830 B 6 FEHEEERFR

Volume 30 Number 6 The Chinese Journal of Nonferrous Metals

2020 4F 6 H
June 2020

DOI: 10.11817/.ysxb.1004.0609.2020-35823

WIEEN SRR EhRERSE = JTIE R AT A
SaEFE-REReKAREENER

g LA Rwem L, REA Y, R MY, Aok,
TR >0, Faffz 12, S

(1. AB3 bR MRS HE2EE, Jb3 100124,
2. T REHE N FAEAER TS, b 100124;
3. I TATARMRSERAM R IR AR, FAI1T 448124,
4. EZEKHEFRIEVIEAF A TR ARG TG, 1T 448124;
5. MMRERMARAR, WYl 518101)

8 OE. R USSR AN G A I (14 75 7 BGRB8 7 r i AR A R R A = G AR R R R B ERDAK
WER, JEHEURPLEE R T 2T, GREN: E = GERMES Y mEBEESREE, F2REEER
PREEH P AT R B, A9k LiOH. LiOH-H,0 AUbE 1) Li,COs; B4R 2 AT Co* . Ni¥' Al Mn*" 43 HIiE
JER T Co’s Ni® A1 MnO, AL JF/K ¥ 5 Pk 2 11 K143 514 Ni(OH), f1 Co(OH), &% MnO; i J5 5 ) LiOH.
LiOH-H,0 FI/bE 1) Li,COs £ /KR BR¥E. Ve, RIfR4EREN 99.5%M Li,CO;, LB THL G4, &5, s

B, BFEERR . 5 MnO £ MR 5, B BiFAEIR B3R 051N 96.88%. 97.23%F1 99.78%. & H! 5 ik
ZEA T M FEI B, RUTIE B F N 98.46%, FEINA 5 5 @A s AL BRI 44 & 2K T 10 mg/L.
KHEIR: REVEIRA; ZJCiEARL R AR [k HLE

STEHRES: 1004-0609(2020)-06-1415-12

hE SRS X705

XERERS: A

VR E 1991 R BILISK, BRI 2 8
FFE3C, B TH. MaRE. fReSail, KRl
SR R LR RIS 2R IR 0T R IR B TR
BAR, sh it ZE iz el iz e B 7b, KE=oosh
Fre e N e, IR TR ERIRIE S 1
i,

RIEMB) RS ERKENAEN SR, MEE
FERMbE, AOUERE . B B S VHEICIR
%, WEEG YA, Fk, REF R RS
BTG IRI . AR T L AR FE 5 9%, KBRSk
PO T AR E B A7 it [ B R Ak 5 VR, A e ok
AL IR RN At R Uk vk
FENRL DL b ik, AR R, AR
AEEETMELZ HEEREN, 9150 EH M AL
TR AE, Pl A RCRARN s KA B T2 4 AR 5
REFERN R ZERNE KRS RS, Fl s H

EEUH: T35 2017 4 6H)E RFEMRTE (2017.1.1-2019.12.31)

isBEEA: 2019-08-08; f&iTHEA: 2020-05-26
BIEMEE: R

SZPRUTI B IH I A 2R 5T BN ek
[Tz, SCRCERI G b o 57.25%0) . (R R
BB = TG IR RH AR FIFR = JC IEARA D Co™ Rl
Mn* ' IRAMEBRIR . EhIR. TR, MR . SRR .
WAIR S5 e S, TR ARV IR TP N IR SR AHE+3 il
Fi+4 AT IR SR, A ReTe A, 2Rl
R B R B 4 RPN R AT DOE R IR
&R AL AU, T BUE I A L BRI
ST SR VR AT 4 BT YT ES S A
P —, JE S i Ve AR AR R T
BT 2B 4 R R, MANERE)T, {H 4 Fhg
BRI EPRK, SECBARE R R SR iR
RS r= Al AN, HBKE RS20, Oy 7 SR
R R IR BV AR X Y B, HU VR e
BOE AR 45 5 155, RAEBEE IR K 1
ZICIEMARE, i = JeRPRHE R Y BOS SR B

%, 4 HiE: 010-67396638; E-mail: xixiaoli@bjut.edu.cn



1416

hEA O RYR

2020 £ 6 H

MnO Fl Li,COs, O 75 B I0IE S5 7134 Ji 20 B
MONMEREIE R, SRIG LB CO, KR H L EIE IR
VREDN, LiyCO,; ¥745°8 LiHCO; ¥ fil, FIAx ae,
ERIEIZ R, SCBL TR IR BRI S SR
BRI Es, (ER ORISR KR o R 2, MR
RS BARE 4365 g/L, FRHR I EMRA 84.7%,
I HBRIZ PR AR B A 5 [ 1A R o i S4B ok B (0 e
HIE 95.6%, NEHBREEMNGERIEY, TILFEL
AbFR,

N TP R DL R BRI R
ik, MAAR. B, BR. BN TZ, APFRCRAE
BERFEMEEAREFA TS, RS ERE =
IEM R 43 iR EUE JE A Co®. Ni’s MnO Al LiOH 8k
LiOH-H,0, RAZ/KEREMR HEE 7, DENER
TR ERIEE, BE S BRIV DTIE HBREREL ™ 5, 7
BHEE. . HEE. @i XRD & XPS KI9HT,
W 9CIE S5 1T Ja = 0 IR AR 1 %% Fh 42 8 B A AE AR 25 7
PLRGE JERT G Bk R A . A2 AL EE SR ITE
A RN, WA, 8. & SESTriTEsds

CURSLR PR, SRJrild vl ARG
PR B e, KB T RIFEE TR
A i < ) 78 4 03 18 K R

11 ZRERNEXWFE
ARSI AR R = o0 sh s ok H TR A AR SR
MBI IRAR, ZdirE. e, Efia s, o
iy BRER. BRAGSERRID IR, BUE K IEARCR I
GEME 1R, SLREASRNE 1R, Brf
WFVHE S Tk, B iRl

R/ IERIK =T IERATRHE
Table 1 Composition of waste ternary cathode materials after

treatment (mass fraction, %)

Li Ni Co Mn Fe Al
7.49 20.31 20.31 18.75 0.0040  0.001

Scrapped LiNi, 5Co,3Mn, ;0, cathode materials

|

Hydrogen reduction

Ni/Co/MnO/LiOH, LiOH-H,0, Li,CO4

!

Water leaching + oxalic acid washing

LiOH solution Slag after water leaching
Na,CO, precipitate | H,S0, leaching
1 Nickel-cobalt-manganese sulfate solution

Li,CO,

!

Removing Mn by KMnO,

MnO,

1 R =Je I RAT fr 2 s [l Y T 2R

Nickel-cobalt sulfate solution

l

P507 extraction separation

NiCl, solution CoCl, solution

Fig.1 Process flow diagram of recovering valuable metals from waste ternary cathode materials
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BAMT, LL100 t/min MR HEEE 0.5 h(#HE L
[ (SEIRFR AN, dhiE, el BN ES,
TN 40 L 7K, FH SRR [ 44 5 BR Ve VR 1 pH, LA 100
r/min BEFEREB RS 0.5 h, HhUE, WA TRRIZE
PSR, Vel IER A T e Ay
FENEL LA BRI 40 L ¥, F b R oy ] 44 1 1
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Fig. 2 Effects of different reduction temperatures on phase of

LiNi;3Co;3Mn; 30, cathode materials
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Reduction
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Binding energy/eV

(b) 289.84 leV/Co%' Reduction

- Reduction and etching

284.8 eV/Surface pollutant C

292 290 288 286

284 282

Binding energy/eV
(c) Reduction

Reduction and etching
531.21eV/Co5 and OH"

535 533 531 529 527
Binding energy/eV

B3 450 CikJsR K = oAb R T 5 XPS

Fig. 3 XPS spectra of waste ternary cathode materials under
reduction at 450 C before and after etching: (a) Li Is; (b) C 1s;
(c)O 1s
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Fig. 4 XPS spectra of Ni 2p(a), Co 2p(b), and Mn 2p(c) of
waste cathode materials (untreated, after reduction, and after

reduction and washing)
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Fig. 5 EDS images of waste LiNi;;3Co;,3Mn;;30, cathode materials before and after reduction at 450 ‘C by hydrogen: (a), (c), (e),

(g) Raw materials; (b), (d), (), (h) 450 'C
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TEZKIZ I, BRI FEE 93.61%. 1 550 C 2,
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[, A 90%MHAMAEK . 7£ 650 C2)a, #E1k
N LiMnO, R ELGIG N, AL KA IR SRk
TB&E#] 69.08%.
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Bl 8 Fr AN [ KR I [ AR H SR (52 m o %of
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i, ZKIR IS A] 0.5 1.2 A 4 h (132 HE SR ARTE 91%~94%
Z ], 3 H I R R FEA BRI IR 2, A
B KIR BN 0.5 h, 12 HREIRE N 1593 ¢/L,
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Fig. 6 Leaching rate of aqueous lithium from cathode

materials at different reduction temperatures
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Fig. 7 XRD patterns of waste LiNij;3Co;3Mn;;30, cathode

materials under reduction at 450 ‘C before and after washing:

(a) Before leaching in water; (b) After leaching in water
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233 RVEXTHNR H AR RN
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Fig. 8 Effect of different leaching time on lithium leaching

rate
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Fig. 9 Oxalic acid washing effect under different pH
conditions
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MR BRI SRR, B8 B B Z ATI+2.



1422 hEA O RYR

2020 £ 6 H

+— Li,CO,

9

¢ v
JIm
15 25 35 45 55 65 75
20/(°)

E 10 [ Li,CO; ) XRD i
Fig. 10 XRD pattern of recycled Li,CO;
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Fig. 11 Effect of excess ratio of sulfuric acid added on

leaching rate of Ni, Co and Mn
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Fig. 12 Effect of pH on metal precipitation in potassium

permanganate oxidation process
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Fig. 13 Effect of phase ratio on extraction rate (pH=1;

Extraction time=5 min; 25% P507+75% sulfonated kerosene;

Saponification rate=55%; Room temperature; O/A=4)
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Fig. 14 Effect of extraction order on extraction rate (pH=1;

Extraction time=5 min; 25% P507+75% sulfonated kerosene;

Saponification rate=55%; Room temperature; O/A=4)

Fig. 15 Effects of phase ratio and reverse extraction order on different metal reverse extraction rates: (a), (c), (¢) Effects of phase

ratio on reverse extraction rates of Co, Ni and Mn; (b), (d), (f) Effects of reverse extraction order on reverse extraction rates of Co, Ni,

Mn; (HCI concentration: 5 mol/L, mixing time=5 min, and room temperature)



1424

hEA O RYR

2020 £ 6 H

REEHO B BRI . HE 15(2). (¢)-
()., BEF O/A LLIgI, REZIZEMH N hE
15(b)~ (d)~ (DA, BEERZEFBIE L, REERZ
WITE . LEEHEAR . BB RSN R, .
BRI RFEE AR I RIE 5. 4. 8 A
BB RS 8 B 10 s 5 P BRFERYEG,
SAL BT A S BN 60 g/L, Z4FiERONEE 7 mg/L
FER 2 mg/L; SULBRIREN 57.8 g/L, A& &N
5 mg/L F%G 4 mg/L, Wil AR ) 4 1 S A0 R A S
TRER XS JER LR

3 &g

1) &5 miR SR R LIRS T, IRR T
— PR R IER AR 3Rk T 08, E 5k
LB B ERIIEIOTER ST, BA AR
.

2) IR IEMMEIZT 450 CASEH 3 h 5, 1F
JEIREE R R P W ELE A B R, AR LiOH.
LiOH-H,0 A/b& ) Li,COs; )5 5 R K LiOH.
LiOH-H,O /D] Li,CO;, ZE/KIB+HIREES, HHIK
RHFAIAF] 97.5%, RIGUETRAEN 99.5%HH
Li,COs, SEPLT #5484 Hra S

3) EERM B Ed AL R )5, Baihh
RTHI+2 +3+ +4 M AR A T Ni°%y Co” & Mn*'[f)
MnO, HHHKRESBITHR, HEdKkERFRTE
#H43- 514 Ni(OH), 1 Co(OH), & MnO; #RJ5 4L 2 1%
T IRIRIR J B Bl B H 200 3 96.88%, 97.23%
F199.78%.

4) FIATRRG RIS TRAE pH=1 I, AL E T
B EEBRH IS, BAENIIESEER
98.46%; FU B, FAEAEEEIRP 4
BACT 10 mg/L, 5 2 HL P REGT JEORI 2K

REFERENCES

[1] CHAGENES A, POSPIECH B. A brief review on

hydrometallurgical technologies for recycling spent
lithium-ion batteries[J]. Journal of Chemical Technology &
Biotechnology, 2013, 88(7): 1191-1199.

[2] CHOI J W, AURBACH D. Promise and reality of
post-lithium-ion batteries with high energy densities[J].
Nature Reviews Materials, 2016, 1(4): 1-16.

[3] ZENG Xian-lai, LI Jin-hui, SINGH N. Recycling of spent

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

[12]

lithium-ion battery: A critical review[J]. Critical Reviews in
Environmental Science and Technology, 2014, 44(10):
1129-1165.

MESHRAM P, PANDEY B D, MANKHAND T R.
Extraction of lithium from primary and secondary sources by
pre-treatment, leaching and separation: A comprehensive
review[J]. Hydrometallurgy, 2014, 150: 192—208.

RUGE, PSS, KA. 423N 7 i AR SR [T].
AT (L4 R 2R, 2014, 24(2): P448—460.

YU Hai-jun, XIE Ying-hao, ZHANG Tong-zhu. Technical
progress on power batteries recovery for electric vehicle[J].
The Chinese Journal of Nonferrous Metals, 2014, 24(2):
448-460.

OBk 3 B DUBES, Wb, dkocke, k) P KR
BT Il AN SR BRI WA SR,
2013, 37(2): 320-329.

WU Yue, PEI Feng, JIA Lu-lu, LIU Xiao-lei, ZHANG Wen-
hua, LIU Ping. Overview of recovery technique of valuable
metals from spent lithium ion batteries[J]. Chinese Journal of
Rare Metals, 2013, 37(2): 320—-329.

HE Li-po, SUN Shu-ying, SONG Xing-fu, YU Jia-guo.
Leaching process for recovering valuable metals from the
LiNi;3Co13Mny;30;
Waste Management, 2017, 64: 171-181.

WAN Rong-chi, LIN Yu-chuan, WU She-huang. A novel

cathode of lithium-ion batteries[J].

recovery process of metal values from the cathode active
materials of the lithium-ion secondary batteries[J].
Hydrometallurgy, 2009, 99(3/4): 194-201.

PANT D, DOLKER T. Green and facile method for the
recovery of spent lithium nickel manganese cobalt oxide
(NMC) based lithium ion batteries[J]. Waste Management,
2017, 60: 689—695.

ZHANG X, ZHANG Xi-hua, CAO Hong-bin, XIE
Yong-bing, NING Peng-ge, AN Hui-jiao, YOU Hai-xia,
NAWAZ F. A closed-loop process for recycling
LiNi;3C013Mn;30, from the cathode scraps of lithium-ion
batteries: Process optimization and kinetics analysis[J].
Separation and Purification Technology, 2015, 150: 186—195.
TRAGER T, FRIEDRICH B, WEYHE R. Recovery concept
of value metals from automotive lithium-ion batteries[J].
Chemie Ingenieur Technik, 2015, 87(11): 1550—1557.

XIAO Song-wen, REN Guo-xing, XIE Mei-qiu, PAN Bing,
FAN You-qi, WANG Feng-gang, XIA Xing. Recovery of
valuable metals from spent lithium-ion batteries by smelting

reduction process based on MnO-SiO,-Al,O5 slag system[J].



2530 B 6 W

REHT, S RSN A BN R R = O IE Rl SR BRI v T B O 1 R

1425

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Journal of Sustainable Metallurgy, 2017, 3(4): 703—710.

XIN Ya-yun, GUO Xing-ming, CHEN Shi, WANG Jing, WU
Feng, XIN Bao-ping. Bioleaching of valuable metals Li, Co,
Ni and Mn from spent electric vehicle Li-ion batteries for the
purpose of recovery[J]. Journal of Cleaner Production, 2016,
116: 249-258.

SUN L, QIU K Q, Vacuum pyrolysis and hydrometallurgical
process for the recovery of valuable metals from spent
lithium-ion batteries[J]. Journal of Hazardous Materials,
2011, 194: 378-384.

HU Jun-tao, ZHANG Jia-liang, LI Hong-xu, CHEN
Yong-qiang, WANG Cheng-yan. A promising approach for

the recovery of high value-added metals from spent

lithium-ion batteries[J]. Journal of Power Sources, 2017, 351:

192-199.
LI Jian-gang, ZHANG Qian, HE Xiang-ming. Preparation of
LiNi;3Coy3Mn; 30, cathode materials from spent Li-ion
batteries[J]. Transaction of Nonferrous Metals Society of
China, 2007, 17(S1-B): s897-s901.

Mroooo, ROEOM, skOBH, B R, EEEL WEIREE
T H S R D]. T EA BRI, 2011,
21(5): 1192—-1198.

CHEN Lian, TANG Xin-cun, ZHANG Yan, QU Yi, WANG
Zhi-min. Separation and recovery of Ni, Co and Mn from
spentlithiumion batteries[J]. The
Nonferrous Metals, 2011, 21(5): 1192—1198.

WEI Chu, YA Li-zhang, XIA Chen, YAO Guo-huang, CUI
WANG Min,

Chinese Journal of

Hong-you, WANG Jing. Synthesis of

LiNip6C002Mng,0, from mixed cathode materials of spent

lithium-ion batteries[J]. Journal of Power Sources, 2019, 449:

227567.

YUN Yan-wang, TIAN Yu-wang, LI Jue-wu, MIN Xiao-bo,
LIU-Hui, WEN Ding-qiang, KE Yong, WANG Zhong-bing,
TANG Yi-wei, FU Hai-kuo. Recovery of valuable metals
from spent ternary Li-ion batteries: Dissolution with
amidosulfonic acid and d-glucose[J]. Hydrometallurgy, 2019,
190: 105162.

Wras 28, KR, JHADME, @R, £ A —F KA
PR R R RSO Y T v P EL, ZL104745823A[P).
2015-03-12.

CHEN Ruo-kui, LI Chang-dong, TANG Hong-hui, TAN
Qun-ying, WANG Du. Method for recycling lithium from
waste lithium ion 104745823A[P].
2015-03-12.

ZHANG X, XIE Y, CAO H, NAWAZ F, ZHANG Y. A novel

battery:  China,

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

process for recycling and resynthesizing LiNi;;3Co;3Mn;30;
from the cathode scraps intended for lithium-ion batteries[J].
Waste Management, 2014, 34(9): 1715-1724.

PENG Le-le, ZHU Yue, KHAKOO U, CHEN Da-hong, YU
Gui-hua. Self-assembled LiNi;;3C013Mn;30, nanosheet
cathodes with tunable rate capability[J]. Nano Energy, 2015,
17: 36-42.

ZILBERMAN P. The CO,; absorber based on LiOH[J]. Acta
Medica Marisiensis, 2015, 61(1): 4-6.

KIMURA K, SAKAMTO T, MUKAI T, IKEUCHI Y,
YAMASHITA N, ONISHI K, ASAMI K, YANAGIDA M.
Improvement of the cyclability and coulombic efficiency of
Li-ion batteries using Li[NiggCoq15Alp0s]O> cathode
containing an aqueous binder with pressurized CO, gas
treatment[J]. Journal of The Electrochemical Society, 2018,
165(2): A16—A20.

ZHOU Hui, LI Ying-shun, ZHANG Jiao-long, KANG
Wen-pei, YU DY W. Low-temperature direct synthesis of
layered m-LiMnO, for lithium-ion battery applications[J].
Journal of Alloys and Compounds, 2016, 659: 248—-254.
POVEY A F, SHERWOOD P M A. Covalent character of
lithium compounds studied by X-ray photoelectron
spectroscopy[J]. Journal of the Chemical Society, Faraday
Transactions 2: Molecular and Chemical Physics, 1974,
70(0): 1240—1246.

WOOD K N, TEETER G XPS on Li-battery-related
compounds: Analysis of inorganic SEI phases and a
methodology for charge correction[J]. ACS Applied Energy
Materials, 2018, 1(9): 4493—-4504.

AURBACH D, POLLAK E, ELAZARI R, SALITRA G,
KELLEY C S, AFFINITO J. On the surface chemical aspects
of wvery high energy density, rechargeable Li-sulfur
batteries[J]. Journal of The Electrochemical Society, 2009,
156(8): A694— A702.

AN S J, LI Jian-lin, SHENG Yang-ping, DANIEL C, WOOD
D L. Long-term lithium-ion battery performance improvement
via ultraviolet light treatment of the graphite anode[J]. Journal
of The Electrochemical Society, 2016, 163(14): A2866—
A2875.

CHO T H, PARK S M, YOSHIO M, HIRAI T, HIDESHIMA
Y. Effect of synthesis condition on the structural and
electrochemical properties of Li[Ni;3Mn;;3Co,3]0, prepared
by carbonate co-precipitation method[J]. Journal of Power

Sources, 2005, 142(1/2): 306—312.
BIESINGER M C, PAYNE B P, GROSVENOR A P, LAU L



1426 o EA 4R AR 2020 4F 6 A

W M, GERSON A R, SMART, R S C. Resolving surface [32] ZHOU Zhi-yong, LIANG Fan, QIN-Wei, FEI Wei-yang.

chemical states in XPS analysis of first row transition metals, Coupled reaction and solvent extraction process to form
oxides and hydroxides: Cr, Mn, Fe, Co and Ni[J]. Applied Li,COs: Mechanism and product characterization[J]. AIChE
Surface Science, 2011, 257(7): 2717-2730. Journal, 2014, 60(1): 282—288.

Recovering valuable metals from waste ternary cathode materials of
power battery by combined high temperature hydrogen reduction
and hydrometallurgy

GUO Miao-miao"*** XI Xiao-1i"*?, ZHANG Yun-he** >, YU Shun-wen>*, LONG Xiao-lin>*,
JIANG Zheng-kang™*?, NIE Zuo-ren" %, XU Kai-hua**°

(1. College of Materials Science and Engineering, Beijing University of Technology, Beijing 100124, China;
2. National Engineering Laboratory for Industrial Big-data Application Technology, Beijing 100124, China;
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Abstract: The nickel, cobalt, manganese and lithium metals in the ternary cathode material of scrapped power battery
were recovered by high temperature hydrogen reduction and hydrometallurgical method, and the recovery mechanism
and process were studied. The results show that the Li in the layered Ni-Co-Mn oxide migrates to the surface and
becomes LiOH, LiOH-H,O and a small amount of Li,COj after high temperature reduction. The Co**, Ni*" and Mn*" are
reduced to Co’, Ni’ and MnO, respectively. And the surface phases of the reduced materials are referred as Ni(OH),,
Co(OH), and MnO after Li leaching. The Li,CO; with 99.5% in purity is obtained from the water leaching, acid washing,
and precipitation processes of LiOH, LiOH-H,0 and a small amount of Li,COs, which realizes the separation of Li from
Co-Ni-Mn. After the sulfuric acid leaching of the reduced Ni, Co and MnO, the leaching rates of Ni, Co and Mn are
96.88%, 97.23% and 99.78%, respectively. The precipitation and separation rate of Mn is 98.46% after the oxidizing
precipitation and extraction separation of the leached solution, and the impurity contents in CoCl, and NiCl, solutions are
less than 10 mg/L after the extraction separation.

Key words: LiNi;3Co;,3Mn,;30,; ternary cathode materials; waste; hydrogen reduction; recovery; mechanism
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