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Abstract

Recycling spent batteries, particularly lithium-ion batteries, is becoming a global priority.
Among the various recycling approaches, hydrometallurgy is one of the most useful
methods. Among the many chemical compositions of cathode materials, ternary layered
oxides warrant particular attention in recycling technology, making them more suitable
candidates than other cathode materials. During hydrometallurgical leaching, various
carboxylic acids are employed as solvents; however, oxalic acid deserves special con-
sideration due to its high selectivity for lithium extraction. Nickel, cobalt, and manganese
oxalates are practically insoluble in water and exist as the corresponding crystal hydrates.
When a solution of transition metal sulphates, derived from cathode powder, is treated with
a mixture of oxalic acid, the lithium remains in solution as a mixture of lithium sulphate and
oxalate, while the transition metals are converted into their corresponding oxalates. In this
process, a significant increase in the mass of the precipitate is observed, corresponding to
the formation of oxalates. Thus, oxalic acid enables selective extraction of lithium from the
“black mass” of lithium-ion batteries based on layered transition metal oxides. Moreover,
the resulting mixture of transition metal oxalates, after minor compositional adjustments,
can be directly reused for the resynthesis of ternary layered oxides. This paper presents
methods for the hydrometallurgical processing of NCM523 (lithium nickel-cobalt-
manganese oxide with a 5:2:3 molar ratio of Ni:Co:Mn) cathode material and its subsequent
re-synthesis using transition metal and lithium oxalates. The physicochemical charac-
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teristics and electrochemical properties of the regenerated NCM523 electrodes are
evaluated from the perspective of their potential reuse in rechargeable power sources.
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Introduction

Among the wide range of chemical compositions available for cathode materials, ternary layered
oxides (NCM - LiNixCoyMn,0.) warrant particular attention in recycling technology, making them more
suitable candidates for recycling compared to other cathode materials, such as LiFePO, (LFP) [1-3].

This priority is justified by several key factors:

(i) High cost and critical raw materials: NCM cathodes contain significant amounts of cobalt and nickel
metals characterized by high cost, limited geological reserves, and geopolitical supply risks. Recovering
these metals from spent batteries is economically more profitable than primary extraction from ores, as
confirmed by calculations of the elemental composition of different LIB types (see Table 1) [4].

Table 1. Mean values for individual cells [4]

Cell type
NCM NCA LFP
Total battery mass, kg 141 100 118
Total mass of battery (normalized), g 1000 1000 1000
Energy recovered from recycling batteries, kWh / T 86 96 71
Cell materials
Content, g kg*

Total 630 598 530
Cathode 191 175 173
Lithium 14 13 7.6

Cobalt 39 16 0

Nickel 39 86 0

Manganese 36 0 0
Aluminum 0 2.5 0
Iron 0 0 61
Phosphorus 0 0 34
Oxygen 63 58 70
Electrolyte 114 101 85
Separator 54 50 413
Anode-carbon 140 131 111
Cathode foil - Al 39 40 34
Anode foil - Cu 66 70 60
Cell case - Al 21 20 17
Others 6 10 8.5
Battery and cell housing
Total 370 402 470
Cables 21 50 64
Copper 13 30 38
Aluminum 14 10 13
Stainless steel 71 10 13
Frame 114 101 128
Plastics 107 81 102
Stainless steel 7.1 20 26
Casing (stainless steel) 199 241 267
Others 36 10 11
2 (o) G
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(ii) Energy density and application scope: NCM-based batteries dominate the high-performance
electric vehicle market, where high energy density is essential. Consequently, most end-of-life electric
vehicles in the coming years will contain NCM-based batteries, generating substantial and relatively
uniform waste streams ideal for large-scale recycling operations.

(iii) Ecological footprint: The production of NCM cathodes, particularly nickel-rich compositions,
carries a significant energy and carbon footprint due to energy-intensive processing. Recycling can
substantially mitigate this environmental burden compared to primary production.

Because battery sizes and chemical compositions vary widely, calculating the relative mass of their
constituent materials is not straightforward. To address this issue, a battery mass model incorporating
various cell chemistries was developed in [4]. This model is based on research into the average weight
and material composition of the three most prevalent battery types: lithium nickel cobalt manganese
oxide (NCM), lithium nickel cobalt aluminum oxide (NCA), and lithium iron phosphate (LFP). The
consolidated results of this analysis are presented below in Table 1.

Although a variety of techniques for processing electrode materials have been reported [5-8],
hydrometallurgy is the predominant method employed on an industrial scale. The choice of a
leaching reagent for metal recovery is dictated by the need to balance extraction efficiency, cost-
effectiveness, and adherence to environmental regulations.

Hydrometallurgical processing of NCM cathodes is based on the principle of completely dissolving
valuable metals, followed by their selective extraction from the solution. The process typically consists
of three main stages: (i) mechanical and chemical pretreatment (discharging and dismantling the
battery casing, separating components and obtaining the "black mass”), (ii) leaching (transferring
metal oxides into a soluble form), and (iii) separation and purification (isolating individual metals or
their compounds). The key link is the leaching stage, where the choice of reagent determines the
efficiency, cost-effectiveness, and environmental friendliness of the entire process. A mixture of H.SO,4
and H;0:; is the best option for large-scale leaching (or dissolution) of NCM cathodes [9,10] due to the
cheapness and high degree of dissolution of the components of "black mass".

Among the carboxylic acids evaluated, oxalic acid (H2C204) has garnered particular attention due to
its high efficiency and selectivity for lithium extraction [9]. The process capitalizes on the low aqueous
solubility of the resultant nickel, cobalt, and manganese oxalates, which precipitate as crystalline
dehydrates (Me2C04-H20). However, the degree of black mass dissolution in H2C;04 and 10 % H;0; is
lower than in the H2S04/H,0; system. Therefore, it is necessary to treat the black mass not directly with
oxalic acid, but with H,S04/H>0,. Upon mixing these solutions, the transition-metal sulfates convert to
insoluble oxalates, while lithium remains in solution as a mixture of sulfates and oxalates.

After minor compositional adjustments, the resulting precipitate of mixed transition-metal
oxalates can be used as a precursor for synthesizing layered oxide cathode materials [11,12].

This paper details a hydrometallurgical process for treating LiNips5C002Mno302. (NCM532)
cathode material harvested from commercial lithium-ion batteries. The study encompasses both
the leaching stage with oxalic acid and the subsequent re-synthesis of the NCM layered oxide from
the generated transition metal and lithium oxalates.

Experimental

A cell that had sustained a capacity loss exceeding 40 % of its nominal value was discharged to a
cutoff voltage of ~0.5 V using a constant resistive load. The casing was subsequently cut along its
contour under controlled conditions to mitigate the risk of short circuits and thermal runaway. Finally,
the positive and negative electrodes, along with the separator, were mechanically harvested.
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Subsequently, the cathode material composed of layered LiNixCoyMn,0., amorphous carbon and
a polymer binder was mechanically separated from the aluminum foil. To eliminate the polymer
binder, the material was subjected to thermal annealing at ~400 °C for several hours. The resulting
black powder served as a precursor for the hydrometallurgical process.

Next, the layered oxide was leached in a 5 M H2S04 solution containing ~10 wt.% H20; at a 1:10
solid-to-liquid ratio. The mixture was stirred vigorously for 24 hours at room temperature, resulting
in complete dissolution of the material, except for trace carbon residues (<1 wt.%) that were not
eliminated prior to annealing.

The reaction converted the cathode material entirely into soluble sulfates, which were then
separated from the insoluble carbon by filtration. Following inductively coupled plasma optical
emission spectroscopy (ICP-OES) analysis (ICP spectrometer iCAP 6500 DUO Thermo Electron Corp.)
(Table 2), the sulfate solution's composition can be adjusted, if required, to meet the desired
Ni:Co:Mn ratio of 5:2:3.

Table 2. Results of ICP-OES analysis after NCM523 cathode leaching

Element Wavelength, nm Concentration of elements in 5 M H2S04 + 10 % H20: solution, g L™*
Al 396.1 <0.05
Cu 324.7 <0.05
Ni 231.6 7.36
Li 670.7 1.59
Co 230.7 2.88
Mn 279.4 4.43

The elemental concentrations were measured with an error margin of less than 3 %. As shown in
Table 2, the transition-metal ratio (Ni:Co:Mn) matches the target stoichiometry of 5:2:3, so compo-
sitional correction was unnecessary. However, lithium concentration was found to be ~91.4 % of its
nominal value. According to our previous findings [13], this lithium deficiency during LIB degradation
is attributed to the formation of electrochemically inactive compounds on the anode surface,
specifically the solid-electrolyte interphase (SEl) film. Once these compounds form, the lithium
concentration in the cathode material cannot be restored, even after deep discharge. Therefore,
lithium correction, accounting for a 5 % excess, is performed during the precursor preparation stage,
prior to thermal annealing. Notably, no foreign elements such as aluminum or copper, which could
potentially leach into the solution during hydrometallurgical processing, were detected.

The reaction between the resulting metal sulfates and excess oxalic acid in an agueous medium
is presented by Equations (1) to (4):

Li2SO4 + H2C204 = Li2C;04 + H2S04 (1)
CoS04 + H2C204 = CoC2044, + H2SO4 (2)
NiSOs + H2C204 = NiC204\, + H2S04 (3)
MnSO4 + H2C204 > MnCz044, + H2S04 (4)

The resulting transition-metal oxalates were then repeatedly washed with distilled water to
remove acid residues. Washing continued until the rinse water pH reached approximately 7. The
purified oxalates were then dried at ~50° Cin a drying cabinet to obtain the MeC,04:2H,0 crystalline
hydrates. The phase composition of the obtained crystal hydrates was confirmed by DTA analysis
(BonninTech, STA200, Wuhan, China). All transition-metal oxalate samples were heated at a rate of
10 °C minl. After separation of the transition metal oxalates, the remaining lithium oxalate solution
(acidified with sulfuric acid) was treated with alkali to precipitate lithium carbonate in accordance
with the following procedure [14,15].
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The obtained transition metal hydrate crystals, with a Ni:Co:Mn ratio of 5:2:3, were introduced
into a Li oxalate (Li2C204) solution prepared from oxalic acid and lithium carbonate. The lithium-to-
transition metal mixture ratio was maintained at 1.05:1, with this 5 % lithium excess intended to
compensate for lithium losses typically observed at elevated synthesis temperatures [16-18]. To
minimize particle agglomeration during synthesis, glucose was added to the lithium oxalate solution
at 20 % of the total reagents' mass.

For homogenization and particle size reduction, the solution containing the transition-metal
oxalates was subjected to ultrasonic treatment for 1 hour at ~500 W. The resulting mixture was then
placed in a drying cabinet at 100 °C until complete solvent evaporation. The obtained powder served
as the precursor for NCM523 synthesis.

The formation of single-phase LiNio5C00.2Mno302 was achieved through thermal treatment at
890 °C for 12 hours in an air atmosphere according to Equation (5):

0.5 LizO + 0.5 NiO + 0.067 Co3s04 + 0.15 Mn;0s + 0.142 O = LiNio.sC00.2Mno.50: (5)

The heating and cooling rates within the muffle furnace were maintained at 4.5+0.5 °C min™.. The
final product was a black NCM52 powder, which was subsequently used in further investigations.

Electrochemical tests

The 2025 coin cells were assembled in an argon-filled glove box (Mikrouna (Shanghai) Ind. Int.
Tech. Co., Ltd., China) with controlled H>O and O; concentrations below 5 ppm. A 1 M solution of
lithium hexafluorophosphate (LiPFs) in ethylene carbonate/dimethyl carbonate/ethyl methyl
carbonate (EC/DMC/EMC, 1:1:1 volume ratio) was used as the electrolyte (Dongguan Shanshan
Battery Material Co. Ltd., China). A Celgard 2500 membrane (porosity: 55 %) was used as the
separator, and lithium metal served as the auxiliary electrode. The active material mass in the
electrode was 20+0.5 mg, and the electrode area was 2 cm?. The assembled coin cells were rested
for 24 hours before electrochemical testing.

The electrochemical performance of the electrodes was evaluated using a CHI electrochemical
workstation (CH Instruments Inc., USA) and a Neware battery tester (Neware, China). Galvanostatic
charge/discharge cycling was performed at current rates varying from 0.05C to 5C over a potential
range of 3.0to 4.5 V.

Results and discussion

The NCM523 precursor material was derived from a spent lithium-ion battery assembled via
laminate technology (Figure 1).

! -
BT
JY

Figure 1. The emergence of the lithium-ion battery featuring an NCM523 cathode
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For accurate identification of the phase-transition temperature of the Ni:Co:Mn (5:2:3) oxalates,
DTA was conducted on oxalates obtained from sulfate-based solutions.

The thermal decomposition of transition metal oxalates MeC.04 (where Me = Ni, Co, Mn) is
shown in Figure 2. In air, it proceeds via two main stages: (i) dehydration involving the removal of
water of crystallization, and (ii) decomposition of the resulting anhydrous oxalates into metal oxides.

As shown in the graph, the first sharp mass loss of Mn, Co and Ni oxalates (an endothermic
process) occurs at 146, 218 and 260 °C, respectively. The increase in dehydration temperature is
primarily related to the crystal lattice energy.

0

MnC;_Dl' nHI\O
——NIiC.0,* nH,O
——CoC,0,*nH,0

10

Weight loss, %
o w« B (2] [ 4]
o o [ =] (=] [ =]
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(=]
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t/°C
Figure 2. Mass loss of Mn, Ni, and Co oxalates during thermal heating

It is known that in the series MnZ" > CoZ" > NiZ, the ionic radius decreases (MnZ": ~0.083 nm;
Co%": ~0.0745 nm; NiZ": ~0.069 nm). The smaller the ion, the more strongly it attracts water molecules;
therefore, the NiZ-20H" bond is the strongest among these three metals. Accordingly, breaking this
bond to "push" the water molecule out of the crystal lattice requires more energy, which corresponds
to a higher temperature. The mass loss during the dehydration stage was 21.1, 17.4 and 23.0 wt.% for
Mn, Co and Ni, respectively, which corresponds to 2.1, 1.8 and 2.5 M of H;O, respectively. The
presence of 0.5 moles of free moisture during the dehydration of nickel oxalate is confirmed by a slow
mass loss (~3 %) in the temperature range of 50 to 140 °C. The decomposition of anhydrous oxalate
occurs at higher temperatures: 324, 330 and 374 °C for Mn, Co and Ni, respectively.

NCM523 was synthesized by the heat treatment of a mixture of the corresponding oxalates in
two stages:

I. Heating and holding at 490 °C for 6 h. At this temperature, oxalates decompose vigorously into a

mixture of oxides to form an ash-like powder, Equations (6) to (9):

Li2C.04 + %0, = Li.0 + 2CO. (6)

3CoC;04 + 20; = Cos04 + 6CO- T (7)

NiC.04 + %20, = NiO + 2CO. (8)

2MnC;04 + %0z - Mn;0s + 4CO. T (9)

At 490 °C in an oxygen or air atmosphere, cobalt and manganese oxalates, unlike nickel, are oxidized

to higher oxides, and lithium oxalate decomposes directly to its oxide without the intermediate stage

of carbonate formation, which is characteristic of annealing in a nitrogen atmosphere [19].

Il. Asingle-phase LiNio.5C00.2Mno302 cathode material with an a-NaFeO; type layered structure was
synthesized by annealing at 890 °C for 12 h in air (Equation 5). Prior to annealing, the oxide
precursor mixture was thoroughly ground in an agate mortar to ensure homogenization. The

6 (co) R
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prolonged high-temperature treatment promoted solid-state ion diffusion, removed residual

impurities, and produced a highly crystalline product.

The heating/cooling rate of the sample in the muffle furnace was maintained within the range of
4.5+0.5 °C min! for both stages of heat treatment.

The phase composition, morphology, and particle size of the obtained compounds were analyzed
using X-ray diffraction (XRD) (DX-2700BH, Dandong Haoyuan Instruments, China, CuKq) and scanning
electron microscopy (SEM) (JSM-6700f, JEOL, Japan). XRD measurements were performed at room
temperature over a 26 range from 10 to 80° with a step size of 0.05°. Crystallite sizes were
determined using the Scherrer equation for (003) and (104) peak broadening.

In the layered structure of LiNip5C002Mno30;, the (003) and (104) reflections provide distinct
information (Figure 3). Specifically, the (003) reflection is sensitive to the degree of cation ordering
between the Li layer (site 3a) and the transition metal (TM) layer (site 3b).

6000 © - Ty T
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Figure 3. X-ray diffraction pattern of NCM523

The intensity of the (003) peak decreases if Ni2* ions migrate into the Li layer, because Ni and Li
have different X-ray scattering factors. The intensity of the (104) peak is influenced by the transition
metal sublattice. Consequently, a peak ratio (/oo3/104) below 1 indicates significant cation mixing or
partial disordering (Table 3) [20-22].

Table 3. Crystallographic parameters of the structure of NCM523 samples, space group R3m

a/nm c/nm cla looz/10a Crystallite size, nm Ref.
Sample 1 0.28636 1.4211 4.963 1.51 49 [23]
Sample 2 0.28601 1.4233 4.976 1.48 54
Sample 3 0.28747 1.4259 4.960 0.89 60 This paper

Several factors may contribute to this disordering: (i) insufficient synthesis temperature;
incomplete cation diffusion prevents full ordering; (ii) non-stoichiometric oxygen content, where the
presence of oxygen vacancies facilitates the migration of Ni%* ions; (iii) deviations in stoichiometry
where an excess of nickel or a deficiency in lithium increases the degree of site mixing; (iv) excessively
rapid guenching after calcination. This process can capture a disordered structure.

Ultimately, such cation mixing blocks Li* diffusion pathways, resulting in slower lithium-ion
transport. This leads to a lower initial discharge capacity and a reduced charge rate for the material.

In contrast to the synthesized sample, the NCM materials obtained by the method described in [23]
exhibited loo3/hoa peak intensity ratio exceeding 1.2, with values of 1.48 and 1.51. This indicates
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minimal cationic mixing and is consistent with previous conclusions. It is worth noting that all samples
retained c¢/a values above 4.899, confirming a well-developed hexagonal a-NaFeO»-type structure.

The morphology of the synthesized sample is shown in Figure 4. As can be observed, under these
synthesis conditions, the crystallites form aggregates ranging in size from 1 to 2 um.

Figure 4. SEM image of NCM 523

The structural characteristics of the samples in Table 2 agree well with their electrochemical
performance. As shown in Figure 5, the NCM523 electrode exhibited an initial specific capacity of
131 mAh g1 at 0.1 C, which progressively increased to 144 mAh g with further cycling. However,
the initial capacities reported by other groups are typically in a higher range, reaching ~180 mAh g*!
at low currents in the first few cycles [24-28].

45

4.0

u/v

3.5

3.04

30 60 % 120 150
Qs / mAh g*
Figure 5. Charge-discharge curves, voltage (U) vs. specific capacity (Qs), of the synthesized NCM523
(cycles 1 to 10). Voltage range: 3.0 to 4.5 V; current rate: 0.1C; temperature: 25 °C

o

When switching to higher current densities, the specific capacity of the material decreases as
expected (Figure 6 (a)). However, during electrochemical testing, our synthesized NCM523 sample
demonstrates the ability to withstand high current loads. For instance, at 3C charge/discharge, the
specific capacity of the electrodes is almost half the initial value, specifically 57 mAh g, and at 5C,
it drops to approximately 20 mAh g1. Upon reducing the current rate back to 0.05C, the specific
capacity is restored to 165 mAh g1. This value not only exceeds the material's initial specific capacity
but is also comparable to that of commercial analogues.

The long-term cycling of NCM523 at various current rates is presented in Figure 6(b). At the
beginning of the test, both the specific capacity (Qsp) and coulombic efficiency increased. This initial
rise is primarily attributed to the gradual activation of cathode material, likely due to significant
particle aggregation. From the 10th cycle onward, the specific capacity stabilizes, and the coulombic
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efficiency remains consistently high at 99.5+0.2 %. Notably, the specific capacity around cycles 90 to
95 at 0.05C exceeds the material's initial specific capacity. This behavior indicates excellent structural
stability and resilience during prolonged cycling.

—©~ Charge capacity =@~ Coulombic efficienc
, . Y
4,54, 0.05¢ 200 -G—Iblscl:large ::apal:llt\r .
—0,1C
0,2C . -
e—0,3C
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—_—1C E
—2C =2
= —3C F60 &
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Figure 6. (a) Charge-discharge curves of NMC523 cathodes in the potential range of 3.0 to 4.5 V at various
C - rates and 25° C; (b) galvanostatic cycling performance and coulombic efficiency of NCM523 cathode
material at different C - rates (25° C)

Conclusions

The article proposes a hydrometallurgical method for processing spent NCM532 cathode material,
based on the selective precipitation of transition metal oxalates using oxalic acid. This approach keeps
lithium in solution, which, after minor adjustment, can be used for subsequent re-synthesis of the
material. The resulting mixture of transition metal oxalates (Ni:Co:Mn = 5:2:3) was successfully used as
a precursor for the re-synthesis of LiNio.sC00.2Mnoe.s02 (NCM523) via a two-step solid-state reaction. XRD
confirmed that the regenerated material has a hexagonal a-NaFeO. layered structure; however, the
intensity ratio /oos/l10a = 0.89 indicates significant cation mixing, reflected in the lower specific capacity
of the sample. Electrochemical tests revealed an initial specific capacity of 131 mAh g at 0.1C, which
gradually increased to 144 mAh glduring cycling. The material demonstrates good rate capability: at
3C, the capacity is ~57 20 mAh g7, and after returning to 0.05C, the specific capacity recovers to
165 mAh g1, comparable to commercial NCM523. The coulombic efficiency during cycling is 99.5+0.2 %.

Therefore, to further enhance the electrochemical performance of NCM electrodes in the
subsequent experiments, future efforts should focus on two key areas: promoting cation ordering
to achieve a well-ordered layered structure and mitigating Ni/Li deficiencies to reduce undesirable
cation mixing. Our work will concentrate on synthesizing a material with a perfect layered structure,
characterized by a higher intensity ratio of the (003) to (104) XRD peaks (/oo3//104 > 1). Achieving this
structural refinement is expected to yield higher practical specific charge/discharge capacities.
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