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A Study on the Recovery of Li2CO3, Ni and Co from Cathode Active Material NCA(LiNiCoAIO2) of
Spent Lithium lon Battery

Se-Ho Ahn

Department of Metallurgical Engineering, The Graduate School, Pukyoung National University

Abstract

In recent years, lithium-ion batteries have been used as a main energy source for hybrid mobile phones as
well as portable mobile power sources such as smart phones and netbooks due to their high output and high
energy characteristics. LCO (LiCo0;), which is a layered structure with a stable capacity, has been widely
used as a cathode material for lithium ion battery cells, but its price is unstable due to low capacity
characteristics, environmental pollution and cobalt resource constraints.

Therefore, NCA (LiNiCoAl0;) anode materials came up as an alternative for solving problems such as high
cost and low capacity characteristics of LCO (LiCoO;). NCA (LiNiCoAl0Z) has recently been in full swing for
the electric vehicle battery market, and the demand for used output batteries has increased. Naturally, the
demand for NCA, which is a middle- and high-output active material, has also increased.

Studies on recycling of existing cathode active materials include leaching into hydrochloric acid (HC1)
and nitric acid (HNO;), and recycling of these waste lithium secondary batteries selectively concentrates
only electrode active materials for crushing, magnetic separation, classification, etc. After
concentration, there is a method using sulfuric acid leaching method using hydrogen peroxide as a reducing
agent, and treatment with mountain solution to recover lithium salt and cobalt salt. In the case of using
organic acids, the study on the separation of valuable metals by citric acid (CeHsHsEs) and oxygen acid
(C2H80.) was conducted. The use of such a wet process has the risk of causing costly processing and
environmental problems of the byproducts generated during the process, so it is necessary to develop an
environmentally friendly process.

As a result, in this study, Carbonation through CO; thermal reaction, water leaching, and CO gas thermal
reaction were performed instead of the conventional wet processing. A method of separating and recovering
Li»C0s, Co, and Ni from NCA (LiNiCoAlO;), a cathode active material of spent lithium ion batteries, was
studied through an environmentally friendly and simple process. It is expected that it will contribute to

localization of raw materials when applied to industry by environmentally friendly and simple metal

recovery method.
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Table 2.2 Types and characteristics of cathode active materials for

Lithium-Ion battery

e LCO NCM NCA LMO LFP
i
(LiCo0,) | [Li(NiCoMn)O] | (LiNiCoAlO,) | (LiMnyOs) | (LiFePOs)
T FdTx FdTx e | avdix | ENTE
160
A& 145 mAh/g 160 mAh/g 210 mAh/g | 105 mAN/g
mAh/g
2hs st 435 V 430 V 430 V 430 V 400 V
a4 Es A e E -
21874 L oA U ta ye Ee 5
SR =5 3t =5 Ess =5
o] = 7% thaol e ol 7] & thojeE | oEw
45 27 2%, TUE %3 =3 U3
714 25~28 $/kg | 20~23 $/kg ~21 $/kg 8~9 $/kg | ~20 $/kg
| 100000 T—— . -+
|
90000 +———————— = e —
80,000 -+ &
70,000
60,000 + 15t RFFO
BLMO
50,000 - BNCA
40,000 - BNCM
BLCO
30,000
20,000 -
10,000 -
0
2010 201 2012 2013 2014 2015

Fig. 2.3 Usage Amount of cathode active materials for lithium-ion

battery
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Fig. 2.3 The crystal structure of LiMn:O,4 cubic spinel.
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Table. 2.3 Trends in overseas technology level

Nippon Recvtec Town
T Mining | Sumitomo | DOWA | Umicore KOSr]ea Mining
company company
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b (20107) | (2010™)
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A g
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Fig. 2.5 Trends in overseas technology level
Table. 2.4 Price statistics for raw material in LIB
(unit: USD/ton)
Cobalt Lithium Nickel Manganese
Price Price Price Price
Mean 3945321 7,319.28 16,814.17 2.628.71
Min 23,348.02 4,500.00 8,309.52 1,488.44
Max 112,334.80 21,397.50 31,225.26 4.490.00
Std 19,249 38 425378 5,360.26 68742
skewness 2.58 2.30 0.43 0.67
kutosis 9.17 6.82 2.62 3.03
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Table. 2.5 Benefit estimation from LIB recycling

Year 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029
Ope”’(to'/”'g o 30 30 50 50 50 80 80 80 100 100
6
P"‘“" m)ghpu‘ 421200 | 421200 | 702,000 | 702,000 | 702,000 | 1123200 | 1,123200 | 1123200 | 1404000 | 1.404.000
Cell 2006 | 2,006 | 3510 | 3510 | 3510 5616 5616 5,616 7,020 7,020
throughput(ton)
Cobalt 137 137 276 276 276 364 364 364 455 455
recycling(ton)
Cobalt sales
(Millon KRy | 6057 || 6057 | 12202 | 12202 | 12202 | 16092 16,092 16,092 20,115 20,115
feifugm 390 390 650 650 650 1,040 1,040 1,040 1300 1300
recycling(ton)
Lithium sales | | ©3 1091 1% 3,100 | WolR1 | 5230 || g 8,530 8,530 8,530 10.662 10,662
(Million KRW) 2 i : - g : : : ; :
Nickel = =
: 141 141 235 235 235 376 376 376 470 470
recycling(ton)
Nickel sales %) o =
(Million KRW) | 2657| 2657|4428 | 44w | 4 7.084 7.084 7,084 8,855 8,855
Manganess 20 20 368 368 368 588 588 588 735 735
recycling(ton)
Manganese sales - -
e | 648 1084 | 1,084 | 1084 1732 1,732 1,732 2,165 2,165
Total sales
Millon KRW) | 12560 | 12560 | 23044 | 23044 | 2304 | 33438 33,438 33,438 41,798 41,798
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Fig. 3.1 XRD pattern of LiNiCoAlO,
Table 3.1 Chemical composition of LiNiCoAlO,
EDS (wt%) ICP(wt%)
(0] Al Co Ni Li
23.32 0.60 10.06 62.02 7.000
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(a)

(a)Eletric furnace (b)Reactor (c)Cooling line (d)O-ring

(e)Thermocouple (f)Alumina crucible (g)Sample (h)Condenser

Fig. 3.2 A Schematic diagram of experimental apparatus
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Fig. 3.3 Schematic diagram of Magnetic Stirrer

(a)Beaker (b)Solution (c)Magnetic bar (d)Stirrer

Fig. 3.4 Schematic diagram of Vacuum filtration

(a)Vacuum pump (b)Rubber hose (c)Pressure Measuring Instrument

(d)Buchner funnel (e)Filter paper (f)Erlenmeyer flask with side arm
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Fig. 3.5 Schematic diagram of Experimental process
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3.2.1 NCA(LiNiCoAlOy) ¢ CO; gas &S =31 AHi g
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HES- 2132 LiCO32} CoO, NiO= #2] ¥t}

LiNIiCoAlOys) + OOz(g) — LisCOs) + CoO) + NiOy) AG" at 600~850TC< 0 (2)

Li®] Carbonation % &z Age UM EdFF SALH

(Thermogravimetric apparatus)E AF&3te] ¢ H-&-& &Rl e, CO,

gas 7] 4 LiNiCoAlOxZ ArLo A L 7tx] WM3A| 7| T4 H3ts
PR3 25 = 5C/ming £E2 25TolA 990T7HA 52 A Ao,
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Fig. 3.6 TGA diagram of LiNiCoAlO; with various heating

temperature of 25~990C under CO. atmosphere

39



€

w
\\)
rfo
ki
3
o
2
=
gl

Z]

o

TGA =4S AeREH 990T7HA COE 7oA S A wWas

=239tk TGA =4 A7 650TC oA 750 CALelol A Watrh vheb

f
ro
2
=
)
2
o
4
Ac)
i
.o}
%
Q
o
Do
M
.o}
)
=2,
2
(@)
S
S
o
\1
S
S
o
0
()
S
@)

A AeA 5C/mine2 APsATh F2HNA = Ar
gasE B3 B2 EHVIE CO, @ubs &7 52 AlFoH, &
o]% o] CO; gas FYHS 500cc/min®E LA A FH3H FuksS 23
stk FAIAIZEE 3hr2 FUA JAHJ oW, FASE/se na A
de APsAdv. 1 AIAE ol e Fig. 372 YEHATE 600T ol A
LiNiCoAlO27F  NiO} LigwiCoors & THE o2 o= 2= Ao
A= Aar, 700TC oA &= LiNiCoAlOz2] Li¢] Carbonation¥]©] Li:COs°] %
Aol CoO, NiO® ¢Hd #£8d As g = UAAT. 800TolA =
LixCOs¢F &7 (LiogNiong)(Cooige)O029F %2 LiNiCoOy/dol A ##w =
g, ol dA2E o]l LixCOset CoO, NiO7F A A= 7= A
o= odEddth wEkA LiNiCoOydll Aol CO, dwke& %3 Lid
Carbonation % #elE 918 A4 dvks 2=+ 700C7 28 9

T AR

o

i

s

40



HNiO
A L 934Coo16
@ (Lig 973Nl 027)(Nio 3973C00.1027)O2

¥ Lig112C1330122

Intensity(a.u.)

10 20 30 40 50 60 70 80
2-theta(Deg.)

| o NiO
M Li,CO;
3
©
=
2
2 A
£
[ ]
A
|
1 1 1 1 1 1
10 20 30 40 50 60 70 80
2-theta(deg.)
[ ) 0 ; n
C (Lig §Nig.019)(C0q,198) O
W Li,CO;
A Lig65C03Co22
[}
5
L °
2
7]
C
2
£
o9
Al A A A h I
W ? n M!JL [ ] ]
1 1 1 1 1 1
10 20 30 40 50 60 70 80

2-Theta(Deg.)

Fig. 3.6 XRD pattern of heat reacted LisNiO; at (a)600C, (h)7007C, (c)800C

41



=]

2 i3}

e

3.2.2

als

CO, 9ule= E3) Li& Carbonation¥ o] Li,COs% 1, Co9t Ni< CoO
9 NiOZ o] He7 HArt. 4%e @ AZolA LiCOsuhe #2387
938 Li,COs9F CoO, NiO2] &8]% #}o]2 o] &3dle] A% S Aaystgr}.
LixCOs9F CoO, NiO9 £3|% =lo]Z o}gle] Table 3.2 veEFITH

LiCOz= &oll vk &al=7} wf-¢- =A% NiO, CoO¢] 4% &vi7t =<

W oBgH AL HAT 5 Yk ol met CO, AN F ARE FFH
2 B FAES S 5 of =

H Li,COsRF 287} 7t o35 $
2x10 *torr 6x10 “torroll A4 72t =2 =38 LisxCOs$F CoO, Ni &=
=

@)
il
M

Table 3.2 Solubility of Li:CO3, NiO and CoO in Water

Molecular formula Solubility in Water

1.54 g/100 mL (0 °C)
1.32 g/100 mL (20 °C)

Li;COs
1.00 g/100 mL (60 °C)
0.72 g/100 mL (100 °C)
NiO, CoO Insoluble
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Table 3.3 Lithium content of distilled water with leaching time

Element and content
Time (ppm)
Li
1lhr 2343
3hr 2338
5hr 2377

Table 3.4 Lithium content according to amount of distilled water

during leaching

Weight ratio between sample

Element and content

and distilled water after heat (ppm)
treatment Li

15 2343

1:10 2339

1:15 2349
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Fig. 3.7 XRD pattern of Li2CO3 and NiO, CoO powder after leaching
(a) : Raw material,
(b) Weight ratio of CO, heat-reacted sample and distilled water (1 : 30)

Table 3.5 Chemical composition of Li2CO3 solution after water leaching

(Weight %)

Element ICP
Li 98.69
Al 0.34
Co 0.26
Ni 0.71
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Table 3.5 Thermodynamic reactivity of NiO, CoO reduction

NiO + Hy(g) = Co + HyO(g)

T(C) AH(Kcal) AS(cal/K) AG(kcal) K Log(K)
0 -0.456 12.101 -3.762 1.02%103 3.01
100 -0.739 11.233 -4.931 7.73%102 2.888
200 -1.182 10.191 -6.003 5.93%102 2.773
300 -1.674 9.237 -6.969 4.54%10? 2.657
400 -1.896 8.878 -7.872 3.60%10? 2.556
500 -2.218 8.433 -8.738 2.95% 102 2.47
600 2935 8.047 -9.561 2.47%102 2.393
700 -2.834 7.723 -10.349 2.11%10? 2.324
800 -3.11 7.453 -11.108 1.83%10? 2.262
900 -3.363 7.227 -11.841 1.61*102 2.206
1000 -3.592 7.039 -12.554 1.43%10? 2.155

CoO + Hy(g) = Co + HyO(g)

T(C) AH(Kcal) AS(cal/K) = AG(kcal) K Log(K)
0 =0.777 8.948 -3.221 3.78%102 2.577
100 -1.35 7.152 -4.019 2.26%102 2.354
200 -1.851 5.961 -4.671 1.44%10? 2.158
300 -2.296 5.105 -5.222 9.81%10 1.991
400 -2.694 4.464 -5.699 7.09%10 1.85
500 -2.941 4.126 -6.132 5.41%10 1.733
600 -3.241 3.761 -6.525 4.30%10 1.633
700 -3.486 3.495 -6.887 3.52%10 1.547
800 -3.669 3.316 =7.227 2.96%10 1.472
900 -3.774 3.221 -7.553 2.55%10 1.407
1000 -3.782 3.214 -7.874 2.25%10 1.352

48




shel

Sol dojrt CoO9t NiO

tel 0Tl &< 7}

°

o

=

[e)

=

H, Hy gas + %2 300cc/min,

HSC Chemistry 5 program

o 2 A3 0CHH AG

O

wow M e S S S
Bt ol SRS s 5 7
_ o< \.m_l [ap) = _#O#l

[ ojy MM T o T g ox °
N R o = K o)
G L S~
W SR I S M
i . ° -
< ¢ ® T oo N OE L
?g% BAaCel vl 4.,
o £ R aN g E
oy 4 P AHo e o w
§ & o o P T
A A S AT
= 1% G % % NI Ch m
o B wm . 'O J_mon 5
© B = -
R A U TR S
< g I o ©
B2 o TN B g y, ©
S S 3T aT o 8TE
I O e _ailly© 0
VA; il e ,_rwoﬂ o K wn_l %o” = % F
NG o O W o N B
of ® S YN o @ oo T P T
B X G+ NRAp oN W
W WA = G W 5 &\ 2
P o Aoy B OOE &) 3 S
<~ 8 _ N o = o o
HN o 4 =P N X
o Q oz A X s SR

Moo S g XX OE ®
i~ o3 HT_ ﬂww._ - ‘Iﬂ — ﬂ_w - M_E
s g oy g e mwE O
© o Z Z o5 N T o T

49

] NiZ} Coz= 3}

I

o

AN EH, NO £4923 O7F 0.93wt.2%=
=

o~
T

feis
=

]

-

Co pick%t &<



Intensity(a.u.)

o>
hd

10

20

30

40 50
2-theta(deg.)

60

70

80

Fig. 3.7 XRD pattern of sample after H> reduction

Table 3.5 Chemical composition of sample after H, reduction

(Weight %)

Element EDS
Al 0.27

C 153
0.93

Ni 83.01
Co 14.26
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Table 3.7 Oxygen contents of sample after reduction at 700C on H»

gas condition for 1~5 hr

(Weight %)

1 hr

3 hr

5 hr

Oxygen

contents

3.1754

0.8741

0.7855
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Fig. 3.8 A schematic diagram of the process for recovering Ni from

mixed powder
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Table 3.8 Thermodynamic reactivity of the thermal reaction of Ni and COy
and the thermal decompositon of Ni(CO)4)

Ni + 4CO(g) = Ni(CO)4(g)

T(C) AH(Kcal) AS(cal/K) AG(kcal) K Log(K)
0 -38.444 -98.039 -11.664 2.16%10° 9.333
100 -38.233 -97.404 -1.887 1.27%10 1.105
200 -37.866 -96.536 7.81 2.47%1074 -3.608
300 -37.452 -95.743 17.423 2.27x107% -6.644
400 -37.08 -95.144 26.967 1.75%107% -8.756
500 -36.546 -94.406 36.444 4981071 -10.303
600 -35.988 -93.727 45.85 3.33%10712 -11.477
700 -35.427 -93.119 55.192 4.02%10713 -12.396
800 -34.868 -92.572 64.476 7.38%x107 -13.132
900 -34.312 -92.077 73.708 1.85%10 714 -13.732
1000 -33.764 -91.629 82.893 5.88%1071° -14.231

Ni(CO)4(g) = Ni + 4CO(g)

T(C) AH(Kcal) AS(cal/K) = AG(kcal) K Log(K)
0 38.444 98.039 11.664 4.64%10710 -9.333
100 38.233 97.404 1.887 7.85%10702 -1.105
200 37.866 96.536 -7.81 4.05%103 3.608
300 37.452 95.743 -17.423 4.41%108 6.644
400 37.08 95.144 -26.967 5.70%10® 8.756
500 36.546 94.406 -36.444 2.01%10%° 10.303
600 35.988 93.727 -45.85 3.00%10% 11.477
700 35.427 93.119 -55.192 2.49%10" 12.396
800 34.868 92.572 -64.476 1.36%10' 13.132
900 34.312 92.077 -73.708 5.40%10'3 13.732
1000 33.764 91.629 -82.893 1.70%10% 14.231
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Fig. 3.9 XRD pattern of Ni after CO heat reaction and thermal

decomposition

Table 3.9 Chemical composition of Ni after CO heat reaction and

thermal decomposition

(Weight %)

Element EDS
O 0.74
C 0.56
Ni 98.70
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® Co

Intensity(a.u.)
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2-theta(deg.)

Fig. 3.10 XRD pattern of Co after CO heat treatment

Table 3.10 Chemical composition of Co after CO heat treatment

(Weight %)

Element EDS
0 0.76
Al 0.35
Ni 0.54
Co 98.35
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