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Fig. 1 Time distribution of waste lithium-ion batteries

recovery literature (2010—2019)
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Table 1 Top-10 published literature sources journals statistics

No. Journal title Frequency Proportion/% IF
1 Waste Management 64 8.19 5.997
2 ACS Sustainable Chemistry & Engineering 55 7.04 7.741
3 Journal of Power Sources 43 5.51 7.250
4 Journal of Cleaner Production 40 5.12 7.491
5 Hydrometallurgy 31 3.97 3.890
6 Separation and Purification Technology 27 3.46 5.257
7 RSC Advances 25 3.20 3.098
8 Journal of Hazardous Materials 22 2.82 8.512
9 Resources, Conservation and Recycling 16 2.05 7.589
10 Journal of Environmental Chemical Engineering 15 1.92 -

Note: IF data from 5-Year Impact Factor of JCR, 2019 edition
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Table 2 Top-10 high frequency authors statistics

No. Author Frequency Yearp(iﬂ;sltegaper
1 WU F 22 2010
2 LIL 20 2010
3 CAOHB 19 2017
4 SUN Z 18 2017
5 CHENRJ 16 2010
6 LIJH 16 2014
7 HEYQ 15 2014
8 ZHANGY 14 2017
9 ZHOUT 14 2014
10 YIH 11 2017
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Fig. 2 Author cooperation map of waste lithium-ion batteries recovery research

T3 AT AR At TS T R A SR U Bt 2R

Table 3 Top-10 institution of waste lithium-ion batteries recovery research

No. Institution Frequency Proportion/%
1 Central South University 44 5.63
2 Tsinghua University 34 435
3 Chinese Academy of Sciences 33 4.23
4 Beijing Institute of Technology 27 3.46
5 Kunming University of Science and Technology 24 3.07
6 China University of Mining and Technology 17 2.18
7 Shanghai Jiao Tong University 14 1.79
8 Aalto University 14 1.79
9 University of Science & Technology Beijing 11 1.41
10 Korea Institute of Geosci & Mineral Resources 10 1.28
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Table 4 Top-10 productive country of waste lithium-ion

batteries recovery research

No. Country Frequency Proportion/%
1 China 408 51.91
2 United States 82 10.43
3 Korea 60 7.63
4 India 49 6.23
5 Brazil 30 3.82
6 Australia 29 3.69
7 Germany 25 3.18
8 Iran 19 242
9 Finland 17 2.16
10 England 15 1.91
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Fig. 3 Institution cooperation map of waste lithium-ion batteries recovery research
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Table 5 High cited literature of waste lithium-ion batteries recovery research

No. Title Frequency Author
1 Recycling of spent lithium-ion battery: A critical review 247 ZENG XL
2 Recovery and recycling of lithium: A review 240 SWAIN B
A review of hazards associated with primary lithium and lithium-ion batteries 222 LISBONA D
4 Recovery of cobalt and lithium from spent lithium ion batteries using organic citric 217 LIL

acid as leachant
Extraction of lithium from primary and secondary sources by pre-treatment,

5 . . . . 204 MESHRAM P
leaching and separation: A comprehensive review

6 Development of a recycling process for Li-ion batteries 193 GEORGIM T
Environmental friendly leaching reagent for cobalt and lithium recovery from spent

7 e . . 187 LIL
lithium-ion batteries

8 Process for the recovery of cobalt oxalate from spent lithium-ion batteries 166 CHEN L

9 Procgsses and technologies for the recycling and recovery of spent lithium-ion 157 ORDONEZ J
batteries

10 Organlf: QxalaFe as leacl}ant and precipitant for the recovery of valuable metals from 150 SUNL
spent lithium-ion batteries
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Fig. 4 Co-cited literature map of waste lithium-ion batteries recovery research
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Table 6 Co-cited literature table of waste lithium-ion batteries recovery research
No. Title Frequency Author
1 Recycling of spent lithium-ion battery: A critical review 142 ZENG XL
2 Process for the recovery of cobalt oxalate from spent lithium-ion batteries 117 CHENL
3 Organic oxa_lat-e as .leachant ?md precipitant for the recovery of valuable metals 108 SUNL
from spent lithium-ion batteries
Recovery of cobalt and lithium from spent lithium ion batteries using organic
4 N 107 LIL
citric acid as leachant
5 Development of a recycling process for Li-ion batteries 105 GEORGIM T
6  Recovery of lithium and cobalt from waste lithium ion batteries of mobile phone 105 JHAM K
Environmental friendly leaching reagent for cobalt and lithium recovery from
7 . . 99 LIL
spent lithium-ion batteries
3 Ngvel approac_h to recover cobalt and lithium from spent lithium-ion battery 08 ZENG X L
using oxalic acid
9 Recovery of metals from spent lithium-ion batteries with organic acids as 91 LIL
leaching reagents and environmental assessment
10 Vacuum pyrolysis and hydrometallurgical process for the recovery of valuable 91 SUNL

metals from spent lithium-ion batteries
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Table 7 High-frequency key word of waste lithium-ion batteries recovery research
No. Frequency Keyword Centrality No.  Frequency Keyword Centrality
1 329 Recovery 0.04 11 93 Hydrometallurgical process 0.25
2 283 Cobalt 0.11 12 90 Performance 0.02
3 182 Lithium ion battery 0.08 13 89 Spent lithium-ion battery 0.31
4 180 Separation 0.54 14 88 Metal 0.02
5 174 Valuable metal 0.11 15 87 Nickel 0.17
6 157 Recycling 0.07 16 79 Waste 0.3
7 109 Li 0.08 17 74 Lithium-ion battery 0.05
8 105 Cathode material 0.16 18 73 Extraction 0.1
9 100 Lithium 0.21 19 72 Technology 0.01
10 95 Acid 0.17 20 59 Leaching 0.09
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Fig. 6 Key word cluster map of waste lithium-ion batteries recovery research
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Table 8 Key word cluster table of waste lithium-ion batteries recovery research

Cluster ID Top term Size Silhouette Mean year
0 Cobalt leaching 21 0.86 2014
1 Energy storage 18 0.908 2015
2 Cathode material 16 0.865 2013
3 Electrochemical performance 16 0.872 2015
4 Sustainability 14 0.911 2013
5 Spent lithium-ion batteries 14 0.987 2013
6 Chemistry 14 0.824 2013
7 Circular economy 14 0.955 2014
8 Bioleaching 13 0.926 2013
9 Dissolution 9 0.98 2016
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Table 9 Cluster group of waste lithium-ion batteries recovery research

Cluster group ID High-frequency keywords

Metal wet concentration and
extraction process research

Valuable metal, Li, Waste, Acid, Extraction, Kinetics, Co, Adsorption, Citric acid,
Reduction, Precipitation

Cobalt, Separation, Cathode material, Nickel, Cathode, Electrochemical performance,
Graphite, Anode material, Energy storage

Dissociation analysis of
electrode material research

Resource recycling and
sustainable research

Recovery, Lithium ion battery, Recycling, Metal, Technology, Spent lithium ion
battery, Regeneration, Electrode, Future, Circular economy, Metal value
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Fig. 7 Keyword time zone map of waste lithium-ion batteries recovery research
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Table 10 Annual added keyword of waste lithium-ion batteries recovery research
Year High-frequency keyword Frequency
2010 Recovery, Cobalt, Separation, Lithium, Acid, Hydrometallurgical process 11
2011 Metal, Lithium-ion battery, Extraction, Technology, Secondary battery 5
2012 Lithium ion battery, Recycling, Li, Cathode material, Spent Lithium-ion battery 21
2013 Copper, Value, Adsorption, Reduction, Bioleaching, Microbial fuel cell 18
2014 Valuable metal, Performance, Ion battery, Electrochemical performance, Graphite 33
2015 Nanoparticle, Anode material, Energy storage, Citric acid, Removal, Lithium ion 14
2016 Kinetics, Organic acid, Printed circuit board, Aqueous solution, Pretreatment, Dissolution 17
2017 Co, Electronic waste, China, Mobile phone, Li ion battery 14
2018 Carbon, Closed loop process, Active material, Temperature, Cathodic active material 6
2019 Carbonate, Sustainable process, Regeneration, Process optimization, Circular economy 10
Keywords Year  Strength Begin  End 2010-2019
Metal value 2010 6.0365 2010 2017 —————
Solvent extraction 2010 3.1778 2010 2013 p—
Battery recycling 2010 32615 2010 2012  m—
Separation 2010 3.1776 2010 2011
Waste 2010 42124 2010 2014  m—
Secondary battery 2010 4.6317 2011 2016 —
Precipitation 2010 2.6329 2012 2016 —
Cobalt oxide 2010 3.7469 2012 2016 —
Lithium cobalt oxide 2010 39127 2012 2014 FE—
Recovery proce 2010 5.0342 2012 2014 —
Microbial fuel cell 2010 2.5456 2013 2015 —
Capacity 2010 39154 2014 2017 —
Microbial electrolysis cell 2010 277313 2014 2015 P—
Anode material 2010 3.6647 2015 2019 ——
Composite 2010 2.6753 2015 2016 pa—
Nanocomposite 2010 3.8544 2015 2017 —
Graphene 2010 3.5028 2015 2017 —
Electrochemical property 2010 3.4191 2016 2017 o—
Water 2010 3.4191 2016 2017 —
Leachant 2010 3.4191 2016 2017 s—
Spent Li-ion battery 2010 33144 2016 2017 —
Sulfuric acid 2010 29906 2016 2017 p—
Aluminum 2010 33144 2016 2017 —
Metal recovery 2010 29906 2016 2017 ——
8 IR rRL i [l WO B 5 S B i) R B

Fig. 8 Burst keywords of waste lithium-ion batteries recovery research
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Knowledge map analysis of recycling of waste lithium ion batteries

HUANG Hai-gang, HE Li-hua

(School of Metallurgy and Environment, Central South University, Changsha 410083, China)

Abstract: A detailed knowledge map analysis of documents related to the recycling of waste lithium-ion batteries
situation, focus and trend was carried out based on the ‘Web of Science Core Collection’ database and software
Citespace. The results show that this field is in a stage of rapid development. China has many powerful research
institutions and excellent teams. Their research achievements and influence are both in the leading position, but
thecross-regional and cross-institutional cooperation still needs to strengthen. The research focus is concentrated in
three directions: hydrometallurgical concentration and extraction process, electrode material dissociation analysis
and resources recycling and sustainable research. For ten years of continuous development, this field gradually
realizes the closed-loop system of pre-treatment, valuable resources comprehensive recovery, and recycled product
resource utilization. The field will develop in the direction of comprehensive utilization of resources, economic
benefits and ecological environmental protection.
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