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Abstract The electrochemical properties of cells assembled with the LiNiO, (LNO) recycled from cathode materials
of waste lithium secondary batteries (Li[Ni,Co,Mn]O;), were evaluated in this study. The leaching, neutralization and
solvent extraction process were applied to produce high-purity NiSO, solution from waste lithium secondary batteries.
High-purity NiO powder was then fabricated by the heat-treatment and mixing of the NiSO4 solution and H,C,0,.
Finally, LiNiO, as a cathode material for lithium ion secondary batteries was synthesized by heat treatment and mixing
of the NiO and Li,CO; powders. We assembled the cells using the LiNiO, powders and evaluated the electrochemical
properties. Subsequently, we evaluated the recycling possibility of the cathode materials for waste lithium secondary bat-
tery using the processes applied in this work.
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Table 1. The amount of sulfuric acid (H,SOy) for the leaching of
metallic oxides in NCM (Li[Ni,Co,Mn]O,) scrap 100 g calcu-
lated by the chemical equations.

Chemical Equations ppm  H,SO4(g)
CoO + H,SO4 — CoSO4 + H,O 425100 720136
Li,O + H,SO, — Li,SO, + H,O 69800 50.281
NiO + H,SO, — NiSO, + H,O 92446 15.751
2FeOOH + 3H,S0,; — Fey(SOy); + 4H,0 0 0
MgO + H,S0, — MgS0, + H,O 676 0.278
2A100H + 3H,S0, — Al(SOy); + 4H,0 1868 0.692
ZnO + H,SO, — ZnSO4 + H,O 3 0
CuO + H,SO4 — CuSO4 + H,O 0 0
Cr,0; + 3H,SO4 = Cry(SO4); + 3H,0O 0 0
MnO + H,SO; — MnSO, + H,0 44191 8.043
CaO + H,S0, — CaSO, + H,O 113 0.028
Total 147.212
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Table 2. Leaching rate of Nickel with different leaching conditions
No Raw H,SO, H,0, Temp. Mixing Time Leaching Rate of Ni

' Material (g) (€3] (€3] ®) (hr.) (%)
1 100 147 55 95 8 93.8
2 100 147 55 95 4+4 96.7
3 100 147 58 95 4+4 98.2
4 100 147 64 95 4+4 99.7
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Fig. 1. Amount of the NiO powder with the agitation time.

HE Ag3) olf= F 229 35H4)S
02 Alalsla, AabE ERghs 71502 EH|E Wl
171984 1217 59t adkste] AHEe] 25 43 2
I 1:1.59] EHoA 7P B S IS 5 S wiE
o|ATE. T3, o] EHlolA Mt B Y HHES IS
I U AHAIZES opr ] 8] wRkA)] wE A
o] & SA3A. ol IAE] FA= st
(400°Co A 4117+ A7 Bt Fo] 43P o, 1
ANE 7 19 YERATE Il B 4= /lKo] 24]
WA s o] 5243 F7Htaou 2417t Olwfi =
& s} gllem, 2413k ﬂﬂb% Fo] 3)57Fe 95 ¢
O|ATHEAIAG- A3} SAAS ZH7F 100 ¢ 11“4 63¢g

=3AS A9).

the AAS otk 2585 Lokry] $1ske] 350°C]
A 500°C7HA] 50°CTHFA O Z 4x7F B2 7] FolA &
2] g & XRD B7He AAlelon, 1 A3E 19
20 GERASIEE. 2R & 5 o] BE A &
To|A Hutxow & %01 1l

£ St UaastE
(Ni0)o] FAHAt= s & = JJYe. ot 350°C

A dAxglsk 49 20 =20° _,_Eho]]}ﬂ BELEEER o5
= ol e 3" y=r #FHAAL, 400°C2} 500°C
o] = 450°Cel Hl&| MWtHoz 34d FI9] F=
7F tha Gl FEE AT wEba o] Ao As 450°C

Table 3. The metallic contents except Nickel in 6wt.% NiSO4 mixed with distilled water after the solvent extraction. (ppm)
Element Fe Cu Al Co Zn Li Mn Mg Na
Content N/D N/D N/D N/D N/D N/D N/D N/D <10
Remarks 6 wt.%NiSO, in D.I. water

(N/D: Not Detected)
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Fig. 2. X-ray diffraction results of NiO powder calcined at
various temperatures for 4 h.
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Fig. 3. X-ray diffraction results of LiNiO, powder synthesized
at various temperatures for 12 h.
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Fig. 4. FE-SEM photograph of LiNiO, powder synthesized at
900°C for 12 h.

ol MRk oz M EAe] 27004 =473 LiNiOo] §
Aok AdEh & 850°CoA] dAHE ABE 20=
22° ZA A BEEER dEHe ofF W 34 9as
o] TN, 950°C] 7d-5-oll= 900°Cel I3 1 34
¥]39] et oA BHA| BEE QY] wjEef E Aol A
£ 900°C7} <2578+ LiNiO, 22 $HAdsh=t] 243 &
Soba FasidTh 28 45 900°Co A A ZFE LiNiO,
B29] 3§48 FE-SEMO.Z a3t ot} oA &
I J5o] AzE LiNiO, B2 o] E5E53 ¢
2ke] Z7)9} BéFo] tFBIAITE A H o= 747 Fgs
3t o =7 g 510 um A=A

3.5 M7|glEty 5N It

B A7E B3 A)%3F LINiO, B2S o]-83te] 7))
b 54 Utk 42} 0.59) 1.0 Corateol| A 7]
3lshA 5448 Wit A9E 17 5ol el e, T C-
rate 255 27183 tIEF 120 mAh/go|N o, Alo]Eo]
3P| oj= Z S| 714 glo] YA S FAIshH=
AL HAAFal lof vlg- FgARQ1 A7|eed 548 o
e o & 4= 9tk LiNIO, B8-S o]-&3te] 233 7]
Fo] FAH{19-21] vl B wj B Ao I 7]
3}eha EAL 71E Aol 80-90%0l T o -
3 Aolt). B Aol Xe A718EE 548 A
7171 {18 F7EEQ0 AHgle] M-S sl HrE &
Zol7] wjFol % Aafd WHa} & A=A U}
59 BRI AHElE & A9 9 =2 #7sEk 54
S BE F U Ao P

ool AAZRE E A9 HHQI # ojAHA =R
B =3 2788k A8 2he 58 LiNiOS A4

Vol. 21, No. 4, 2014



292 2 - ARA - ARG - YA - ket - ORI - 2T
4.4
i . 1 _ 140 _ .............................................................. —l—dlschaxge
’ w & 20 120 -Q ............................................................ —O—charge
4.0 < B U
ERTT) Biclelolell L Lo Ll L L LT LT L LT L ol B
S 38 S
< ° Y
& 3.6 . . g
g % 60 |- e
L© 34 b L
~ * = D A0 b
32 = L
S 20 e
3.0 o = & I
'l i 1 ' i 1 'l 0 '} Il A ' 'l '}
0 20 40 60 80 100 120 140 0 5 10 15 20 25 30
Specific Capacity (mAh/g) Cycle number
(@)
S ) e TeRATe
= o0 —O— charge
= 120 -o~
< g (1}
£ 100 5006-1;;00;..['.-]'..[-IIII-““
S = C00000000000600000
- A || B S e U R e N R
@ @
2 :
% 8 R B s AT
3.2 =
" S 20k
3.0 o &
'} 1 '} 1 1 '} ' 0 1 A 'l 1 'l 1
0 20 40 60 80 100 120 140 0 5 10 15 20 25 30

Specific Capacity (mAh/g)

Cycle number
(b)

Fig. S. The cell test results of synthesized LiNiO,, a) 0.5 C-rate and b) 1.0 C-rate.
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