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[25_TD$DIFF]A B S T R A C T

In this paper, the ammonia leaching process and high-energy ball milling method were adapted to
recover spent LiCoO2 material. The ammonia reduction leaching mechanism of LiCoO2 material in the
ammonia-sodium sulfite-ammonium chloride systemwas elucidated. Compared with untreated LiCoO2

material, the leaching equilibrium time of LiCoO2 after ball-milled for 5 h was reduced from 48 h to 4 h,
and the leaching efficiency of lithium and cobalt was improved from [26_TD$DIFF]69.86% and 70.80% to 89.86% and [27_TD$DIFF]

98.22%, respectively. Importantly, the apparent activation energy and leaching kinetic equation of the
reactionwas calculated by the shrinking core reactionmodel, indicating that the reactionwas controlled
by the chemical reaction.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.

Lithium-ion batteries (LIBs) have been widely applied in
portable devices and electric vehicles due to their high power
density, high energy density, low self-discharge, and portability
[1–5]. Particularly, LiCoO2material is extensively employed for LIBs
because of its high voltage, high density, and excellent electro-
chemical performance [6,7]. However, the life span of LIBs is
generally 4–6 years [8]. Spent LiCoO2 batteries will not only waste
of Li and Co but also cause serious environmental problems if they
are not handled properly [9–12]. Therefore, it is of great
significance to recover valuablemetals from spent LiCoO2 batteries
in terms of both resource conservation and sustainable economic
development.

Metallurgical technological means involving pyrometallurgy
and hydrometallurgy play a significant role in the field of recycling
spent LIBs [13]. In particular, hydrometallurgy is more suitable for
recycling spent batteries because of its low energy consumption
and no loss of Li volatilization due to high temperature [14,15].
Hydrometallurgy dissolves valuable metals into lixivium, followed
by recovering them [16]. Acid leaching of LiCoO2material becomes
a research hotspot for its high efficiency and rapid reaction [17].
Compared with inorganic acid leaching (such as H2SO4 [18], HNO3

[19] and H3PO4 [20]), organic acid leaching (such as acetic acid [21]

and ascorbic acid [22]) is widely used in recover valuable metals
because it did not produce excessive acid wastewater and
corrosion equipment. Correspondingly, there are other elements
such as Al, Fe and Cu in the leaching solution in addition to Co and
Li due to the poor selectivity of the acid leaching process [23,24]. So
this will inevitably increase the difficulty of subsequent purifica-
tion and separation process [25]. Recently, ammonia leaching has
undergone a flurry of research owing to its good selectivity and
retrievability [26–31]. Chao Wang [28_TD$DIFF]et al. proposed an NH3-
(NH4)2CO3-Na2SO3 leaching system to recover cathode material
from commercial LiNixCoyMn1-x-yO2 (NCM) and spent NCM. [29_TD$DIFF]79.1%
of the lithium, [30_TD$DIFF]86.4% of the cobalt, and [31_TD$DIFF]85.3% of the nickel were
selectively leached under the optimum condition, respectively
[32]. Yaping Qi [32_TD$DIFF]et al. used ammonia leaching method to recover Co
and Li from spent LIBs. This method yields a Co and Li leaching
efficiency of [33_TD$DIFF]91.16% and 97.57%, respectively [33].

Ammonia has a strong selectivity for the valuable metals, such
as Ni and Co, to form themetal complexes (Co(NH3)n2+/Ni(NH3)n2+)
in the leaching solution according to the Eh-pH diagram for Co-
NH3-H2O and Ni-NH3-H2O system, so that the undesirable
impurities, such as Al, Fe andMn, are hardly leached as precipitates
to separate [34]. At present, most ammonia leaching research
focused on NCM/LiNixCoyAl1-x-yO2 (NCA), but few on LiCoO2

material. Ammonia leaching of LiCoO2 material is more difficult
than NCM/NCA, mainly because LiCoO2 is a primary particle and
NCM/NCA is a secondary particle composed of primary grains.
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When NCM is leached by an ammonia leaching agent, the
secondary particles will break, resulting in an increase in the
specific surface of the reaction, which is more conducive to the
ammonia leaching. As the complexity of the cathode electrode
composition of LIBs (LiCoO2/NCM/NCA/LiMn2O4 mixture)
increases, it is necessary to overcome the issue of ammonia
leaching of LiCoO2 if this method is used to recover waste LIBs in
the future. Therefore, it will improve the applicability of the
ammonia leaching method and promote the development of the
new energy industry chain if this method can be applied to LiCoO2

material. In addition, the ammonia leaching method used to
recover spent LiCoO2 batteries has inherent advantages. Compared
with NCM/NCA, ammonia leaching LiCoO2 material will not
generate Mn/Al-containing solid slag, which is beneficial to the
leaching process and does not require the slag treatment step. In
this study, the leaching mechanism of LiCoO2 in ammonia-sodium
sulfite-ammonium chloride was first elucidated. The leaching
behavior of LiCoO2 material was revealed by studying the role of
each component and the change of valence state of Co during the
ammonia leaching process. According to the characteristics of
small specific surface area and stable structure of LiCoO2,
mechanical activation (high-energy ball milling) pretreatment
was used to ameliorate its specific surface area and structure
drawbacks, so as to improve the reaction rate. Finally, the apparent
leaching kinetics models of Li and Cowere established through the
shrinking core reactionmodel and the apparent activation energies
were also calculated. This research is of great significance for the
efficient recovery of valuable elements from waste LiCoO2

batteries.
Spent LiCoO2 material was supplied by Huayou Cobalt Co., Ltd.

The rawmaterial was milled with 0.2mm zirconia at 1650 r/min in
aqueous solution for a certain amount of time (SPT 0.5W,
Shenzhen Samsung Feilong Machinery Co., Ltd. [34_TD$DIFF]). All chemicals
were of analytical grade. 3 g LiCoO2 powder was added to a 300mL
leaching agent heated to a certain temperature with a stirring
speed of 400 rpm. The leaching agent was composed of 4mol/L
ammonia, 0.5mol/L sodium sulfite, and 1.5mol/L ammonium
chloride. The leaching solution was separated from the leaching
residue after a certain time. Then, the concentration of Li and Co in
the solution was analyzed by ICP-OES, and the leaching efficiency
was calculated [21]. [35_TD$DIFF]The leaching residues were dried at 80 �C for
24 h and then analyzed. In order to explore the mechanism of
LiCoO2 ammonia leaching, the following different kinds of leaching
agent (with the same concentration as above) were used for the
tests: 1) H2O, 2) NH3�H2O, 3) Na2SO3, 4) NH3�H2O, 5)
NH3�H2O + Na2SO3 + NH4Cl. It should be noted that the raw
leaching powder of experiment 4 was used from the residue of
experiment 3, and the other LiCoO2 powder was milled for 5 h.

The crystal structure of powders and leaching residues were
characterized by X-ray diffraction (XRD: TTR-Ⅲ, Japan) measure-
ment with Cu-Kα in the range 10� � 2u � 80�. Morphologies and
sizes of the particles were observed by field-emission scanning
electron microscope (FESEM: TESCAN MIRA3 LMU, Czech) and
transmission electron microscope (TEM: Tecnai G2 F20 S-TWIN,
Japan). The particle size distribution data measured on a laser
diffraction particle size analyzer (Bettersize2000N, China). The
analysis of metal ions was used by plasma-atomic emission
spectrometry (ICP: ICAP7400 Radial, America). The residues
oxidation states were detected by X-ray photoelectron spectros-
copy (XPS: Escalab 250xi, America).

Li and Co were barely leaching out when deionized water,
ammonia, and sodium sulfite were used as single leaching reagent
(Fig. 1a). The mechanism of ammonia leaching LiCoO2 was studied
by detecting the change of Co valence state ([36_TD$DIFF]Figs.1b and e). It can be
seen from Fig. 1b-1 and 2 that Co on the surface of LiCoO2 particles
is basically +3 and does not reactwith ammonia. Sodium sulfite can

reduce Co3+ on the surface of LiCoO2 particles to Co2+ (Fig. 1b-3),
and then the reduced Co2+ can dissolve in ammonia (Fig. 1b-4). It
indicates that sodium sulfite reduces Co3+ on the surface of LiCoO2

particles to Co2+, and then Co2+ leached by ammonia. To sum up,
the ammonia reduction leaching process of LiCoO2 repeats the
above two steps until it is completely dissolved. The surface of
leaching residue with sodium sulfite and ammonia has Co2+ and
Co3+ (Fig. 1b-5). It demonstrates that ammonia dissolving Co2+ is
slower than that of sodium sulfite reducing LiCoO2 particles.

The leaching efficiencies of Li and Co were only [37_TD$DIFF]13.09% and
12.92% after 2 h when ammonia and sodium sulfite were used as
leaching reagent (Fig. 1c-1), and the pH value of the solution was
about 13 during the leaching process (Fig. 1d-1). Correspondingly,
the leaching efficiencies of Li and Co increased to [38_TD$DIFF]77.01% and
89.27% after 2 h when ammonia, ammonium chloride (Fig. 1c-2),
and sodium sulfitewere used as leaching reagent, and the pH value
of the solutionwas about 10 during the leaching process (Fig.1d-2).
To clarify the role of pH, the pH value of the leaching agent
containing sodium sulfite and ammonia was adjusted to 10 by
slowly adding sulfuric acid after 1 h from the start of the reaction
(Fig. 1d-3). The leaching efficiency of Li and Co was significantly
improved to [39_TD$DIFF]60.44% and 70.74%, respectively (Fig. 1c-3).

When ammonia, sodium sulfite, and ammonia chloride were
used as leaching agents, the pH of the system was (Eq. [40_TD$DIFF]1) [35]:[41_TD$DIFF]

pH ¼ 9:26þ log½NH3�=½NHþ
4 � ð1Þ

[(Fig._1)TD$FIG]

Fig.1. (a) Leaching efficiency of Li and Co. (b) XPS spectra of residues leached under
different leaching systems: (1) H2O, (2) NH3�H2O, (3) Na2SO3, (4) NH3�H2O, (5)
NH3�H2O +Na2SO3. (c) Effect of leaching system on leaching efficiency of metals for
2 h, (d) pH at different systems: (1) Na2SO3 + NH3�H2O, (2) Na2SO3 +
NH4Cl + NH3�H2O, (3) Na2SO3 + NH3�H2O regulated by H2SO4 and (e) schematic
diagram of ammonia leaching LiCoO2 material.
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The following reaction occurs under the system (Eq. [42_TD$DIFF]2):

NH3 þHþ ¼ NH4þ ð2Þ
NH4

+ and NH3 are a pair of conjugate acid-base. According to
Eh-pH of Co-NH3-H2O [36], ammonium chloride makes the pH of
the solution in the stability area of [Co(NH3)n]2+ and controls the
stable concentration of ammonia in the leaching solution.

In conclusion, the ammonia leaching of LiCoO2 in NH3-Na2SO3-
NH4Cl system is as follows (Eq. [43_TD$DIFF]3):[44_TD$DIFF][45_TD$DIFF][46_TD$DIFF]

2LiCoO2 þ SO2�
3 þ 2nNH3 þ 3H2O ¼ 2Liþ þ 2½CoðNH3Þn�2þ

þSO2�
4 þ 6OH� ð3Þ

In order to study the influence of high-energy ball milling on
properties, a variety ofmethodswere used for characterization. The
absence of new peaks in high-energy ball milling indicates that no
new phase is generated ([47_TD$DIFF]Figs. 2a and a1). The intensity of the
diffraction peak decreases and its width also widens with the
increase of milling time, indicating that the crystallinity of the
material decreased. The energy providedby theballmilling destroys
the long-range ordered structure of the crystal. The crystallite size
and microcosmic strain of LiCoO2 were calculated by Williamson-
Hall method. After ball-milling for 5 h, the crystallite size and
microcosmicstrainchangedfrom2944 nmto219 nmand [48_TD$DIFF]0.0093%to
0.2604%, respectively (Fig. 2b). The decrease of particle sizewill lead
to an increase in the specific area of the reaction. The increase of
microcosmic strain indicates the increase of defect concentration
between grains and in the grain, which can reduce reaction energy
barrier and facilitate LiCoO2 leaching [37].

As can be seen from Fig. 2e, the raw LiCoO2 particles are about
10�30mmprimary particles. After 5 hmilling, the particles become
sub-micron particles and agglomerate significantly. This is because
the particles are too small and agglomerate can reduce the specific

surface energy of the particles. The particle size distribution of
LiCoO2 at different high-energy ballmilling times indicated that ball
milling could continuously reduce the particle size of LiCoO2 within
2 h, and the particle size remained stable at about 440 nm after ball
milling for 5 h (Fig. 2c). LiCoO2 particles showed partial amorphous
structureafterball-milling for5 h (Fig. 2d).Theamorphousstructure
has higher energy than its crystalline structure, which reduces the
reaction energy barrier and facilitates the leaching process.

Fig. S1 (Supporting information) shows that the ammonia
leaching efficiency of LiCoO2 material without milling is slow. The
ammonia leaching efficiency of LiCoO2 increased with the increase
of temperature, but the ammonia volatilization increased with the
increase of temperature, and cobalt ammonia complex could not
be stable at high temperatures, so the reaction temperature range
was selected as 50–80 �C. It took 48 h to reach the leaching
equilibrium at 80 �C, and the leaching efficiencies of Li and Cowere [49_TD$DIFF]
69.86% and 70.80%, respectively.

The leaching efficiencies continued to critically increase with
the increase of ball milling time. The leaching speed is obviously
accelerated with the increase of milling time. For LiCoO2 material
ball milling for 5 h, the equilibrium is reached after leaching for 4 h
and the leaching efficiency of Li and Co was [50_TD$DIFF]89.86% and 98.22%,
respectively (Fig. 3). Compared with untreated LiCoO2 materials,
the leaching time reduces drastically and the leaching efficiency of
Li and Co is increased by [51_TD$DIFF]20.00% and 27.42%, respectively. It can be
seen from the residue XRD and SEM (Fig. S2 in Supporting
information) that residue has relatively high crystallinity and large
particle is difficult to leach, resulting in that the LiCoO2 material
cannot be completely leached and unleached Li and Co are in the
residue (Fig. S3 in Supporting information).

To determine the ammonia leaching kinetics of untreated and
ball milling for 5 h LiCoO2, the ammonia leaching data were fitted
based on the surface chemical control (Eq. [52_TD$DIFF]4) and the diffusion
control model (Eq. [53_TD$DIFF]5). The models are as follows:

1� ð1� XÞ1=3 ¼ k1t ð4Þ

1� ð2=3ÞX � ð1� XÞ2=3 ¼ k2t ð5Þ
where X is the fraction of the leaching metal; k1 and k2 are the
apparent constant of different steps; and t is time.

The apparent activation energy of Li and Co is calculated
according to the Arrhenius equation (Eq. [54_TD$DIFF]6):

K ¼ Ae�Ea=RT ð6Þ
where K is the reaction rate constant; A is the frequency factor;
Ea is the apparent activation energy; R is the gas constant
(8.314 J mol�1 K�1); T is Kelvin temperature.

The ammonia leaching data in Figs. S1 and S4 (Supporting
information) were fitted by the above models of the equation
(Eqs. [55_TD$DIFF]4 and 5). The experimental leaching data of Li and Co match
the chemical reaction control model (Fig. 4). The apparent
activation energies of Li and Co leached from raw LiCoO2 were
to be 91.1 kJ/mol and 85.5 kJ/mol, respectively. In contrast, the
apparent activation energies of Li and Co leached from LiCoO2 after
ball milling for 5 h is 69.5 kJ/mol and 51.7 kJ/mol, respectively. The
ball milling process reduces the apparent activation energy of
LiCoO2 in ammonia leaching.

Apparent activation energy has a definite correlation with
crystallinity and crystal form. The reduction of crystallinity and
microstructure damage reduced the energy barrier required for the
ammonia leaching of LiCoO2. So the leaching process is accelerated
as the apparent activation energy decreases.

In summary, Li and Co were recovered from spent LiCoO2

batteries by combining ammonia leaching with high-energy ball

[(Fig._2)TD$FIG]

Fig. 2. (a) and (a1) XRD patterns of LiCoO2 at different ball milling time. (b)
Variation of crystallite size (D) and microstrain (e) of LiCoO2 with ball milling time.
(c) [21_TD$DIFF]Particle size distribution of LiCoO2 at different ballmilling time. (d) TEM image of
LiCoO2 ball milled for 5 h. (e) SEM images of LiCoO2 for high-energy ball milling
time: (1-1), (1-2) untreated, (2) 0.5 h, (3) 1 h, (4) 2 h and (5) 5 h.
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milling. High-energy ball milling can refine the particles and
reduce the crystallinity of LiCoO2, thus increasing the specific
surface area of the reaction and reducing the reaction activation
energy. Compared with raw LiCoO2 material, the leaching time of
LiCoO2 after milling for 5 h was shortened from 48 h to 4 h, and the
leaching efficiency of Li and Co increased from [26_TD$DIFF]69.86% and 70.80%
to 89.86% and [27_TD$DIFF]98.22%, respectively. Finally, the apparent activation
energy and the kinetics equation of leaching were obtained by the
shrinkage nuclear reaction model, which showed that the reaction
was controlled by chemical reaction. In the next study, we will
focus on the ammonia leaching behavior of LiNixCoyMn1-x-yO2/
LiNixCoyAl1-x-yO2 and LiCoO2 mixture.
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