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Recycling and synthesis of LiNi;3Co;3Mn;;0, from waste lithium ion
batteries using D, L-malic acid
Lu Yao™"', Haisen Yao ¢, Guoxi Xi ', Yong Feng *
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Environment, Henan Normal University, Xinxiang 453007, PR China;
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Abstract:
If waste LIBs is disposed of in landfill sites, soil contamination will ensue from leakage of the organic
electrolyte, and the heavy metals ions contained in the batteries would pose a threat to the environment.
A new process for recycling valuable metal ions from waste lithium-ion batteries (LIBs) is introduced
herein. D,L-malic acid was used as both leaching reagent and chelating agent. By adjusting the metal
ion ratio and pH of leachate, a new cathode material of LiNi;;3Co;3Mn;;0, for lithium ion batteries
through a sol-gel process without other chelating reagent was synthesized. Electrochemical tests
showed that an initial charge and discharge capacity of the regenerated material to be 152.9mAhg™ and
147.2 mAhg'(2.75-4.25V, 0.2C), respectively. The capacity retention at the 100th cycle remains
95.06% of the original value (2.75-4.25V, 0.5C). Results indicated that the LiNi;;Co;3Mn;;0,
produced from waste LIBs possessed good electrochemical property.
Key words: waste lithium ion batteries; recycling; D,L-mailc acid; synthesis; LiNi;;3Co;3Mn; 30,

1. Introduction
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Lithium ion batteries (LIBs) are widely used as electrochemical power sources in electronic
equipment and electric vehicles (EV). Their desirable characteristics such as safe handling, good cycle
performance, lower self-discharge rate, significantly higher energy density and higher voltage have
made LIBs preferable to typical nickel-cadmium(Ni-Cd) or nickel-metal hydride(Ni-MH) batteries"
2.So the LIBs have been progressively introduced on the consumer market, and the market share
increased year by year. World LIB production reached 500 million units in 2000 and almost 4.6 billion
in 2010°. In 2014, the production of the LIB in China has come to 5.287 billion units. The greater
number of LIBs being produced means that more waste LIBs will need to be recycled. Waste LIBs
contain large amounts of valuable metals. The metals content is normally even higher than natural ores.
Meanwhile, they are recognized as typical hazardous solid waste due to toxic metals and corrosive
electrolytes *°. If waste LIBs are disposed of in landfill sites, soil contamination will ensue from
leakage of the organic electrolyte, and the heavy metals contained in the batteries would pose a threat
to the environment. From the viewpoints of environmental preservation and recovery of valuable
resources, the recycling of spent lithium ion batteries is highly desirable. Hence, finding an effective
way of recovering the valuable metals and preventing pollution from LIBs have become a global issue.

Recycling of waste batteries has aroused widespread interest in recent years. Global researchers
have developed many processes on the recycling the waste LIBs with the first commercial cathode
material of LiCoO,, and many processes have been proposed for recycling cobalt and lithium from
LiCoO, active materials *'°. The current recycling processes for waste LIBs have been reviewed by Xu
et al '"'?. The overall recycling process includes two basic classes: physical processes and chemical
processes. Physical processes often associate the pre-treatment processes, such as crushing, sieving and

separation of materials to separate the cathode materials from the case, collector and anode active
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materials. The chemical process can be summarized as pyrometallurgy'’, biometallurgy” ',

hydrometallurgy'*™"”. Pyrometallurgical processes are often accompanied by high gas emissions and
have high energy consumption, so they require stringent air filtration standards and high equipment
investment. The biometallurgy process has many attracting virtues such as high efficiency, low cost and
the modest apparatus needed. But the long treatment period and the difficult incubation of bacteria
restrict the popularization of this process. So the most well-established process is the hydrometallurgy.
The hydrometallurgy process often started with the acid leaching, employing dilute H,SO,> '°, HNO,*
8 HCI1", or even mixed acid to dissolve the cathode material.

LIBs consist of cathode electrode, anode electrode, organic electrolyte and separator. LiCoO,,
LiMn,0,, LiNi;5Coy5Mn; 30, and LiFePO, are the main cathode materials for almost all commercial
LIBs®. The traditional layered LiCoO, cathode material suffers from the shortcomings such as high
cost, safety hazards and environmental toxicityzl. The LiNi;3Co13Mn;30,(LNCM in the following), as
they possesses a high discharge capacity, moderate voltage range and the resultant high energy density,
has been considered as a promising cathode candidates in recent years” > .The market share of the
LNCM has been increased year by year. Cobalt, nickel and manganese are extremely similar in
chemical property. The traditional process of separation from each other is difficult in this system.
Weng et al** reported a process for recycling spent LIBs and prepared Li[(Ni;3Co;3Mn;s3);,Mg,]O;.
The recycling process consisted of thermal treatment, crushing, ball-milling, sieving, alkali leaching,
sulfuric acid leaching, Na,S precipitation, D,EHPA solvent extraction, and at last, compound of NiSOy,
CoSO,4 and MnSO, were recovered one by one as the final products by organic solvent extraction, the
final cathode material was produced by solid-state calcination. The process is complex, and the reagent

used in this system requires high equipment investment and the separation and purification process
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would produce second pollution. Xihua Zhang et al **

tried to separating the cathode scraps which have
not experienced the multiple charge—discharge cycles, and found that Trifluoroacetic acid (TFA) can
effectively remove LNCM from Al foil and resynthesized LNCM with solid state method. Francesca

Pagnanelli et al >’ found that glucose and organic acid could reduce or dissolve the cobalt ions from

LiCoO,.

In this paper, a novel recycling technology to regenerate LNCM as new lithium ion cathode
material from exhausted LIBs was developed. D,L-malic acid is inexpensive and non-hazardous. Li. et
al reported that it could leach lithium ion and cobalt ion effectively from the LiCoO, of waste LIBs*,
but the recycling waste LNCM from waste lithium ion batteries with D,L-malic acid has not been
reported. As for D, L-malic acid could offer H' for the acid leaching process and carboxyl groups for
the subsequent chelating process. In this study, we have recycled waste LIBs with LNCM as cathode
active materials through an environmentally friendly process involving D,L-malic acid, which avoids
complicated metal ion separation procedures. Moreover, a cathode material, LiNi;3Co,,3Mn;30,, with

good electrical property has been synthesized by a very simple method.

2. Experimental
2.1 Materials and reagents

The spent LIBs with LNCM as cathode material used in our study were kindly donated by Henan
Huanyu Group (Xinxiang, China) , D,L- malic acid was used as leaching agent and the chelating
reagent in the process. Hydrogen peroxide (H,O,) was employed as a reductive reagent. All other
reagents used in this study were analytical grade, and the solutions were prepared with specified
concentration in distilled water.
2.2 Experimental procedure
The spent LIBs were firstly discharged with resistance to prevent short-circuiting and self-ignition,

then dismantled manually into different components with appropriate safety precautions. Separated the
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cathode electrode and cut into small pieces with a certain length and placed into the vacuum furnace™,
heated to 600°Cwith a heating rate of 5 ‘C /min, and held at the desired temperature for 2h. Cooled to
room temperature and then the active materials were peeled from aluminum foils for the following
experiments.

An overall recycling route proposed to treat spent LIBs is shown in Fig.1

Spent LIBs
Refreshed LNCM
(Discha.rge and dismental ] *
Casing, separator, -
Anode electrode ( Calcined )
Y )
Cathode electrode [ Dried ]

)

Gas 4—[ Vacuum pyrolysis J [ Sol-gel formation )

!

Al foils 4—[ Peeled J [ Adjusting compositionJ

Exhausted cathode materials Leaching solution

[ Malic acid leaching J—»( Filtration J—V Residue

Fig.1 The flowchart of the whole process for the recycling of the used lithium ion battery

The hydrometallurgical leaching experiments were carried out in a glass breaker, which was placed
in a water bath to control the reaction temperature. The reactor was fitted with a magnetic stirring
apparatus. 3.0g waste LNCM was dissolved in 50mL 1.0mol L' D, L-malic acid solution. To accelerate
the leaching efficiency, 3mL H,0, was added into the system. The temperature was kept at 50 ‘C for 30
mins. The concentrations of lithium, nickel, cobalt, and manganese ions in the leachate were
determined by inductively coupled atomic emission spectrometry (ICP-AES). The molar ratio of these
metal ions was adjusted to =1.05:0.33:0.33:0.33, and the metals concentration with 1.0mol L by
adding the corresponding metal nitrate, and the pH was adjusted to 8.0 by adding a suitable amount of

aqueous ammonia. The solution was heated at 80°C in a water bath to obtain a transparent gel, which
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was then dried at 110°C in an oven for 24 h. The dried gel was preheated at 400 C for 2 h in the
ambient atmosphere for the decomposition of the organic compounds. After cooling to room
temperature, the precursor mixture was ground again and heated at 650-950Cfor 2-8 h. For
comparison, fresh-LNCM was synthesized with the same process with the metal nitrates as starting
materials, which was denoted as FLNCM.
2.3 Characterizations and evaluation of electrochemistry activity

In order to analyze and adjust the concentration of the Li, Ni, Co and Mn metal ions, a Perkin Elmer
ICP-OES (model Optima 2100DV, America) was used. X-ray diffraction (XRD) patterns of the product
synthesized from the waste LIBs were collected on a Bruker X-ray diffraction with Cu K a radiation
(model BRUKER.axs, Germany) at 40 kV/40mA, within 10-90° 26-theta range. Evaluation of the
thermogravimetric analysis/differential scanning calorimetry (TG-DSC)(model STA-449 F3, Germany)
at a heating rate of 10°C/min in a static air. Fourier transform infrared spectroscopy (FT-IR) was
recorded on a Bruker spectrometer in the range of 400-4000cm™ using the KBr pellet method (model
Tensor 27, Bruker).The microstructure of the refreshed powder was observed using a field emission

scanning electron microscope (FESEM) (model SUPRA 40).

The electrochemical performance was evaluated by using laboratory half-cells CR2016-type coin
cells. The coin-type cells were assembled and sealed in a dry and argon-filled glove box. For the
cathode assembly, the LNCM powders were thoroughly mixed with PVDF as a binder and two
conducting media (Super-P and KS-6) at a weight ratio of 80:10:5:5 in NMP solvent to form the
electrode slurry, which was pasted on an Al foil. The solvent was evaporated, and the prepared cathode
sheets were dried in vacuum. Coin cells were then assembled in a glove box for electrochemical
characterization. In the test cells, Li foil and a porous polypropylene film served as the counter
electrode and the separator, respectively. The electrolyte was 1.0 mol L™ LiPF, in a mixture of ethylene
carbonate, polycarbonate, and dimethyl carbonate with a weight ratio of 1:1:1. Charge/discharge tests

were performed at 0.2 C (30mA) at room temperature in the voltage range 2.75-4.25V.
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3. Results and discussion
3.1 Leaching mechanism of the waste LNCM

The main metal ions in the waste LNCM are Li*, Co*", Co®", Ni**, Ni**, Ni**, and Mn*".%
Of these, Li" and divalent metal ions may be readily leached by the acid, but high valent metal
ions would not be easily leached without a reducing agent. There are many literature shows that
hydrogen peroxide (H,0,), can reduce high-valent transition metal ions to low valent state 2>
It is beneficial to deploy a reducing agent along with leaching acids. H. Zhou ef a/ found that
waste LiNi;;Co;3Mn;,;0, could be dissolved in 4mol L™ sulfuric acid with 30 wt % H,0,, and
the leaching equation was as follows’':
6LiNig 33Mng 33C00330,+79H,SO,4 +H,0,=2MnSO4+2NiSO,4+2C0S04+3Li,SO,+20,+10H,0
In this system, H,O, serves as a reductant, Ni*" serves as an oxidant,
d° Ni*'/Ni*'=1.678 V, $° 0,/H,0,=0.699 V, AE°=¢° Ni*'/Ni*"—¢° 0,/H,0,=0.979 V,
lg K=n AE®/0.059=33, K=10.
The stability constant K is sufficiently high and this redox reaction could proceed effectively.
Similarly, ¢° Mn*"/Mn*"=1.224,
AE®=¢° Mn*"/Mn*" — $° 0,/H,0,=0.525V, Ig K=n AE®/0.059=17.8, K=10""%.
$° Co*'/Co*'=1.83, AE®=¢° Co’'/Co*" — $° 0,/H,0,=1.131V, lg K=n AE®/0.059=19.2,
K=10"? . So, H,0, can accelerate the leaching rates and efficiency. Thus the dissolution of
high valent ions follows a reduction-complex mechanism: M>7*} et H™ + Hy 02 — M* }oyide

— MH}(aq_) —M(II)-malic, (where M represents either nickel, cobalt or manganese)’”. Such a

heterogencous reaction is expected to occur at the interface of solid (oxide lattice) and liquid **.
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The schematic illustration of the leaching and complexing process is as follows:
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Fig.2. Schematic illustration of the leaching of LNCM and the coordination of the metal ions with
D,L-malic acid

3.2. TG/DSC curves of the dried gel
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Fig.3 TG/DSC curves of the dried gel

The thermal behavior of the obtained LNCM precursor is analyzed using simultaneous TG/DSC
measurements. The TG-DSC curves of the dried gel are shown in Fig.3. The TG curve shows a
multistep weight loss, and there is also an endothermic trough and one exothermic peak in the DSC

curves. The initial weight loss of 5.19% and 22.44% with an endothermic trough, which were due to a
8
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dehydration of absorbed water and the decomposition of the D,L-malic acid. The strong exothermic
peak at 391 °C with a large weight loss with 47.88 % is due to the decomposition of the dried gels.
Only a small amount of weight loss is observed in the TG curve which becomes smooth and flat in the
temperature range from 400 to 1000 °C. So, the pre-calcined temperature was chosen as 400 °C.

3.3 Characterization of re-synthesized LNCM

The XRD patterns of the re-synthesized LNCM materials calcined at different temperature was
shown in Fig. 4a. All the samples had the layered structure without any impurity reflections, and
all the peaks could be indexed to the hexagonal a-NaFeO, crystal structure with a space group of
R3m. With the increase of the calcined temperature, the intensity of the peaks increased and the
peaks becomes sharper and better-defined. The sharp and well-defined diffraction peaks indicated
good crystallization. The clear splitting of the hexagonal doublets (006/102) around 38° and the
(108)/(110) around 65° observed for the samples calcined at 850 °C and 950 °C, indicating the
highly ordered layered structure of LiNi; 3Co;,3Mn;30,** *.

As many literatures reports, higher c/a value (c/a > 4.9) indicates the well-defined hexagonal
layered structure®®. The intensity ratio of the (0 0 3) to (10 4) peaks in the XRD patterns could be
used to identify the cation mixing extent of layered structure’’. Generally, the undesirable cation
mixing would take place when the integrated intensity ratio is less than 1.2. The lattice parameters
of LNCM prepared with various calcination temperatures are summarized in Tablel. When the
calcination temperature is not higher than 850 °C, the values of c/a and I(go3y/I(i04) increase with
increasing calcination temperature. However, the values of c¢/a and I(gg3)/I(104) decrease when the
calcination temperature is increased to 950 °C. According to the above results, the sample calcined

at 850 °C exhibits the best layered structure and the lowest cation mixing.
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Table 1 Lattice parameters of LNCM prepared with various calcination temperatures

Sample a/k ¢/ A c/a T003y/L(104)
R-LNCM-650 2.859 14.210 4970 1.119
R-LNCM-750 2.857 14.222 4978 1.212
R-LNCM-850 2.862 14.250 4979 1.589
R-LNCM-950 2.864 14.246 4974 1.565

Fig.4b shows the XRD patterns of the re-synthesized LNCM calcined at 850 °C for different time.
When calcined for 2h, the splitting of the hexagonal doublets (006/102) around 38° and the
(108)/(110) around 65° is not observed. With the increase of the calcined time, the peaks become
sharper and the splitting of the hexagonal doublets is more obvious, indicating the good crystalline
of the resynthesized material. So the precursors were calcined the precursor at 850 °C for 8h in the
following experiments.

Fig.4c shows the FTIR spectra of the synthesized LNCM samples calcined at 750-950 °C. Three
samples possess the similar spectroscopy. The dominant absorption bands at around 592cm™ were
assigned to the asymmetric stretching vibration of transition metal oxide (MOg), and the absorption
bands at around 542 cm™ was assigned to the bending vibrations (O-M-0) ***. Broad band observed
around 1633 cm™ and 3440cm™ indicate the presence of bending (O—H) vibration for adsorbed H,O in
the materials based on perfect agreement with literature reports.** Thereby confirms the chemical

integrity of the intended LNCM.

10
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Fig.4 XRD patterns and IR spectroscopy of the resynthesized LNCM (a, c: calcined at different

temperature for 4h, b: calcined for different time at 850 °C, d: F-LNCM calcined at different

temperature)
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Fig.5 (a-d) are the FESEM image of the resynthesized LNCM calcined at different temperature for 6h

in air (a: 650 °C, b: 750 °C, c: 850 °C, d: 950 °C, (e) and (f) are the FLNCM calcined at 850 and 950 °C.

The effect of calcined temperatures on the morphologies of resynthesized LNCM was observed by

FESEM. The Fig.5a-f illustrated the micrographs of the resynthesized LNCM and the FLNCM calcined

at different temperature, respectively. From the FESEM images, the resynthesized LNCM at 650 °C

and 750 °C is irregular for their not good crystalline structure. The product calcined at 850°C and 950°C

has regular structure, and the particle size increased dramatically with the increased of the temperature.

The LNCM-850 possessed faceted, edge-blunted polyhedral morphology structure. The FLNCM has
12
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the similar morphology structure. Particle with this shape is beneficial for the capacity enhancement
due the larger radius of curvature than spherical particles which is helpful to the good electrochemical
structure*’. The LNCM-950 possessed regular octahedral structure and the particle size increased
significantly. Chen Zhanjun et al founded that octahedral structure was not as good as the chamferd
polyhedral structure. **

EDS (Energy dispersive X-ray detector spectroscopy) was used to verify the distribution of the 3d
metals in the obtained materials. As shown in fig.6, all the materials are composed of Co, Ni, Mn and O
species and the elements were uniformly distributed; Li cannot be detected for its low energy density. It
can be seen that the molar ratios of the elements Ni, Co, and Mn were approximately the same as the
theoretical values of 1:1:1, meaning that our synthesized samples were prepared with good

stoichiometry.

13
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Element  Weight/% Atomic/%

Ni 16.41 7.39
Co 16.14 7.24
Mn 15.39 7.41

Lo e e

U

Fig. 6 The EDS image of LNCM materials prepared from waste LNCM by D,L-malic acid-assisted

sol-gel method.

3.4 Electrochemical studies

14
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Fig. 7 The charge and discharge curves of the LNCM before and after recycled.
Fig.7 shows charge and discharge of the LNCM before and after recycled. The charge and discharge
specific capacities of the exhausted LNCM were only 53 and 652.5 mAh g, respectively. While the

charge and discharge specific capacity of resynthesized LNCM can reach 152.9 and 147.2 mAh g . The

discharge capacity has enhanced dramatically.
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different calcination temperature. (a and b): initial charge-discharge curves and cycle performance ; (c

and d): cycle performance for FLNCM and the curves of FLNCM850 for 1%, 2", 3 10" 30™, 50",80",

100",

Fig.8a and b shows the initial charge—discharge curves and cycling performance at room temperature of

the resynthesized LNCM calcined at the three temperatures. All charge—discharge curves had a

potential plateau at 3.6-3.8 V in agreement with typical layer structured LNCM. The initial specific

discharge capacities at 0.5 C (1 C = 140 mA/g) in 2.75-4.25V were 147.2, 134.5, and 118.8 mA h/g,

while the discharge capacities decreased to 139.0, 118.2 and 96 mAh/g after 100 cycles with related

capacity retention of 94.4%, 87.9%, and 80.8% for samples calcined at 850 °C, 950 °C and 750 °C,

16
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respectively. Among all the samples, sample LNCM -850 has the highest discharge capacity and best
cycling performance. These results are consistent with the XRD results. As for the FLNCM synthesized
from nitrate metals, and the initial specific discharge capacities at 0.5C were 150.1 146.8 and 127.2
mAh g respectively. After 100cycles, the specific capacity decreased to 143.6, 131.7, 103.4mAh g’
with capacity retention of 95.4%, 90.2% and 81.4% for samples calcined at different temperature. The
FLNCMS850 and FLNCM 950 shows better cycling performance and higher discharge capacity. The
performance of resynthesized LNCM is almost as good as the fresh synthesized LNCM. Fig. 8c and
fig.8d shows the charge-discharge curves at different cycles and the cycle performance of the FLNCM.
Rate capability is another very important consideration for practical Li-ion batteries. To evaluate
the rate performance of the LNCM electrodes, charge—discharge measurements were conducted at
stepwise currents varied from 0.2 C to 5 C, and back to 0.2 C. As shown in Fig. 9a and b, the
LNCM-850 electrode illustrates a stable discharge capacity, even at high current rates (e.g >120 mA h
g'at2 C,>100 mAh g' at 5 C), whereas LMNC-750 exhibits a drastic fall at high current rates (e.g.
<100 mA h g'at2 C, <70 mA h g at 5 C). Returning to the low current rate of 0.2 C, it is observed
that the capacity of the LNCM electrode can be properly restored (e.g.>140 mA h g'). The cycle plots
and the charge/discharge curves of FLNCM for different cycles were listed in fig.9c. The FLNCM from

pure material shows the similar trend as the resynthesized LNCM.

17
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To understand the enhanced rate capability, resistance was analyzed by electrochemical

Cycle number

impedance spectroscopy (EIS). Nyquist plots of the three samples are shown in fig.10, and the Nyquist

plots were analyzed by fitting to an equivalent electrical circuit as shown in the inset of fig.10. The

18
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Nyquist plots of all three electrodes depict a semicircle at high-medium frequency and an inclined line
at low frequency. The components of the equivalent circuit include: the high frequency intercepts with
the Z’-axis represent electrolyte resistance and electronic resistance of the electrode R, as the ohmic
resistance (total resistance of the electrolyte, separator, and electrical contacts), the semicircle at
medium frequency is usually assigned to the charge transfer impedance and capacitance
electrochemical reaction at the electrode surface R, as the charge transfer resistance, Zy, as the
Warburg impedance of Li ion diffusion into the active materials, and CPE is the constant phase-angle
element which involves the double layer capacitance* **. The transfer resistances (Ret) of LNCM-750,
LNCM-850, and LNCM-950 electrodes are 160.2, 61.5, and 106.1 ohm, respectively. This suggests
that the LNCM-850 has the lowest activation energy for the Li" diffusion and undergo a fast Faradaic

reaction, which supports the increased high-rate performance of the LNCM-850 in comparison to the

other two electrodes.
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Fig.10 Comparison of EIS plots of the LNCM calcined with different temperature with an
equivalent circuit (inset).

Conclusion

In summary, with D,L-malic acid as the leaching agent and chelating agent, we designed a facile
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in-situ route by using waste lithium ion battery as raw material to synthesized uniform

LiNi;3Co;3Mn;5.The recycling process avoids complicated separation of the metal ions and produces

minimal pollution and side products. The recovered and reconstituted cathode material showed high

specific capacity and good electrochemical cycling properties, which can meet the requirements for the

manufacture of new LIBs.
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An environmental friendly recycling method of waste lithium ion batteries use D,L-malic acid
through reducing-complexing process.
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