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Abstract: In the present manuscript, a simple hydrometallurgy process for recovering and recycling
cobalt from spent lithium cobalt oxide LiCoO, (LCO) in lithium-ion batteries (LIBs) is described.
First, the black material (BM) containing LCO active material is extracted by discharging, dismantling
and detachment of cathode active materials with an organic solvent. Then, sulfuric acid (H,SO4)
and hydrogen peroxide (H,O,) are used to fully dissolve Co and Li in an aqueous solution at high
dissolution efficiency (more than 99% of Li and Co). After a purification step, Co is selectively
precipitated and separated from Li, as CoCOj3, using a simple method. Results show that the
obtained CoCOj crystals have a unique sheets-like structure with a purity of more than 97% and
could be reused to regenerate LCO active material for LIB. The as-prepared sheet-like CoCO3
was then converted to flower-like LCO through a solid-state reaction with commercial lithium
carbonate (LipCO3). Electrochemical performances of the regenerated LCO (LCOgeg) in LIB have been
studied. Interestingly, the flower-like LCOgeg showed a good charge capacity of about 145 mAh.g~!
at the first cycle, compared to LCO synthesized from commercial cobalt and lithium precursors
(LCOcom)- Specific charge capacity and columbic efficiency also remained relatively stable after 60
charge/discharge cycles. The proposed recycling process of Co in the present work doesn’t require the
use of the complicated and expensive solvent extraction method and thus it is simple, cost-effective,
environmentally-friendly and could be used for recovering high purity critical metals such as Co and
Li from spent LIBs at the industrial scale.

Keywords: recycling; Li-ion battery; cobalt carbonate; regenerated LiCoO,; electrochemistry

1. Introduction

The global rechargeable Lithium-Ion Batteries (LIBs) market was valued in 2020
around USD 40.5 billion and is expected to increase to about USD 92 billion by 2026 [1].
China dominates the LIB manufacturing market with the production of 4.8 billion LIBs
units in 2013, and 18.85 billion LIBs units in 2020 [2]. Given that most LIBs have a life-
span of around 1-3 years, a huge amount of obsolete and end-of-life LIBs enter the waste
stream each year. For example, the total weight of discarded batteries in China alone
was estimated to be higher than 500,000 tons in 2020 [3]. Expectations also predict that
the growing electrical vehicles (EV) adoption will generate in the near future (2020-2040)
around 300 million tons of end-of-life LIBs [4], which represents a real urban mine of
strategic and critical metals such as Cobalt (Co), Lithium (Li) and Nickel (Ni). Among the
valuable metals contained in these LIBs scraps, Co has high economic benefits because of
its wide applications in magnets, super alloys, aircraft engines and LIBs. Its commercial
value reached more than USD 61,000/t in November 2021, which is much higher than the
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value of any other important industrial metal such as Cu (UDS 9850/t), Al (USD 2683/1),
Zn (USD 3208/t), Pb (USD 2209/t) or Fe (USD 92/t) [5]. Therefore, recycled Co from
cathode materials of spent LIBs could be reused to produce new LIBs or as cobalt precursor
in other applications, which would generate a significant economic benefit. Co is also a
scarce strategic metal that could be only extracted as a by-product of nickel and copper
mining processes from natural ores. The fact that almost 70% of Co supplies are provided
by the politically unstable Democratic Republic of Congo (DRC) and Zambia makes the
supply unpredictable [6] with economic and supply consequences. Furthermore, the large
volume of spent LIBs present hazards, such as toxic metals, organic solvents and harmful
reactive inorganic compounds (e.g., LiPF¢ electrolyte) [7]. Regardless, the recycling rate of
spent LIBs remains very low (only about 3-5%) [8,9], indicating that the current recycling
processes are not easily scalable to handle the large amount of discarded LIBs every year.
Therefore, the development of green, cost effective and scalable LIBs recycling processes
for spent LIBs in order to protect human health and environment and support the market
growth of LIBs is a necessity.

To date, hydrometallurgy, pyrometallurgy and biometallurgy are the three major
recycling processes studied and used for spent LIBs. The pyrometallurgical recycling
process of valuable metals from end-of-life LIBs is relatively simple and cost-effective, but
it suffers from low metal recovery and atmospheric pollution issues since a large amount
of hazardous gas and waste dust are generated during the thermal process [10,11]. The
“low energy” biometallurgy process advantageously requires simple equipment. However,
drawbacks such as a slow kinetics, special conditions for cultivating and storing bacteria
and the need to operate with low pulp density seriously prevent the wide adoption of
this method at the industrial scale [12]. Hydrometallurgy is the commonly used recycling
process due to its relatively low energy consumption, low gas emission, higher metal recov-
ery and product purity, compared to the pyrometallurgy process. The hydrometallurgical
process involves acid leaching, a purification step and a metal separation step (e.g., Co
from Li) either by solvent extraction or selective precipitation. Acid leaching consists of
dissolving cathode active materials from the battery after mechanical treatment in common
inorganic acids such as HCl, H,SO4, H3PO4 and HNOj [13-16]. In this process, H,O; is
generally used as a reducing agent to convert Co>* to readily acid soluble Co?" ions [17,18].
A purification step is then generally needed to remove metal impurities dissolved at the
leaching step, such as Al and Cu [19]. In order to separate the metals from each other, the
solvent extraction method is used. It is based on mixing the purified leaching solution
with an organic extractant solution, where the extractant (e.g., Cyanex 272, lonquest 801 or
PC88A) has a specific affinity with the metal of interest so only this metal is separated from
the aqueous solution and transferred to the organic phase [20-22]. The solvent extraction
method generally yields high purity products but requires the usage of expensive/toxic
organic chemicals and complicated experimental procedures [23,24]. In contrast, chemical
precipitation, which is based on the selective precipitation of the metal of interest by adjust-
ing the pH of the leaching solution with a precipitating agent, is scalable, simpler and more
environmentally-friendly compared to the solvent extraction method [25-27]. In the litera-
ture, NaOH is typically used as the precipitating agent to recover Co as Co(OH),, while
Na,pCOj is used to precipitate Li* as LiyCO3 [19,25]. However, the selective precipitation of
CoCOj3 from a leaching Co/Li solution using Nay;COj is poorly described in the literature.

The aim of the present article is to demonstrate the first precipitation process of
sheet-like CoCOj crystals from an acid leaching solution containing Co?* and Li* ions
and to convert the sheet-like CoCOj to flower-like LiCoO, active material for reuse in
LIBs. The performances of the regenerated LCO in LIB are studied and compared to
those of LCO synthesized from commercial cobalt/lithium precursors. Since the use of
the solvent extraction method to separate Co from the other metals is not required, the
recycling process of LCO spent batteries we describe in the present manuscript is simple,
environmentally-friendly and easy to process at the industrial scale.
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2. Materials and Methods
2.1. Chemicals

Sulfuric acid (HSO4 95%), hydrogen peroxide solution (H,O;, 50 wt.% in H,O, stabilized),
sodium hydroxide (NaOH, pellets, >97.0%), sodium carbonate powder (Na;CO3, >99.5%) and
lithium carbonate (Li;CO3, 99.99%) were purchased from Sigma-Aldrich and used without
further purification. Spent computers LCO batteries were used in this work as starting
materials for cathode extraction and leaching experiments.

2.2. Pre-Treatment and Dismantling of Spent LIBs

First, the spent LIBs were completely discharged to avoid any spontaneous explosion
or short-circuiting during dismantling and opening of the packaging. For discharging,
spent LIBs were systematically immersed in NaOH aqueous solution and left in solution
until the battery voltage became lower than 0.1 V (measured by a voltmeter). Then, the
fully discharged spent LIBs were manually dismantled in order to separately collect all
the components of the spent Li-ion batteries (e.g., cathode, anode, separator, packaging
material, etc.) for further recycling treatment. Then, the cathode, which is composed of
black material (BM) and aluminum foil, was immersed in DMF solvent and placed in an
ultrasonic bath for 1 h. After being fully detached from the Al foil, the black suspension
was collected using a 100 pm sieve. The BM was then separated from DMEF solvent by
centrifugation, washed several times with water and finally dried in air at 100 °C for further
processing. The flow-sheet of the BM extraction process is shown in Figure 1.

End-of-life LCO battery

Discharge in NaOH

solution
Graphite €— l
Copper (—_‘ Dismantlement ‘
Steel €«— l
‘ Cathode ‘

Immersion in DMF
solvent + Sonication

’W‘ — After sieving

‘ Black material (BM) ‘

Figure 1. Flow-sheet of the black material (BM) extraction process.

2.3. Acid Leaching

The leaching step in this work was performed with H,SOj, in the presence of HyOj,
used as the reducing agent to enhance the dissolution of cobalt and lithium from the black
material (BM). This step was conducted in a 300 mL glass beaker put on a stirring hot plate.
In a typical experiment, 10 g of BM were dispersed in 100 g of water under stirring. Then,
20 g of HySO4 95% were added dropwise to the BM dispersion under vigorous stirring.
The solution was then heated at 75 °C and 10 g of H,O, (50 wt.% in water) were added
dropwise to the mixture that was kept under stirring for 1 h. The leaching solution was
finally filtered in order to separate the Co/Li leachate solution from the insoluble residue.
The solid residue was washed, dried and weighed. The weight of the solid residue allowed
us to calculate the dissolution efficiency (DE, in %) using the following expression:

DE (%) = ((mg — my)/mg) x 100 )
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where DE (%) is the dissolution efficiency, my is the initial weight of the BM and my is the
weight of the dry solid residue obtained at the end of the leaching process.
The leaching efficiency of a metal x can also be calculated as follows:

C)%S * Vig + C,CINS * Vivs
CYS 5 Vs 4 CIYS x Viys 4+ C3R % Wep

LE, (%) = % 100 @)

where LEy (%) is the leaching efficiency of the metal x,

CyL5: Concentration of the metal x in leaching solution (in g-L ™)

V1s: Volume of the leaching solution (in L)

C,"V5: Concentration of the metal x in the washing solution (in g-L 1)

Vws: Volume of the washing solution (in L)

C,°R: Concentration of the metal x in the solid residue obtained at the end of the
leaching process (in %)

Wsr: Weight of the solid residue obtained at the end of the leaching process (in g)

2.4. Purification Step

Aluminum, which is the major impurity in BM, was removed from the leaching solu-
tion by adding a 33% NaOH aqueous solution to bring the pH value up to 6.3 under stirring
at about 40 °C. After 1 h stirring, the precipitate was removed by filtration and the puri-
fied solution was analyzed by inductively coupled plasma-atomic emission spectrometry
(ICP-AES). The removal efficiency of Al could be assessed by calculating the precipitation
efficiency (PE, in %) of Al using the following expression:

CPr * Wp
PEa (%) = =5 A e x 100 (3)
CAI*WP7+CAI*VLS+CAI * Vivs

where PE 4; (%) is the precipitation efficiency of Al

Ca;'": Concentration of Al in the dry precipitate (in %)

Wp,: Weight of the dry precipitate (in g)

Ck5: Concentration of Alin the leachate solution (in gL

V1s: Volume of the leachate solution (in L)

Ca""®: Concentration of Al in the washing solution (in g-Lfl)

Vws: Volume of the washing solution (in L)

The precipitation efficiency of Co and Li, which is not desirable at this stage, could
also be calculated using the same expression.

2.5. Cobalt Recovery and Synthesis of Sheet-like Cobalt Carbonate

After the Al removal, a Co/Li-rich solution was obtained. Cobalt was then selectively
precipitated from the purified solution and recovered as cobalt carbonate (CoCO3). In a
typical experiment, a 20% Nap,COs3 aqueous solution was added to 100 mL of the purified
Co/Li solution under vigorous stirring at 40 °C until reaching a pH = 8.2. After 45 min
of stirring, the Co precipitate was filtered, washed several times with water to remove
soluble salts and impurities (such as Na;SO,) and then dried at 80 °C for 12 h for ICP-AES
measurement and further use. The reaction of CoCOj3 precipitation from the purified
solution can be written as follows:

COSO4 + N32C03 —>COC03 + Na2504 (4)

2.6. Synthesis of Regenerated LiCoO; (LCOReq) Cathode Material

The LCOReg cathode material was successfully resynthesized by mixing the recovered
CoCOj3 powder with Li;CO3 powder followed by the solid-state reaction. In a typical
experiment, 0.6 g of recovered CoCO3; was mixed with 0.24 g of Li;COj3. Then, the mixture
was thoroughly mixed for 30 min using 80 mm agate mortar. The mixture was then calcined
in a tubular furnace at 600 °C for 3 h and 900 °C for 10 h with a heating rate of 5 °C/min
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in order to regenerate the LCO active material. The reaction of LCO formation could be
written as follows:

4 CoCOs(s) + 2 LiyCO3(s) + Oa(g) —+4 LiCoOx(s) + 6 COx(g) ®)

The flow sheet of cobalt purification and recovery as well as the regeneration of LCO
from the recovered CoCOj is shown in Figure 2.

Black materia@
¥

| Acid Leaching ‘

—_— Solid residue
Co/Li-rich solution

‘ Purification at pH=6.3 ‘
—_— Precipitate
Pure CofLi-rich solution

Na,CO,

After filtration

After filtration

‘ Precipitation at pH=8.2 ‘

After filtration | ——>

Sheets-like
CoCO, crystals
Flower-like
LiCoO,

Figure 2. Flow sheet of cobalt recovery and regeneration of flower-like LCO.

Solid-state
reaction

2.7. Electrochemical Measurements

Electrochemical properties of the regenerated LCO from the recovered CoCOj3 and the
synthesized LCO from the commercial CoCOj3 (for comparison) were assessed in CR2025
coin type cells. The cathodes were prepared by casting the slurry of the corresponding
LCO on the Al foil surface using the doctor blade technique. Lithium metal was used as
the anode material. The cathodes were vacuum-dried at 85 °C for 24 h. The electrolyte was
1 M LiPFg in EC + DMC (1:1 by volume). The cells were then assembled in an Ar-filled
glove box, then aged for 3 h before electrochemical measurements, which were carried out
between 3 V and 4.4 V (versus Li/Li") using a CT2001A-Land equipment under a constant
current of 1C. The cells were tested over 60 charge/discharge cycles in order to characterize
its cyclability and electrochemical performances. Several half-cells were systematically
assembled with each LCO cathode and the electrochemical measurements were repeated
thrice in order to guarantee the data accuracy and reliability. The loading weight of the LCO
cathode generated from the recovered CoCOj3 and the LCO synthesized from commercial
Li/Co precursors was 3.25 mg and 3.23 mg, respectively.

2.8. Characterization Methods

X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Discover. The diffrac-
tometer was equipped with a graphite monochromator, a Lynx-Eye detector and parallel
beam optics, using Cu K radiation (A = 1.5418 A). Phase identification and materials
structures were determined by the HighScore software using the 2014 database. The mor-
phology of the obtained powders was studied by scanning electron microscopy (SEM, EVO
10—with backscatter detector and element EDS system). Thermo-gravimetric analysis
(TGA) of the CoCO3 and the black material samples was performed using a thermal ana-
lyzer instrument (Shimadzu; model TA-60WS) under air with a heating rate of 5 °C/min.
The metal content in solids and solutions was measured by ICP-AES using a 5110 ICP
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AES (Agilent Technologies). In order to determine the metal concentration in the spent
LCO cathode, a sample was dissolved in aqua regia solution following the experimental
procedure described in the literature [28].

3. Results and Discussion
3.1. Characterization of LCO Black Material

After extraction from spent LCO batteries, the BM was fully characterized by ICP-AES,
XRD, TGA and SEM techniques. Table 1 shows the chemical composition and metal content
of the spent LCO cathode, as determined by ICP-AES.

Table 1. Chemical composition of the extracted LCO black material.

Element Co Li Cu Al F
% 54.7 6.4 <0.01 0.44 0.1

ICP-AES results show that the spent LCO BM contains 54.7 wt.% cobalt and 6.4 wt.%
lithium as major elements. Calculated Co/Li molar ratio is 1.01, which is very close to the
theoretical molar ratio of 1.00 in LiCoO,. The BM sample also includes 0.44% Al and 0.1% F,
due to the residual LiPFg electrolyte (and eventually PVDEF binder), as minor constituents.
The total weight of Co, Li, Al and F corresponds to about 96% in weight of the BM sample,
which suggests that the remaining 4 wt.% constituent is likely carbon-based compounds
and/or residual PVDF, commonly used as a conductive material and/or a binder during
the preparation of the LCO active material. This assumption was confirmed by the TGA
analysis of the BM (Figure S1, Supplementary Materials) which clearly shows a weight
loss of about 4.3% between about 300 °C and 700 °C due to the decomposition of the
carbon-based compounds present in the BM, in agreement with the reported data [29].

The BM was also characterized by XRD and SEM as shown in Figure 3. The XRD
analysis indicates the presence of the hexagonal crystalline structure of lithium cobalt
oxide (JCPDS n° 96-450-5483). The XRD pattern of BM doesn’t reveal the presence of other
crystalline compounds, which suggests that the carbon-based compounds present in the
BM are amorphous. The SEM images recorded on the BM sample revealed the formation
of micro-sized particles with irregular size and shape as shown in Figure 3a.

&
g > Extracted LCO black material
(a) LK ‘ g (P)
o= L S 8
S E .z
: o & j@g o0 g 22 ¢
WA = e 0 s SO
. 2
s X A - %
L) (o  — ‘ Hexagonal LiCoO, structure]
.
i / s ;_J.,-_.‘ i . g S ”. | |I i “. H |I
30 pm O FRS T 10 20 30 40 50 60 70
e ; ) 2 Theta (degree)

Figure 3. SEM image (a) and XRD pattern (b) of the extracted BM. The inset of figure (a) is a digital
photograph of the extracted BM.

3.2. Acid Leaching of Co and Li from BM

Performances of the acid leaching conducted with sulfuric acid and H,O, (used as
reducing agent) are given in Table 2. Results showed that over 99% of Co and almost the
totality of Li and Al were dissolved in solution, resulting in high Co and Li concentration
in the leaching solution (25.42 g-L ! and 3.2 g/L~! of Co and Li, respectively). Although,
the Al concentration is low (0.13 g-L!), the removal of this impurity from the leaching
solution is mandatory in order to achieve a high purity CoCOj precursor during the
precipitation step.
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Table 2. Leaching efficiency (LE) in %, dissolution efficiency (DE) in % and concentration of each
metal in the leaching solution (LS) in g-L 1.

Element Co Li Al
Concentration in LS (g-Lfl) 2542 3.20 0.13
LE (%) 99.1 99.9 99.8

DE (%) 96

Results also showed that about 96% of the BM sample is dissolved in the leaching
medium, which is in agreement with the TGA result (Figure S1). The leaching residue that
accounts for about 4% in weight of the initial black material was also analyzed by XRD
(Figure S3, Supplementary Materials) which clearly shows that the remaining materials
after leaching are graphite and carbon. The XRD pattern of the residue also indicates the
absence of LCO peaks and confirms the full extraction of Li and Co from the spent LCO BM.

3.3. Purification Step (Removal of Al Impurities from the Leaching Solution)

ICP-AES results showed that over 90% Al impurities were successfully removed from
the leaching solution at pH = 6.3, as shown in Table 3. We should note that Co and Li
concentration in the purified solution is lower than the initial concentration in LS due to
the dilution effect resulting from the addition of the 33% NaOH solution and not from their
precipitation since the PE (%) of Co and Li at this pH is low (1.7% and 2.5%, respectively).
Nevertheless, Co concentration (17.9 g-L~1) is still high in the purified solution and even
much higher than the typical Co concentration in standard Co hydrometallurgy plants
where the high grades Cu ores, from which Co is produced as a by-product, generally
provide about 3 g of Co per L [30]. After purification, the Co/Li solution contains only
0.01 g-L=! Al, which is much lower when compared to the un-purified leaching solution.

Table 3. Results of the purification step to remove Al from the leaching solution.

Element Co Li Al
Concentration in purified solution (g~L*1) 17.90 2.10 0.01
PE (%) 1.7 2.5 90.1

3.4. Cobalt Recovery and Synthesis of Sheet-like Cobalt Carbonate

Cobalt is recovered as a carbonate, CoCOj3, with a precipitation yield higher than 99%
as shown in Table 4. Interestingly, precipitation efficiency of Li at this stage is low (3.2%
only), which allowed us to achieve high grade CoCOj3; product. Cobalt content in CoCOs
determined by ICP-AES is 48.2% (w/w), which is close to the theoretical value of 49.5%
(w/w) and satisfies the commercial standard requirements for this product in the industry
(47-48% w/w of Co content). This result is also supported by the TGA measurement (Figure
52, Supplementary Materials) indicating a total weight loss of 32.7% between 100 °C and
500 °C, due to the thermal decomposition of CoCOj3 to CozO4, which is very close to the
theoretical value of 33.06% and thus confirms the high purity of the recovered CoCOs3
product. Moreover, the Li content in CoCO3 is low (only 0.18% w/w) and should not
compromise the re-synthesis of a new LiCoO, cathode material since it is one of this
compound-forming element. In addition, the recovered Co precipitate has a red /pink color,
which is characteristic of CoCOj3, as shown in the inset of Figure 4b.

The recovered CoCOs3 was also characterized by SEM and XRD in order to investi-
gate the morphology and the crystalline structure of this material. Results are presented
in Figure 4.

The XRD pattern of CoCOs fits well with the major peaks of the hexagonal CoCOj3
crystalline structure of spherocobaltite (JCPDS card number 96-900-7714) and shows that
no other chemical component is present in the sample, which is in agreement with ICP-
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AES and TGA results. Interestingly, the SEM image (Figure 4a) shows that the CoCO3
crystals exhibit a sheet-like morphology with relatively uniform shape and size. The
high magnification SEM image (inset of Figure 4a) shows that the CoCOjs crystals have
a thickness of about 100-150 nm and a diameter around 10-15 pm. The low thickness of
CoCO;3 sheets is in agreement with the broadening of XRD peaks observed in the XRD
pattern of the sample (Figure 4b).

Table 4. Results of the selective precipitation of Co at pH = 8.2.

Element Co Li

Concentration in the purified solution (g~L*1) 17.9 2.1
Concentration in the precipitate of pH = 8.2 (%) 48.20 0.18
PE (%) 99.2 32

MSN:MSN:MSN3

§ MG
VISNIMSNAMSN

CoCQ, (JCPDS card 956-900-7714)

\H | ‘\‘ NI

30 40 50 60 70
2 Theta (degree)

Figure 4. SEM image with two different magnifications (a) and XRD pattern (b) of recovered CoCOj.
The inset of (b) shows a digital photograph of the dried CoCO3 powder.

3.5. Regeneration of LiCoO; (LCOReg) from the Recovered Sheet-like CoCO3 and Its
Electrochemical Performances

As described above, the sheet-like CoCO3; powder was thoroughly mixed with LiCOs
in order to regenerate LiCoO, (LCOgeg) by the high temperature solid-state method. For
comparison purposes, LiCoO; prepared from commercial CoCO3; and Li;CO3; (LCOcom)
was also synthesized, using the same synthesis method. At first, XRD and SEM analysis
were conducted on the resulting LCOgeg solid in order to characterize its structure and
morphology. Results are provided in Figure 5.

(b)

104

Regenerated LCO

012
015
00
107
1
il
1

l " As-recovered LCO
b SN N S

‘ Hexagenal LiCoO, structure

i . I\I | \I . ||I H |I
30 40 50 60 70
2 Theta (degree)

Figure 5. (a) SEM image with two different magnifications of LiCoO, regenerated from sheet-
like CoCO;3; (LCOReg) and (b) XRD pattern of LCOgey and LCO synthesized from commercial
CoCO3 (LCOcom)-
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The SEM images clearly show that the starting CoCO3 “flakes”, used as Co precur-
sor to synthesize LCOgeg, were conjugated to each other and formed a flower-like LCO
structure after the solid-state reaction, as demonstrated by the inset of Figure 5a. For
comparison with LCOgeg cathode, the SEM picture of LCOcon, is also provided in Figure 54
(Supplementary Materials). As shown by Figure 5S4, LCOcom exhibits grains with irregular
shape and large particle size in the range of 10-25 pm. Results also show that both LCOReg
and LCOcop, have similar XRD patterns that fit with the hexagonal LiCoO, structure as
demonstrated in Figure 5b. XRD peaks are also significantly narrow and intense, which
indicate that both materials are highly crystalline. The crystallite size calculated from the
broadening of XRD peaks using the Debye-Scherrer equation is about 80 nm and 90 nm for
LCOReg and LCOcom, respectively.

The electrochemical behavior of both LCORgeg and LCOcom cathodes in the half-cells
was also investigated and results are provided in Figure 6.

T

4.8 2 400 140
44 g D oe ™€
’ > 300 Reg 100 B
5 —tggm S Ssssmssessesastey <
3 4.0 Fea % = LCO, Discharge|-80 ‘©
» © 2007 o LCO,_ Discharge %
> 3.6 Q 0 F60
S % oo e e e | 40 .g
] 32 | .5 100 %
L 50 F20 3
vol @ £ (b) " 8

0 50 100 150 200 250 g 0 10 20 30 40 50 60
Specific capacity (mAh.g™") Cycle number

Figure 6. First charge/discharge curve (a), cycling performance and coulombic efficiency (CE) (b) of
LCOReg and LCOcom cathodes in Li-ion half-cells.

Results show that LCOReg has an initial discharge specific capacity of about 146 mAh.g~!
at 1C rate with an initial coulombic efficiency of 93%, which is relatively comparable
to LCOcom- The initial discharge capacity of LCOgeg is also roughly similar to most re-
ported data of regenerated LiCoO; cathodes in the literature, although a strict comparison
could not be made as the measurement conditions (voltage range, current rate (C), elec-
trolyte concentration and composition, cathode preparation, etc.) differ from one study
to another [31-33]. Moreover, like LCOcom, the LCOReg cathode material exhibits stable
cycling performances with a capacity retention of 90% after 60 cycles and a coulombic
efficiency of about 96%, which suggests that the regenerated cathode has a stable and
robust crystalline structure. This result is also supported by the cyclic voltammetry (CV)
measurements performed on the Li/LCO half-cells of LCOgeg and LCOcom cathodes
(Figure S5, Supplementary Materials) which showed relatively stable and characteristic
LCO CV curves for both LCOgeg and LCOcom cathodes [34]. Interestingly, the potential
difference between the oxidation and the reduction peaks (AV) was found to be lower in
the case of LCOReg, compared to LCOcom, reflecting a faster lithiation/delithiation kinetics
with the regenerated LCO cathode. These results indicate that this simple recycling process
provides cobalt carbonate with properties comparable to those of commercial cobalt pre-
cursors and thus could be successfully used to restore LCO cathode materials from spent
LIBs. This process is advantageously simple and environmentally-friendly since the use of
solvent extraction method is not required. Recovery of Li from the Li-rich solution (shown
in Figure 2) is currently under optimization and results will be published in the near future.
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4. Conclusions

This work proposes a simple hydrometallurgy process for recycling cobalt from spent
LCO LIBs and its purification and separation from lithium without using the complicated
solvent extraction method and the related toxic and expensive organic substances. The
method is based on the acid leaching of the black material in H,SO4/H,0, aqueous
solution, the removal of Al impurity at pH = 6.2 and the selective precipitation of Co at
pH = 8.2 using an aqueous solution of Na,COj3. The overall recovery rate of Co by this
method (including leaching, purification and precipitation steps) is higher than 96%. The
method yielded a high grade CoCOj3 (48.2% Co, w/w), containing only 0.18% Li, which
makes the product highly suitable for re-use in manufacturing a fresh LCO cathode material.
SEM observations revealed that the recovered CoCO3 has a unique sheet-like structure
with a relatively uniform diameter. The recovered CoCO3; was used to regenerate LCO
powder with a flower-like morphology through a solid-state reaction using Li;COj3 as the
Li precursor. The regenerated LCO cathode displayed an initial discharge capacity that is
roughly similar to the LCO prepared from the commercial Co/Li precursors with capacity
retention of 90% at the 60th cycle. Considering the context of the current rise in cobalt
prices and the high commercial value of CoCOj3 prepared in the present work, recycling Co
from spent LIBs using this simple process is economically attractive.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su14052552/s1. Figure S1: TGA curve of as-extracted LCO black
material. Figure S2: TGA curve of sheet-like cobalt carbonate (CoCOj3) recovered from spent LCO
battery. Figure S3: XRD pattern of the leaching solid residue resulting from the acid leaching step.
Figure S4: SEM image of LCOcop, synthesized from commercial Li/Co precursors using solid-state
method. Figure S5: Cyclic voltammograms of LCOgeg and LCOcom-
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