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Lithium cobalt oxide (LiCoO,) is the most widely used cathode materials for smart phones and laptop batteries.
With the rapid development of portable electronics, more than 100,000 tons of spent lithium-ion batteries (LIBs)
are produced every year. Conventional battery recycling processes including pyrometallurgical and hydrometal-
lurgical processes mainly aim at extracting valuable metallic components from spent LIB cathodes, which requires
high temperature reduction and/or acid/alkali chemicals to destroy covalent bond in cathodes and convert them
into atoms for further extraction. The former leads to high energy consumption and the latter produces a lot of
wastewater, which not only increases cost, but also damages our environment. Moreover, traditional recycling
starts from spent battery cathodes and ends up with lithium/cobalt salts, which is unsustainable. Herein, a dif-
ferent recycling strategy to directly convert degraded LiCoO, into high-voltage LiCoO, cathode materials was
proposed, featuring a closed-loop and green procedure. The directly-converted LiCoO, from spent cathodes ex-
hibits excellent cyclability at 4.5 V with a high capacity retention of 97.4% after 100 cycles, even superior than
pristine LiCoO,. The recovery efficiencies of lithium and cobalt reach 91.3% and 93.5%, respectively, and the
energy consumption could be greatly reduced since the roasting temperature was dropped below 400 °C with the
assistance of ammonium sulfate. Due to the utilization of low-cost reagents and water as the leaching agent, the
potential benefit of the recovery process was estimated to reach 6.94 $/kg cell.

1. Introduction

Lithium cobalt oxide (LiCoO,, LCO) with high specific volumetric
energy density and stable cyclability dominates lithium-ion battery (LIB)
cathodes for portable electronic devices [1-3]. With the development
and popularization of these portable devices, a considerable quantity of
spent LIBs with LCO cathodes is generated every year. It is worth noting
that Li and Co have dual characteristics of both metallic resources and
heavy metal pollutants [4-7]. Therefore, the recycling of spent LiCoO,
has raised extensive attention recently [8,9].

The conventional recycling processes for LiCoO, could be primar-
ily divided into two categories: pyrometallurgical and hydrometallurgi-
cal processes [10-12]. Both processes can be summarized as two steps,
i.e., structural destruction of cathode into atomic level and extraction
of valuable components from it. LiCoO, is generally prepared through
high temperature sintering at approximately 1000 °C, resulting in a ro-
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bust structure that is quite difficult to be decomposed [13]. Therefore,
extreme conditions are required to decompose LiCoO, into atoms. For
example, in pyrometallurgical process, a reduction roasting step at el-
evated temperatures (approximately 1000 °C) with the addition of re-
duction reagents is commonly used [14-16]. During this process, lithium
and aluminum components become a slag, while cobalt and copper form
mixed alloys, which requires further extraction and separation. Alkali
and precipitating agents, such as sodium carbonate, are often used in
the subsequent extraction and separation step. As for hydrometallurgical
process, strong acids are used together with typical reducing agents, gen-
erally H,0, to create a reducing acidic environment to dissolve LiCoO,
into Li* and Co?* ions [17]. Almost all types of acids including inorganic
acids (sulfuric acid [18], hydrochloric acid [19], nitric acid [20], etc.)
and organic acids (methanesulfonic acid [21], citric acid [22], ascorbic
acid [23,24], maleic acid [25], oxalic acid [26], etc.) have been applied
to dissolve LiCoO, under certain conditions, where stirring, heating and
shaking are involved. During leaching step, a high liquid/solid ratio
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(even >10/1) is required to ensure high leaching efficiency, which pro-
duces a lot of acidic waste-water [8,9]. The acidic wastewater must be
neutralized before disposal, which undoubtedly leads to extra cost and
procedures in practical applications. In addition, utilization of alkali is
commonly required during the following extraction and separation of
Li* and Co®* after leaching. Obviously, whether from pyro- or hydro-
route, elevated temperature and extensive utilization of corrosive agents
are greatly unfavorable to a sustainable battery recycling system.

Recently, some salts, such as ammonium chloride and sodium per-
sulfate, have been introduced to the reduction roasting step and proved
effective in significantly lowering the decomposition temperature of
LiCoO, [27-30]. The utilization of these salts is mainly to reduce the de-
composition temperature of LiCoO, and improve the leaching efficiency
of lithium and cobalt. These studies have reduced the energy consump-
tion of traditional recovery methods and the use of strong acid/alkali
reagents to a certain extent. However, most of the existing LiCoO, re-
covery research is still limited to the extraction and recovery of valuable
metals or preparation of corresponding precursors, while few attempts
have been conducted for the high-value utilization of the product. The
focus of current studies on LiCoO, is to increase the charging cut-off
voltage to realize its theoretical capacity (274 mAh/g). LiCoO, is ac-
tually an aged cathode materials with numerous consumptions, if we
could convert spent LiCoO, into high-voltage LiCoO, with a novel re-
covery method that avoids shortcomings of current recycling processes,
it will bring significant inspiration to the studies on recycling of all kinds
of cathode materials [31-36].

Following this line, we developed a closed-loop recycling method
focused on cathode materials that converts spent LiCoO, into LiCoO,
with stable cyclability at 4.5 V for LIBs without utilization of high tem-
perature roasting and corrosive agents. This strategy is different from
previous closed-loop recycling method, which only aimed at extraction
of metal elements and preparation of ordinary LiCoO, 2°. The decompo-
sition temperature of LiCoO, was reduced below 400 °C with the assis-
tance of ammonium sulfate. The spent LiCoO, cathode was transformed
into soluble components after low-temperature roasting, which was then
leached in water and separated by the addition of inexpensive sodium
carbonate. Lithium component was finally converted to Li, CO3 by selec-
tive evaporation and cobalt component was extracted as Co;0,4, which
were then used for the synthesis of high-voltage LiCoO,. The recovery
efficiencies of lithium and cobalt exceeded 90%, and the possible profit
of the entire recycling process approached 6.94 $/kg cell. This proposed
study provides a novel closed-loop strategy for sustainable recycling of
LiCoO,.

2. Results and discussions

2.1. Comparative analysis of spent LiCoO, and commercial LiCoO,

Herein, we established a closed-loop recycling route to not only
extract the metallic components but also re-combine them back into
LiCoO, with improved performances as illustrated in Fig. 1a. In order to
gain a deep understanding for the recovery and re-synthesis of LiCoO,,
we first analyzed the changes of spent LiCoO, compared with the com-
mercial LiCoO,. Commercial LiCoO, has very good crystallinity while
many miscellaneous peaks could be observed in spent LiCoO, (Fig. 1b).
The long-term charging and discharging led to lithium loss in spent
LiCoO,, exhibiting a Li/Co molar ratio of only 0.786, deviating from
stoichiometric ratio. In contrast, the Li/Co ratio of commercial LiCoO,
is 0.986 (Fig. 1c). As for morphology, the crystal micro-structure may be
collapsed after long-term cycling as many noticeable micro-cracks are
observed in spent LiCoO, (Fig. 1d), which is in consistent with XRD re-
sults. The particle sizes of spent LiCoO,, are also not uniform. In contrast,
a smooth surface with uniform particle size distribution are observed for
commercial LiCoO, (Fig. 1e). A schematic diagram for lattice structure
of commercial LiCoO, and spent LiCoO,, is thus summarized in Fig. 1f,
showing a considerable amount of vacancies caused by lithium loss.
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Time-of-flight secondary ion mass spectrometry (TOF-SIMS) images of
spent LiCoO,, also shows obvious cracks with exposure of high amount of
Li (Fig. 1g). In contrast, commercial LiCoO, is more uniform in particle
size and Li distribution with no cracks at edges (Fig. 1h). Their particle
size distributions were also comparatively analyzed: commercial LiCoO,
is more concentrated with a smaller median diameter (~10 pm), while
the distribution of spent LiCoO,, is more dispersed with a larger median
diameter (~14 um) (Fig. S1). Raman spectrum of spent LiCoO, has ap-
proximately identical characteristic peaks as that of commercial LiCoO,,
but the base line is coarser, implying a worse crystallinity related to XRD
results (Fig. S2). In short, the structure and composition of spent LiCoO,
exhibit significant changes from commercial LiCoO,, which disqualified
itself from being re-used as cathode directly.

2.2. Reaction mechanism between LiCoO, and (NH,4),SO,

LiCoO, and (NH,),SO, were mixed with different molar ratios from
1:0.5 to 1:3, and the optimized ratio was 1:2 according to XRD results
(Figs. S3-S5). LiCoO, and (NH,4),SO,4 mixed with this ratio, as well as
LiCoO, and (NH,),SO, separately, were analyzed by thermogravime-
try (Fig. 2a). LiCoO, is very stable in the air and does not decompose
even if heated to 1000 °C. In contrary, (NH4),SO, begins to decompose
at about 220 °C, and it is completely decomposed at 420 °C. The TG
curves of their mixture contains three characteristic peaks during 220
to 420 °C. The reaction mechanism between LiCoO, and (NH,4),SO4
was quite complicated, which may involve dozens of chemical reac-
tions and various intermediate products. Therefore, we conducted an
in-situ XRD measurement on mixture of LiCoO, and (NH4),SO, from
room temperature to 500 °C and analyzed specific intermediate prod-
ucts at 250, 300, 350 and 400 °C to identify the phases of transition
products to infer the reaction mechanism (Figs. 2b-c) [28]. Overall,
the multiple reactions began from 200 °C, where the main peak of the
LiCoO, and (NH,4),SO, disappeared, which coincide with the results
of TG curves. The characteristic peaks of (NH4),SO, and LiCoO, are
identified under the roasting temperature of 250 °C, indicating an in-
complete reaction process. When the roasting temperature is increased
to 300 °C, the characteristic peaks of (NH,),SO,4 and LiCoO, disappear,
which have been transformed into complex intermediate products, in-
cluding Li;Co(SO4),, LiyS,0¢, Li;SO4, CoSO,, etc. It can be seen that
the lithium element is not completely converted into simple Li,SO,, so
does the cobalt element. However, the valence state of lithium is +1,
while cobalt has been reduced from trivalent in LiCoO, to divalent in
all of the various products, which is extremely important for the disso-
lution of cobalt element in water.

To further analyze the reaction mechanism, we combined the results
of TG and XRD to speculate possible chemical reactions and the corre-
sponding Gibbs free energies. According to the TG curve, the reaction
process is divided into three steps. The first step is completely coinci-
dent with the TG curve of (NH4),SOy, so the first reaction during 220
to 320 °C is obviously the decomposition of (NH4),SO,, as shown in
Eq. (1).

(NH,),S0, (s)=2NHj; (g)+H,S0, (1) (D

This is the critical step why LiCoO, could be decomposed at
low temperatue. The decomposition of (NH4),SO, will release free
high-energy H*, which could disintegrate the structure of LiCoO,
to allow subsequent reactions to occur [28]. Complicated reac-
tions between LiCoO, and sulfuric acid (H") occur with tempera-
ture increasing from 320 to 370 °C. We speculate that the possi-
ble processes contains decompsotion of LiCoO, into Li,O and CoO,
reactions between Li,O or CoO and sulfuric acid, as shown in
Eqgs. (2-4):

4LiCo0, (s) = 2Liy0 (s)+4Co0 (s)+0, (g) @)

Li,O (s)+H,S0, (1) = Li,SO, (s)+H,O0 (g) ©)
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Therefore, the overall chemical reaction could be concluded by com-
bining Egs. (2-4) to Eq. (5):
4LiCoO, (s)+6H,S0, () = 2Li,SO, (s)+4CoSO, (s)+6H,0 (g)+0, ()  (5)
The Gibbs energies of these reactions were calculated, as shown in

Fig. 2d. When the temperature exceeds approximately 230 °C, the Gibbs
energies of all reactions will drop below 0, indicating that these reac-
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tions could occur. It is worth mentioning that the thermodynamic data
of some products cannot be obtained from the HSC chemistry database,
especially these complex intermediate products (such as Li,Co(SO,4),,
Li,S,04). However, these intermediate products can be regarded as a
combination of Li,SO, and CoSO,4, which does not cause weight loss.
For example, Li,Co(SO,4), could be formed by reaction of Li,SO, and
CoSOy4:

Li,SO, (s)+ CoSO, (s) = Li,Co(SO,), (s) 6)
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Li,S,0g is the reaction product of Li, SO, and excess sulfuric acid as
follows:

2LiCo0,(s)+4H,S0,(1) = Li,S,04°2H,0(s)+2C0S0,(s)+2H,0(g)+0,(g) (7)

Eq. (5) occurs completely with a weight loss of 22.1%, while
Eq. (7) occurs completely with a weight loss of 9.6%. The actual weight
loss from TG analysis is 21.7%, indicating that the two reactions may
occur simultaneously. There is a small weight loss between 370 and
420 °C, which may correspond to the complete decomposition of resid-
ual sulfuric acid [37].

To sum up, LiCoO, is completely decomposed to a mixture of lithium
salt and divalent cobalt salt after a series of complex reactions. The mix-
ture is weakly acidic after being dissolved in water, and the measured

8
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10 12 14

pH is about 4.2. Coincidentally, divalent cobalt exists in water as an
ion, while lithium exists in water as a monovalent ion according to the
E-pH phase diagrams of Li-C-H,O and Co-H,O systems at this condition
(Figs. 2e and f). The previous work did not provide an explanation for
the water solubility of the roasted mixture [28], and the corresponding
theoretical analysis was supplemented in this manuscript. Therefore, the
mixture can be directly leached with water, which provides dramatic
convenience for subsequent element extraction.

2.3. Re-synthesis of high-voltage LiCoO, and its electrochemical
performance

The lithium and cobalt were extracted via addition of low-cost
Na,CO; for preparation of Li,CO5 and Co30,4 precursors, which were
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Fig. 3. (a) XRD pattern of re-synthesized LiCoO,; b XRD pattern of Li,CO; precursor; ¢ XRD pattern of Co;0, precursor; d SEM images of re-synthesized LiCoO,;
e SEM image of Li,CO; precursor; f SEM image of Co;0, precursor; g HRTEM images, the corresponding interplanar spacing and h SAED pattern of re-synthesized
LiCoO,; i Raman spectra of re-synthesized LiCoO,. j TOF-SIMS images of re-synthesized LiCoO, and element distribution of Li, Co and Mg (Scale bar = 10 um).

Spent-LCO

Fig. 4. HAADF-STEM images of re-synthesized LiCoO,, spent LiCoO, and Commercial LiCoO, and the corresponding SAED images (scale bar = 5 nm).

used for re-synthesis of LiCoO,. The re-synthesized LiCoO, has a lay-
ered a-NaFeO, structure under the space group R3m as standard LiCoO,,
(Fig. 3a). In addition, the Li,CO5 crystals are large in size and show
columnar shapes, while Co30, exhibits an amorphous morphology,
which are similar to previous reports. Meanwhile, their XRD pattern
match with standard cards well [38,39] (Fig. 3b and c, e and f). The re-
synthesized LiCoO,, has a grain size of several micrometers and a smooth
surface (Fig. 3d), which is completely different from the spent LiCoO,
(Fig. 1d). The molar ratio of O/Co of re-synthesized LiCoO, was 2.1,
measured by EDX, which is identical to its stoichiometric value (Fig. S6).
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No corresponding peaks related to Na was detected in re-synthesized
LiCoO,. It has an ordered layered structure verified by SAED pattern
and an interplanar spacing of 2.41 A related to plane (101) (Fig. 3g
and h). The Raman spectra of re-synthesized LiCoO, shows flat baseline
with characteristic peaks at 487 and 597 cm~!, implying an ordered
layered crystal structure similar to commercial LiCoO, (Fig. 3i and S2)
[40]. The re-synthesized LiCoO, has uniform size and morphology. Al-
though the content of Mg element is less than 1 wt%, it is still evenly dis-
tributed (Fig. 3j). The re-synthesized LiCoO, exhibits an ordered layered
lattice structure similar to commercial LiCoO,, while in spent LiCoO,,
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Fig. 5. (a) Charging and discharging curves of re-synthesized LiCoO, at 4.2 and 4.5 V; b Charging and discharging curves of commercial LiCoO, at 4.2 and 4.5 V;
¢ Rate capabilities of commercial LiCoO, and re-synthesized LiCoO,; d CV curves of re-synthesized LiCoO, and commercial LiCoO,; e EIS spectra of re-synthesized
LiCoO, and commercial LiCoO,; f Cycling performance of commercial LiCoO, and re-synthesized LiCoO, at 4.5 V.

a mixed lattice structure of layered and rock-salt could be observed
(Fig. 4). An element mapping based on STEM images of re-synthesized
LiCoO, is shown in Fig. S7, demonstrating a homogeneous distribution
of Mg.

The charging and discharging curves of re-synthesized LiCoO, and
commercial LiCoO, at different voltages were compared in Fig. 5a and
b. The re-synthesized LiCoO, delivers an initial capacity of 142.1 and
154.3 mAh/g at 4.2 and 4.5 V, respectively, which are comparable to
those of commercial LiCoO, (138.7 mAh/g at 4.2 V, and 155.1 mAh/g
at 4.5 V). While the rate capability of re-synthesized LiCoO, is much
better (141.2 mAh/g at 0.1 C, and 105.9 mAh/g at 4 C) than com-
mercial LiCoO, (139.9 mAh/g at 0.1 C, and only 2.9 mAh/g at 4 C).
The trace doping of MgF, has significantly improved the high-rate ca-
pability (Fig. 5¢). The evenly distributed Mg2* helps to stabilize bulk
structure for rapid diffusion of Li*, which contributes to the improved
rate capability. As for electrochemical performances, the re-synthesized
LiCoO, shows excellent electrochemical activity compared with com-
mercial LiCoO, (Fig. 5d). The oxidation and reduction peaks of the re-
synthesized LiCoO, are located at nearly 4.1 V and 3.8 V, showing a
difference of 0.3 V. As for commercial LiCoO,, the oxidation and reduc-
tion peaks are located at 4.2 V and 3.7 V, with a difference of 0.5 V, in-
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dicating worse reversibility compared with re-synthesized LiCoO,. The
impedance of re-synthesized LiCoO, is also smaller than commercial
LiCoO,, owing to trace doping of Mg?* (Fig. 5e). The cycling perfor-
mances of re-synthesized LiCoO, and commercial LiCoO, are shown in
Fig. 5f. The re-synthesized LiCoO, shows better cycling stability than
commercial LiCoO, under cut off voltages of both 4.2 and 4.5 V (Figs.
S8 and 5f). The capacity retention rate of re-synthesized LiCoO, reaches
97.4% at 4.5 V. As a comparison, the capacity retention rate of commer-
cial LiCoO, is only 91.5% at 4.5 V. This result is better than that of most
of the current studies of Mg+ doping LiCoO, at charging cut-off voltage
of 4.5 V (Fig. S9). In conclusion, the re-synthesized LiCoO, demonstrates
excellent performance, especially outstanding cycling performance un-
der high-voltage conditions. This result is mainly attributed to the MgF,
doping. When LiCoO, is charged to high voltage up to 4.5 V, Co** with
high activity will be produced along with the de-intercalation of Li*.
Co**+ will react with electrolyte easily once they contact each other,
leading to the dissolution of cobalt and impair on structural stability. A
small amount of MgF, have a coating effect on the surface of LiCoO,, par-
ticles, thereby preventing direct contact of Co** and electrolyte. There-
fore, the structural stability and cycling performance of LiCoO, under
high voltage is greatly improved.
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Fig. 6. (a) Schematic of the proposed recycling
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2.4. Economic analysis of the recycling process

Economic benefit is a key factor that determines whether a re-
cycling method can be widely promoted. Therefore, we conducted a
brief economic analysis on this closed-loop recycling method. The brief
schematic of this proposed recycling process is summarized in Fig. 6a
and b. The proposed recycling process contains three roasting steps and
two filtration steps (Fig. S10). We have measured the mass of products
and the concentration of each element during each step. 1 g of spent
LiCoO, contains 69.4 mg of Li, and 67.1 mg of Li was measured in the
roasted mixture. Finally, 63.4 mg of Li was obtained in filtrate after fil-
tration (Fig. 6¢), indicating a recovery efficiency of 91.3%. As for Co
element, 589.2 mg was contained in 1 g of spent LiCoO,, and 570.7 mg
of Co element was measured in the roasted mixture. Finally, 551.0 mg
of Co was obtained in residue after filtration (Fig. 6d), showing a recov-
ery efficiency of 93.5%. The loss of lithium and cobalt is mainly caused
by the residues in the filtration and mass transfer process. With the ex-
pansion of the reaction scale, the recovery rate can be further improved.
The specific mass and concentrations during each step are provided in
Table S1.

In order to estimate the cost and possible benefits of this method, we
assume the recycling of 1 kg spent LIB cells according to the above re-
covery rate. The cost of a spent LIB is 2 $/kg cell according to database
in EverBatt 2020 model, and the weight of the cathode in a battery was
calculated as 30%, which is 300 g accordingly. Six moles of (NH4),SO,,
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792 g in total, is consumed during roasting, and 4.5 mol of Na,CO;
(477 g), is added after roasting. Eventually, approximately 280 g of
re-synthesized LiCoO, can be reproduced, and 1wt% of MgF, (2.8 g)
was used as dopants. The price for industrial grade (NH,),SO, is about
538.5 $/t, while Na,CO5; and MgF, cost 230.8 $/t and 4.7 $/kg. As for
energy consumption, the electric furnace power is 2.5 kW, which con-
sumes 5 kwh of electricity after two hours roasting (the price is 0.23
$/kWh). This recycling method has basically the same requirements for
equipment as the traditional pyrometallurgical process, so no extra cost
of equipment is needed. Some other costs including general expenses
(0.28 $/kg cell), plant overhead (0.13 $/kg cell), other fixed cost (0.51
$/kg cell), and depreciation (0.45 $/kg cell) are approximately the same
as pyrometallurgical process according to EverBatt 2020 model (Table
S2). Moreover, no additional treatment costs are required since there
is no waste water produced. The total cost was calculated as 5.06 $/kg
cell based on the above assumption and simulation, and the price of
high-voltage LiCoO, is currently about 43,000 $/t. Therefore, recycling
280 g of high-voltage LiCoO, can generate a value of about 12 $/ kg
cell, and the potential profit reaches about 6.94 $/kg cell after subtract-
ing the direct cost, which is considerable (Fig. 6e). Due to the high value
of high-voltage LiCoO,, low-temperature roasting, and water leaching
process, the cost of this method is effectively reduced and the potential
benefits is higher than some currently reported methods (Fig. S11). It
should be noted that our calculations here are only based on existing
data and simulations, therefore leading to a relative rough estimation
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for reference, which may not reflect the real benefit during practical
implementation. However, this closed-loop recycling method has the
following advantages such as simple procedures, low-cost reagents, and
high-value products, thereby holds great potential economic benefits.

3. Conclusions

In this work, we propose a closed-loop and green recycling strat-
egy for spent LiCoO, cathodes based on low temperature roasting com-
bined with water leaching. In this recycling approach, use of both acid
and alkali was avoided with no wastewater produced. Moreover, 91.3%
of lithium and 93.5% of cobalt from spent LiCoO, were recovered and
converted directly to high-voltage LiCoO, which was adopted back into
the battery as cathodes. The re-synthesized LiCoO, shows better cycling
performance under a high-voltage of 4.5 V than commercial LiCoO,.
In addition to the aforementioned advantages, use of low-cost reagents,
high recovery efficiency, and concept of circular economy make this
recycling strategy extremely promising with great profitability. In sum-
mary, direct conversion of spent cathodes into high performance LiCoO,
with high recovery efficiency, lower energy consumption, no wastewa-
ter produced, non-corrosive and inexpensive reagents, opens a new di-
rection for Li-ion battery recycling.

4. Material and methods
4.1. Chemicals and reagents

The spent LIBs were first soaked in a sodium chloride solution un-
til the output voltage dropped to 2 V. It was then rinsed and dried,
manually disassembled into different parts including cathodes, anodes,
and separators. The spent cathodes comprising current collector (Al foil)
and active materials were ground into small pieces and soaked in 1 M
sodium hydroxide solution with continuous stirring at room tempera-
ture for 12 h to remove Al foil. The mixed solution was then filtrated to
obtain the residue that contains LiCoO,, polyvinylidene fluoride (PVDF)
and acetylene black. The as-obtained residue was dried and heated at
500 °C for 2 h to remove PVDF. The spent LiCoO, was thereby obtained
for subsequent use. The chemical reagents, including sodium hydrox-
ide (NaOH, AR, 99.0%), sodium chloride (NaCl, AR, 99.0%), ammo-
nium sulfate ((NH4),SO4, AR, 99.0%), sodium carbonate (Na,CO3, AR,
99.0%), magnesium fluoride (MgF,, AR, 99%), PVDF (AR, 99%), and
N-methyl-pyrrolidone (NMP, AR, 99%) were purchased from Macklin
Co. Ltd. and used without further treatment. Commercial LiCoO, from
Kluthe Co. Ltd. was used as comparison.

4.2. The recycling and re-synthesis processes

A specific amount of (NH4),SO, and LiCoO, were mixed and ground
in a mortar for 10 mins. The molar ratio between (NH,),SO,4 and LiCoO,
was ranged from 0.5:1 to 3:1. The mixture was then transferred into
a crucible for roasting under different temperatures ranging from 250
to 400 °C. The roasting procedure lasted for 2 to 4 h, and the whole
roasting process was optimized to guarantee complete decomposition
of spent LiCoO,. The roasting process would generate NH3, which was
absorbed by post position water solution. The optimized conditions are
as follows: the molar ratio of (NH,),SO,4 and LiCoO, is 2:1, the roast-
ing temperature is 400 °C, and the reaction time is 1 h (Table S3). The
mixture after roasting was purple in color and soluble in water. A spe-
cific amount of Na,COj solution was added into the purple solution, and
precipitation was formed rapidly. The mixed solution was filtrated and
the as-obtained residue containing Co?* was heated in air at 350 °C to
generate Co30,, while the transparent filtrate was evaporated to obtain
Li,CO5 (Fig. S12). Li,CO5 has a completely opposite solubility to that
of general salts. That is, the higher the temperature, the lower the solu-
bility, while the solubility of Na,SO, increases significantly. Therefore,
heating the solution to 100 °C to reduce its volume to about one-tenth
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of its original volume can allow more than 95% of the Li,CO3 to pre-
cipitate out while the Na,SO, remains in the solution. Na,SO, solution
could be obtained for further reutilization after separation of Li,COj5.

For the re-synthesis process, Li,CO; and Co;0, from the above re-
cycling process were ground in a mortar, and the molar ratio of Li: Co
is 1.03:1 to compensate lithium loss during high temperature sinter-
ing (Fig. S13). The re-synthesis process of high-voltage LiCoO, consists
of three steps. The mixture was first sintered at 850 °C for 10 h, and
then sintered at 920 °C for another 10 h. However, the capacity of the
as-formed bare LiCoO, was only 120 mAh/g at 0.1 C with a limited
cycling performance, so it must be improved for high-voltage applica-
tions (Figs.S14 and 15). Therefore, a trace amount of MgF, was doped
in synthesized LiCoO, for an extra sintering step at 800 °C for 6 h to ef-
fectively stabilize the cycling performance at high-voltage [35,36]. The
final obtained LiCoO, was rinsed with water for several times to remove
possible impurities. The same amount of MgF, was also added to com-
mercial LiCoO, to improve its cycling stability (Fig. S16).

4.3. Electrochemical performance test

The re-synthesized LiCoO, or commercial LiCoO, were mixed with
carbon blacks (Denka Black Li-400) in a mortar by grinding for 30 mins.
PVDF dissolved in NMP was then added into the mixture for another 30
mins of stirring. The mass ratio of LiCoO,, carbon blacks, and PVDF
was 8:1:1. The slurry was obtained and coated on an Al foil with a
mass loading of approximately 5 mg/cm?. The coated Al foil was dried
under vacuum at 80 °C for 12 h. The dried plate was then cut into
small round pieces with a diameter of 12 mm for assembling of CR2032
coin cells. Metallic lithium chips were selected as anode and separa-
tors were purchased from Celgard. LiFPg dissolved in ethylene carbon-
ate (EC)/dimethyl carbonate (DMC) with a volume ratio of 50/50 was
utilized as electrolyte. The sealed coin cells were tested via a Lanhe
battery testing system at room temperature. The rate capabilities were
conducted at 0.1, 0.2, 0.5, 1.0, 2.0, and 4.0 C, and the charging cut off
voltage was set to 4.2 V (versus Li/Li*). The cycling performances at
charging cut off voltages of 4.2 and 4.5 V (versus Li/Li*) were all tested
at a current of 0.5 C. The cyclic voltammetry (CV) curves of different
LiCoO, samples were conducted on Chi760 electrochemical workstation
at a scan rate of 0.1 mV/s with a voltage ranging from 3.5 to 4.5 V.

4.4. Materials characterizations

The crystalline phases of different samples were characterized by X-
ray diffraction (XRD, D8 Advance) with Cu Ke radiation at a scanning
rate of 5°/minute. Scanning electron microscopy (SEM, Hitachi SU8010)
was used to observe the morphology of LiCoO, and different precursors.
The molar ratios of Li and Co in different LiCoO, samples were also
measured by inductively coupled plasma optical emission spectrome-
ter (ICP-OES 8300, Arcos II MV) after a complete dissolution via uti-
lization of 5 M HNO;3 and 30% v/v H,O,. Particle size distribution of
different LiCoO, samples were analyzed by laser particle size analyzer,
and Raman spectra was acquired by Horiba LabRAM HR800. Thermo-
gravimetric (TG) analysis of LiCoO,, (NH4),SO,4 and their mixture were
conducted via thermogravimetric analyzer (TG209F3 Nevio). Gibbs en-
ergies of assumed reaction and E-pH diagrams were all collected and
reproduced from database in HSC chemistry 6.0.
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