHoeM Ale]2d
o] g bl §39 88 Y S o
= o] AFg ut 2AQ1 B8 dord
A A g %‘-7% 7¥AE bare LiCoO,oh= 2] 7
NAEET} 575 &AZ Q)M electronic networkE
N § 7] oy, ol EEF U] EE
oM AZo] o5 F UA HAUGL & F AUt
HA B4 559 7% Dominko™?] Aelxie} 7o
LiCo0,%] 7% 1.5wt% ©l3t dAIFER Bud vt
9} 7o) 2wt%ETF 1wt%2] graphite A7MAe] &
A713keA B4 vET 12 wi%d] ©4F 7}
3t b TAME v S| EE 2 wt%] B9 3TAPOIE
Zo) u7e g3o] IwteRth u]$- £ Ao e
o E, Kim 59 A7) ofstd Huh e o]
super P(1 wt%)2] B O I3} packing density=
AT, S 7188 E4 vER 5 Stk

3 BaE R dREAh

Hong 5% &ejgle] Axagor 8874 =4
Ao gder Bxo e S Arsiet, I
networkE AJ37] st FEHALelY F7& oF

(!

e}
[}

AdapolZa Al 16 d Al 6 3, 2007



16 R

FHER -

FRES

[uvl Scele 387 cis Cursor. 0.000

2 4 & 8

Fig. 7. EDS results for carbon coated LiCoO, powder.

o BaE AgosA HdF9 Axs Y G4 By
SFATh. Lonza KS6(AAEH)] 49 fAkeh 94k A}
olz= ¢8| LiCo0,8 18 BXE 71 4 Yo
o]Z I3} LiCo0,9t ¥4 Ale)e] 824 WHo) Frts
o] A7Iget EAo] FFE 4 Yo RaFP)
3k, carbon black® AMEE S YA Alol2e] xlo|z
3l & E}E VT 5 fl8l, AVSEE &
AE ERA ekgiok BaEQic
o]9l= EHOZ Cheon £ oapH %Eialsl
&3 #4 Folle LiCo0, FEA0) $23 Ar|drw
& R A== super PO BEZY E3to) 2AH
P Buddoh. mebA Al 20] =FA(Lonza
KS6)E 7o EM Y4AE Alole] W73 networking
< WL AAEEe] S AN 03
super PRFS AMS-E 79 super P2 FXIt Sl
we} AL SIS ol 2T o] Thadi,
Lonza KS69] 7% @48 &¢] Fx gevlal 3%
ot webA s AF BN T =HAAE dF
vl2 Egste] YR7F 2L super P7E LiCoO,9}
Lonza KS6 Ato] ¥l F7hE Aleo2r AF A9
AEe PRANF L ANAE S FAe TR
39 Fea Fdsix AT LiCoo, Y=

J. of Korean Inst. Resources Recycling Vol. 16, No. 6, 2007

Ate] Bz XA networkingS B3} Oir?%—?ﬂE
2 B dAredrs FAREe] At - g
2o] opd mpwmrrA el 7)A|E WP 01%3}%15}. A=k

W] 1AE ARE o8 Aol T A% 22
daA 22

7b segregations GA|BIHA] A7} e
o] A=yt & AHeEe EHo g4A HEY £ JL
B 84 ¥37 AAe gavt 124 EEEES 3
Aok Y @A BEIE AT FEH YAE Abeld]
AN HES IANE g ERE oz} o)E <
g A Al op7|He SF-2A me

g HRE a2 & Ao
Aol FrEe WY oA UHE Bt A=
=24 AFEA, super P lﬂl CMB lwt%%

At = 28 A =
A EAE Qe F ;,lof‘% Ate]Z 18 55‘?} %b‘c}ﬂﬁi
tHFig. 6). o1& YoIA AFSE wie} o] A%e] ©i
g 71A 2" Fskd H7H A slury AlEAA
Ax EAE = Y Bt #9% £XE 7l &)
A FF ZEE YAE Aol ﬂﬂﬂ HEol FEAU
7] Ee2 HArh Fig. 7& HEH #423% LiCoO,
TE G F LiCoO,2 F45E & At i &
BEe & YA BHe A2 A8 & 5 vk e



LiCo0, 9] fFankis Bt mXie el # 17

UAE EDSZE A A8 A 2
Y& BF g} INEV 245e
Eo°] LiCoO, 2% % v=A Bxsly k=
¢ F Ay

f
J
M

pu

o

o

2
e

to B (&

U

54 E

HlEel2dA e gRelE dFoz kA Ao
M ZAEEN 2R FFEEDQ LiCo0Z T4
37 9% TRL ALsigon, o) wgos B A

ToAME Zog BUEAES 93K citrate precursor
combustionS, H|EHZE ZhE fsire FEHEL, &
-1_.}\'1 6‘}:/\}-— Hgﬁ}q{_ Tﬂ-/\:lac' 14%_3].93\011] ]
of W& LiCo0,] ¥=54 el sk =ALE %3}
o e e AEL A

1 FFEEH] 58 HA23Ye] &L
Feg A|A%g Li, Co &% #9& LiCo0, AP =
WEAZ 3o citrate precursor combustiondS ©]&
3l LiCo0,2 M3t

2. A7A A4 T F9E £33t submicrond] Ev|
3 LiCoO, ¥+2-& FA4E + sidon, 48 Eoe
Aol 73kl FZHAE VL HolA Li &7 g4t
doll e AR F2E JERAT

3. &= EEH vaE JE2H EXIHEE J|AF
‘?::_"’613 olgFAIL, FF FEZY T2 FAHE
Bat7] 9% HHe =702, 300rpm, EFAIZF 10
min 723 Iwt%e] FAZAES Hrlshs 71414 29
o Axd FF SEHY T AN 7HF
T AllE B eI ole R milling
power® Q1% &= BEZ ] 723 A Fx9 ¢
£9] LiCoO, ¥R ©Ao] st B-¥ wyFoz Al
z+gr}.

4. FH9 7AH Uy = J’ﬂ’ﬂ &2 SRl ©E H
7v L YGolrr) 93
MCMB, Ad5doE gslsidict. B8 ©he 3¢
bare LiCoO, XU} 37th Al]E ¢|Zo) 10% o) T
&30l FAEE & F AN AeWEL ©@a FHrlol
o F= BEA] AU1A FHFo| U] wio)
B AAEENE 919 LiCo0, el Z1zke] ¥t Bx

RS B8k &= At
5. 42V olde] F4 FQlM LiCo0,d] &% 74
A& S WE = B39 e 2 Ao

11‘.

o W= BFE Yol F8% 2L LiCo0,4]

W AR A Vb Adolst old| whe A=
FoHs}, Co &3 o BEAFA =4A Ale]o] 3
EFAgte] Z7t, a8 = BHAA HE Bl 9
3] Q¥ SEI®t LiIF 59 A3 sl A7A%
g oj2HEg W] Wit mEby AlelE £
o] G ©BaE 71AE "ol 93] LiCoOo, 3l
n2A EExFoeA FEAT] WA FES PIA
717 wjol2kaL Azhect.

J'-f O{N' xS

A
i
=

#Alel 2

B 2= 240 =
T et w8k
olo ZAl==rt,

S} AdAEE AF =
249 A g ofste] l—rOHii#“%,

—

o)A, AEE, 2000: HElgol AR ZRE LEd &5
B2z HE, ALY EY 83)A], 9(4), pp. 3743.
2. ]' , FEE, 2001: FHEFolRANZRE 7259

= 3’—%}5}1‘]’5]7\ 12(8), pp. 890-895.

3. °]Z5._17§, dea, A, 2002: Oxalic acid YA
LiCoO,®] Ae3&, AHeirle|E=as|A], 1Q3), pp. 10-
16.

4. Lee, C. K. and Rhee, K.-I., 2002: Preparation of LiCoO,
from spent Lithium Ion Batteries, Journal of Power
Sources, 109, pp. 17-21.

5.Lee, C. K. and Rhee, K.-I., 2003: Reductive leaching of
cathodic active materials from lithium ion battery waste,
Hydrometallurgy, 68, pp. 5-10.

6. Reimers, J. N. and Dahn, J. R., 1992: Electrochemical and
In Situ X-Ray Diffraction Studies of Lithium Intercalation
in LixCoQ,, J. Electrochem. Soc., 139, pp. 2091-2097.

7. Reimers, J. N., Dahn, J. R, and von Sacken, U., 1993:
Effects of Impurities on the Electrochemical Properties of
LiCoO,, J. Electrochem. Soc., 140, pp. 2752-2754.

8. Chebiam, R. V., Kannan, A. M., Prado, F., and Manthriam,
A., 2001: Comparison of the chemical stability of the high
energy density cathodes of lithium-ion batteries,
Electrochem. Commun., 3(11), pp. 624-627.

9. Chebiam, R. V., Prado, F, and Manthriam, A., 2002:
Comparison of the Chemical Stability of Li; CoO, and
Li;_NiggsCoq, 150, Cathodes, J. Solid State Chem., 163(1),
pp- 5-9.

10. Amatucci, G G, Tarascon, J. M., and Klein, L. C., 1996:

Cobalt dissolution in LiCoO,-based non-aqueous rechar-

AdeolEe] Al 16 W A 6 3, 2007



18 B - ANER - FRES

geable batteries, Solid State Ionics, 3(1-2), pp. 167-173.

11. Aurbach, D, et al., 2002: On the capacity fading of LiCoO,
intercalation electrodes: the effect of cycling, storage,
temperature, and surface film forming additives, Elec-
trochem. Acta, 47(27), pp. 4291-4306

12. Thomas, M. G S. R, Bruce, P. G, and Goodenough, J. B.,
1986: AC impedance of the Li; ,CoO, electrode, Solid
State Ionics, 18-19, pp. 794-798.

13. Jang, Y., 1999: LiAl,Co;,O, Intercalation Cathode for
Rechargeable Lithium Batteries, J. Electrochem. Soc., 146,
pp. 862-868.

14. Tukamoto, H., and West, A. R., 1997: Electronic
Conductivity of LiCoO, and Its Enhancement by Magne-
sium Doping, J. Electrochem. Soc., 144, pp. 3164-3168.

15. Holzapfel, M., Schreiner, R., and Ott, A., 2001: Lithium-
ion conductors of the system LiCoq, Fe,Op: a first

electrochemical investigation, Electrochim. Acta, 46(7), pp.
1063-1070.

16. Julien, C., Nazari, A. A., and Rougier, A., 2000: Electro-
chemical performances of layered LiM;,M,O, (M=Ni,
Co; M'=Mg, Al, B) oxides in lithium batteries, Solid State
Ionics, 135(1-4), pp. 121-130

17. Chen, Z., Christensen L., and Dahn, J. R., 2003: Large-
volume-change electrodes for Li-ion batteries of amorphous
alloy particles held by elastomeric tethers, Electrochem.
Comm., 5(11), pp. 919-923.

18. Mladenov, M., et al., 2001: Effect of Mg doping and MgO-
surface modification on the cycling stability of LiCoO,
electrodes, Eletrochem. Comm., 3(8), pp. 410-416.

19. Delmas, C. and Saadoune, 1., 1992: Electrochemical and
physical properties of the LiNi;.,Co,0, phases, Solid State
Tonics, 53/56, pp. 370-375.

20.Ohzuku, T. and Ueda, A., 1997: Phenomenological
Expression of Solid-State Redox Potentials of LiCoO,,
LiCoyNiy»0O,, and LiNiO, Insertion Electrodes, J.
Electrochem. Soc., 144, pp. 2780-2785.

21. Rougier A., et al., 1996: Effect of cobalt substitution on
cationic distribution in LiNi; yCo,O, electrode materials,
Solid State Ionics, 90(1-4), pp. 83-90.

22.Cho, J., et al., 1999: Effect of Preparation Methods of
LiNi; ,Co,0, Cathode Materials on Their Chemical
Structure and Electrode Performance, J. Electrochem. Soc.,
146, pp. 3571-3576.

23. Delmas, C., ef al., 1999: An overview of the Li(Ni, M)O,
systems: syntheses, structures and properties, Electrochim.
Acta, 45(1-2), pp. 243-253.

24.Cho, J., et al, 2000: Electrochemical Properties and
Thermal Stability of LiNi; ,Co,0, Cathode Materials, J.
Electrochem. Soc., 147, pp. 15-20.

25. Madhavi, S., et al., 2001: Effect of aluminium doping on

J. of Korean Inst. Resources Recycling Vol. 16, No. 6, 2007

cathodic behaviour of LiNiy;Coq30,, J. Power Sources,
93(1-2), pp. 156-162.

26. Kobayashi, H., et al., 2000: Electrochemical Properties of
Hydrothermally Obtained - LiCoy,Fe,0, as a Positive
Electrode Material for Rechargeable Lithium Batteries, J.
Electrochem. Soc., 147, pp. 960-969.

27. Alcantara, R., ef al., 1999: X-ray diffraction, ’Fe Mossbauer
and step potential electrochemical spectroscopy study of
LiFeyCOI_yOZ compounds, J. Power Sources, 81/82, pp. 547-
553.

28. Madhavi, S. and Subba Rao, G. V., 2001: Synthesis and
Cathodic Properties of LiCo;,RhyO, (0=<y=0.2) and
LiRhO,, J. Electrochem. Soc., 148, pp. A1279-1286.

29. Yoon, W., et al., 2000: Structural and Electrochemical
Properties of LiAl,Co, (O, Cathode for Li Rechargeable
Batteries, J. Electrochem. Soc., 147, pp. 2023-2028.

30. Imanish, N., et al, 2001: Cycling performances and
interfacial properties of a Li/PEO-Li(CF;SO,),N- ceramic
filler/LiNig ¢Coy .0, cell, J. Power Sources, 97/98, pp. 795-
797.

31. Cho, J., Kim, Y. J., and Park, B., 2001: LiCoO, Cathode
Material That Does Not Show a Phase Transition from
Hexagonal to Monoclinic Phase, J. Electrochem. Soc., 148,
pp. Al1110-Al115.

32. Scorati, B., 1992: Lithium Rocking Chair Batteries: An Old
Concept, J. Electrochem. Soc., 139, pp. 2776-2781.

33. Dominko, R., et al., 2003: Influence of carbon black
distribution on performance of oxide cathodes for Li ion
batteries, Electrochim. Acta, 48(24), pp. 3709-3716.

34.Kim, J., et al., 2005: Direct carbon-black coating on
LiCoQ, cathode using surfactant for high-density Li-ion
cell, J. Power Sources, 139, pp. 289-294.

35.Hong, 1. K, et al., 2002: Effect of carbon additive on
electrochemical performance of LiCoO, composite cathodes,
J. Power Sources, 111, pp. 90-96.

36. Cheon, S. E., et al., 2000: Effect of binary conductive
agents in LiCoQ, cathode on performances of lithium ion
polymer battery, Electrochim. Acta, 46, pp. 599-605.

37. Swain, B., et al., 2007: Hydrometallurgical process for
recovery of cobalt from waste cathodic active material
generated during manufacturing of lithium jon batteries,
Journal of Power Sources, 167, pp. 536-544.

38. Lee, C. K., ef al,, 1997: Thermal Treatent of LayCag4CoO;
Perovskite Oxides for Bifunctional Air ElectrodesJournal of
Electrochem. Soc., 144(11), pp. 3801-3807.

3085971, 2007: Bl LAA) Gl BB W] 9,
Ay, FoFeta k.

40. Ohzuku, T., et al, 1993: Comparative study of LiCoO,,
LiNi; »Co0,,0, and LiNiO, for 4 volt secondary lithium
cells, Electrochim. Acta, 38(9), pp. 1159-1167.



LiCo0, 8] s iR nixhe jiske] o 19

F & X i E F

+ 19843 29 Mgk A3
T}

+1990¢ 8¥ A-grhsha ikl =)
38k} FEhapat

+ 1991320023 FFAAALD AT
AL A AR AYAT L

* 2002334 FErER TR B
MAZA TRER W
A}

+20074 29 SoaAsty FEFEEt
AAL

«2006d 119-8A LG HEE Hify
R dols it e AT,

P

"R E B

« A FFAEAALET ALBE2AATR
AJAT :
G EEA A 129 1% 32

(&

)k g B ASS destey SeArAE B nighr)
* EARTH ’93 Proceeding(1993) 457%, {B#% - 20,0008
(The 2th International Symposium on East Asian Recycling Technology)
* ZHdE Mol Z = o] AR (1994) 4005, B : 15,0009
* 85X FEA LI 1L, IV, V, VI EAE 40,0008, 50,0009(1319)

T: 54 A1Z-A10%, I: T4 A11E~A20%, I0: 54 A218~4)30%, IV: Bd #|31-41403.,
Vv: 54 A415-A50%, VI: T4 #5135~ 60%)

* 3 - AR QRO ST TN A =R (1996) 483%, fHi%E 1 30,0008

* 3 - VLMol ST Y TAF =ER(1996) 1745, fEiE - 15,0009

* el FA L1997 1Y) 311, 5% - 18,0009

*197 |5 LA E-E7 1A 2AK1997) 1075, B : 15,0008

= B9 BolEd E19989 19)395%, B £ 22,0009, 28 schit
* EARTH 2001 Proceeding (2001) 7882, ERE - 100,0008

(The 6th International Symposium on East Asian Resources Recycling Technology)
* eAEe AEAF Bl ZR 71 (2003 29) 312%,  (FfE 1 20,0009, EHAH-MIVHO

* glol FH Ul M E-L A, 199943) 4402, B 1 15,0009, el A Skt
* Eol AN (HAA B A, 20044), 5785, 1% :27,0009, 2 -0

AAdEMelZ=] Al 16 @ Al 63, 2007



