
This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0) 

which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

JOURNAL of ELECTROCHEMICAL

SCIENCE and TECHNOLOGY

Development of an Eco-Friendly 
Cathode Material Recycling 
Process Without a Separation Step
J. Hyuk Kim1  JM One1  SH Lee1  Jeong H. Cho1  Min Seo Choi1

Yun-Hyeok Choi1  San Kang2  Jong-Tae Son1*

RESEARCH ARTICLE

1Department of Nano-Polymer Science 
& Engineering, Korea National Uni-
versity of Transportation, 50, Daehak-ro, 
Daesowon-myeon, Chungju-si, 
Chungcheongbuk-do, 27469, Republic 
of Korea

2Department of Energy Materials Science 
& Engineering, Korea National Uni-
versity of Transportation, 50, Daehak–ro, 
Daesowon-myeon, Chungju 27469, 
Korea

VOLUME 17 ISSUE 1 FEBRUARY 2026

ABSTRACT

 Among the recycling technologies for lithium-ion batteries (LIBs), commer-
cialized hydrometallurgical processes are currently widely used to separate
and recover valuable metals, such as Ni, Co, and Mn, from used NCM cath-
ode materials. However, these processes are limited by their ability to
recover only limited amounts of Li, which requires post-extraction. In this
study, reductive roasting and water leaching were applied to selectively pre-
extract more than 99% of Li, which was then used to synthesize lithium car-
bonate (Li2CO3). Furthermore, instead of separating each valuable metal indi-
vidually from used cathode materials, a coprecipitation reaction was
employed to synthesize a precursor, which was subsequently mixed with the
synthesized Li2CO3 to recycle LiNi0.6Co0.1Mn0.3O2 cathode material. Electro-
chemical performance evaluation showed that the initial discharge capacity
and capacity retention of the recycled cathode materials were 1.5 mAh/g
and 4.7%, respectively, lower than those of the virgin cathode materials;
however, their overall performance was comparable. These results confirm
that the proposed recycling process is effective for high-efficiency lithium
recovery and cathode materials recycling.
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INTRODUCTION

Lithium-ion batteries (LIBs) are characterized by high energy densities, operating voltages, and long cycle
lives. Owing to their excellent performance, LIBs are widely used in various applications such as electric
vehicles, mobile phones, and laptops [1]. With the continuous commercialization of LIBs, the number of
used batteries is also increasing [2].

Among the materials used in LIBs, lithium, nickel, cobalt, and manganese require stable supply chains
owing to their limited reserves and uneven global distributions. Landfilling or incinerating batteries can lead
to severe environmental pollution because organic electrolytes and toxic heavy metals may contaminate
groundwater and soil. Therefore, extensive studies have been conducted on battery recycling to promote
resource circulation and develop environmental protection strategies [3–5]. The currently employed com-
mercialized recycling technologies for cathode materials are primarily based on hydrometallurgical pro-
cesses such as leaching and extraction. In the leaching step, metals such as Li, Ni, Co, and Mn are dissolved
in solutions using inorganic acids [6,7]. However, the presence of Li in the leachate complicates the synthe-
sis of high-quality precursors. Consequently, solvent extraction is often required to separate and recover
individual metals [8,9]. However, even after the sequential extraction of Mn, Co, and Ni, Li remains at low
concentrations in the residue. Furthermore, solvent extraction involves high costs, extended processing
times, and the generation of large volumes of wastewater, which pose additional challenges [10]. Therefore,
recovering Li and recycling cathode materials from used batteries using more efficient methods is essential.
However, studies on the direct recycling of used cathode materials without metal separation steps remain
scarce.

In this study, we propose an integrated recycling process that enables the selective extraction of lithium
from Li–Ni–Mn–Co oxide (NCM) cathode materials through a combination of reduction roasting and water
leaching, prior to the conventional leaching step [11,12]. Instead of separating individual metals from the
leachate, a co-precipitation reaction was induced to synthesize a high-purity precursor, which was subsequently
used to regenerate the cathode material. A schematic comparison of the proposed process with conventional
hydrometallurgical methods is presented in Fig. 1. Furthermore, the electrochemical performance of the recycled
cathode material was evaluated and compared with that of the virgin cathode material.

Fig. 1. Process flow diagrams of the conventional hydrometallurgical process and the proposed recycling process.
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EXPERIMENTAL METHODS

Reductive Roasting and Water Leaching
In this study, the experiments were conducted using cathode materials provided by SungEel HiTech

Co.,Ltd. The used cathode materials were mixed with ammonium sulfate ((NH4)2SO4, 99%, SAMCHUN) at a
specific molar ratio and placed in a crucible. The mixture was subjected to reductive roasting at 550oC for
1 h under a nitrogen atmosphere [13]. After the reaction, the mixture was cooled to room temperature, and
water leaching was performed at a liquid-to-solid ratio of 5 mL/g, with stirring at 450 rpm for 1 h. After
leaching, the mixture was filtered and washed to separate the residue, which was then dried in a vacuum
oven at 120oC [14–16].

Acid Leaching and Impurity Removal
The dried residue was subjected to acid leaching without using a reducing agent, using sulfuric acid

(H2SO4, 98%, Matsunoen), for 6 h [17]. After leaching, the product was filtered and washed to remove residual
carbon and unreacted impurities. Next, sodium hydroxide (NaOH, 30%, SAMCHUN) solution was added to
the leachate to increase its pH and thus enable the precipitation and removal of metallic impurities such as
Al, Fe, and Cu. To achieve the target molar ratio of Ni:Co:Mn = 6:1:3, stoichiometric amounts of NiSO4,
CoSO4, and MnSO4 were added to the purified leachate. Subsequently, a 2 M mixed-metal sulfate solution
was formulated and used for the synthesis of NCM precursors.

Lithium Carbonate Synthesis
To recover lithium, sodium carbonate (Na2CO3, 99.5%, SAMCHUN) solution was added to the lithium-con-

taining filtrate. The reaction progressed at 90oC for 1 h, precipitating lithium in the form of Li2CO3. The pre-
cipitated Li2CO3 was filtered and washed with hot distilled water to remove residual S  and Na⁺ ions. The
final product was dried in a vacuum oven at 105oC for 6 h [18,19]. 

Precursor and Cathode Materials Synthesis
A hydroxide coprecipitation method was used to synthesize the recycled Ni0.6Co0.1Mn0.3(OH)2 precursor.

Sodium hydroxide (NaOH, 30%, SAMCHUN) and ammonium hydroxide (NH4OH, 25–30%, SAMCHUN) were
added together with the prepared leachate in a 5 L beaker to maintain the pH of 11.5. The reaction pro-
gressed at 55oC for 8 h under a nitrogen atmosphere. After the reaction, the precursor was filtered and
washed with dis�lled water to remove residual NH₃⁺ and S  ions impurities. The washed precursor was
dried in a vacuum oven at 120oC for 12 h. The dried precursor and synthesized Li2CO3 were weighed at a
molar ratio of 1:1.07 and thoroughly mixed. The mixture was placed in a crucible and calcined in two
steps—first, at 500oC for 5 h, and then, at 880oC for 12 h—under an oxygen atmosphere to synthesize the
LiNi0.6Co0.1Mn0.3O2 cathode material [20,21].

Material Characterization
Phase changes after reductive roasting and the structure of the synthesized Li2CO3 were analyzed using X-

ray diffraction (XRD, Bruker, D2 Phaser). The leachate composition and impurity content were analyzed both
qualitatively and quantitatively using inductively coupled plasma optical emission spectroscopy (ICP-OES,
PerkinElmer, Avio 550). The morphology and crystal structure of the synthesized cathode materials were
analyzed using scanning electron microscopy (SEM, JEOL, JSM-7610F) and XRD. Cu Kα₁ radiation (λ = 1.54 Å)
was used, and scanning was performed in the 2θ range of 10o–80o at a rate of 2o/min.

Electrode Fabrication and Electrochemical Performance Evaluation
The electrode slurry was prepared by mixing the cathode materials, a conductive additive (Super-P), and a

binder (polyvinylidene fluoride) in a weight ratio of 8:1:1, using N-methyl-2-pyrrolidone as the solvent. The
slurry was coated onto aluminum foil, which was used as a current collector, to a thickness of 25 µm using
the doctor blade method. The coated electrodes were dried in a vacuum oven at 120oC for 10 h and
punched into circular disks, each with a diameter of 14 mm. Coin cells (CR2032) were assembled under an
inert atmosphere inside a glove box using a 1 M LiPF6 solution, in a mixed solvent of EC:DEC = 3:7, as the
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O4
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electrolyte. Electrochemical performance was evaluated at room temperature within a voltage range of
3.0–4.4 V. The cells were formed at 0.1 C and then subjected to charge–discharge cycling at 1C for 100
cycles [22].

RESULTS AND DISCUSSION

Reductive Roasting and Water Leaching
Fig. 2(a) shows the phase transformations of the used cathode materials, as analyzed by XRD, depending

on the amount of (NH4)2SO4 added. At a molar ratio of n[(NH4)2SO4] : n(2Li) = 1.2, the amount of (NH4)2SO4 is
insufficient to fully convert Li into Li2SO4, leading to the partial retention of the layered NCM phase. This
result indicates that the addition of (NH4)2SO4 contributes to the decomposition of the cathode’s crystalline
structure [11]. As the molar ratio is increased from 1.2 to 1.4, peaks corresponding to the layered NCM
phase become undetectable, and new diffraction peaks corresponding to Li2Mn(SO4)2 and water-soluble Li2-

SO4 become visible. Furthermore, as the amount of (NH4)2SO4 increases, the intensity of the Li2Mn(SO4)2 dif-
fraction peaks increases.

Fig. 2(b) shows the metal leaching efficiency as a function of the molar ratio. As the molar ratio increases
from 1.2 to 1.4, the Li leaching efficiency increases drastically from 24.6% to 99.2%. However, when the
molar ratio exceeds 1.4, the Li leaching efficiency decreases, while that of Mn continues to increase. This
result suggests that the formation of Li2SO4 is preferred over that of the sulfates of Ni, Co, and Mn, and that
lithium can be selectively extracted using a simple water leaching process. The chemical compositions of
the original used cathode materials and water-leached residue, measured using ICP-OES, are presented in
Tables 1 and 2, respectively. Li in the water-leached residue was reduced to undetectable levels, while

Fig. 2. (a) XRD patterns of reduction products with varying (NH4)2SO4 dosages; (b) Leaching efficiency of metals as a
function of (NH4)2SO4 dosage.

Table 1. Mass fractions of metals in the as-received used cathode materials (wt%).

Element Li Ni Co Mn Cu Fe Al

Mass (%) 5.1 13.6 4.3 11.5 7.4 0.2 6.5

Table 2. Mass fractions of metals in the water-leached residue after treatment (wt%).

Element Li Ni Co Mn Cu Fe Al

Mass (%) - 16.2 4.1 6.2 8.9 0.2 9.7
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5.3 wt% of Mn was extracted. This result can be attributed to the formation of water-soluble Li2Mn(SO4)2

during the reduction roasting process, which leads to partial Mn dissolution during water leaching.
Although a portion of Mn was leached, the optimal lithium leaching efficiency was achieved at a molar ratio
of n[(NH4)2SO4] : n(2Li) = 1.4 : 1. 

Acid Leaching and Impurity Removal
Following water leaching, acid leaching was conducted using only H2SO4, without the addition of any

reducing agent, to recover the remaining metals from the residue. As shown in Fig. 3(a), Ni and Co exhibited
high leaching efficiencies of 90.13 wt% and 98.26 wt%, respectively. In contrast, Mn exhibited a relatively
lower leaching efficiency of 70.34 wt% under the reductive roasting conditions. According to the report by
Yang et al. [10], thermodynamic calculations indicate that the stability of metal sulfates follows the order:
Li2SO4 > MnSO4 > CoSO4 > NiSO4. In particular, Li2SO4 can form stably even under low SO3 partial pressure
and exists as a water-soluble compound. MnSO4 also exhibits greater stability than CoSO4 and NiSO4, allow-
ing a portion of Mn to dissolve into the solution. These properties suggest that the relatively low acid-leach-
ing efficiency of Mn may be attributed, in part, to its thermodynamic stability. The removal efficiencies of
metallic impurities from the leachate are shown in Fig. 3(b). The impurities were removed by increasing the
pH with a NaOH solution to induce precipitation. As a result, Fe was completely removed (100 wt%), while
Cu and Al were also effectively eliminated, with removal efficiencies of 98.34 wt% and 97.27 wt%, respec-
tively. However, trace amounts of Cu and Al remained in the leachate.

Lithium Carbonate Production
Fig. 4(a) shows the XRD pattern of Li2CO3 synthesized from selectively extracted lithium. Li2CO3 was pre-

cipitated by adding Na2CO3 to the lithium-containing solution. Its characteristic peaks matched well with the
standard diffraction pattern (PDF No. 01-083-1454), and no impurity peaks were observed. These results
confirm the successful synthesis of Li2CO3 and demonstrate the efficiency of lithium extraction and purifica-
tion [18]. Fig. 4(b) shows an FE-SEM image of the synthesized Li2CO3, revealing densely aggregated plate-like
single crystals with irregular sizes. This morphology is consistent with previously reported characteristics of
Li2CO3, where the precipitate forms large agglomerates composed of bar-shaped clusters, further confirm-
ing its identity as lithium carbonate [24].

Precursor and Cathode Materials Synthesis
In this study, the leachate was directly utilized without the individual separation or recovery of metal ions

for cathode recycling, and the recycled cathode was compared to a cathode synthesized from pure raw
materials.

Fig. 4(a) and 4(b) show the FE-SEM images of the virgin and recycled LiNi0.6Co0.1Mn0.3O2 cathode materi-
als. Both samples display typical NCM-type microstructures, in which primary particles aggregate into sec-

Fig. 3. (a) Leaching efficiency after acid leaching; (b) Removal efficiencies of metallic impurities.
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ondary particles. Notably, the recycled cathode exhibits a more porous surface compared to the virgin
sample, which may contribute to reduced electrochemical performance [25].

Fig. 5 compares the XRD patterns of the two cathode materials. All samples exhibited a well-developed
hexagonal α-NaFeO₂ structure (R-3m space group) with no detectable secondary phases or structural dis-
tortions. The clear separation of the (108)/(110) peaks indicates high crystallinity in both samples. As sum-
marized in Table 4, the recycled NCM shows a slight decrease in lattice constants (a = 2.8742 Å, c = 14.2468
Å) and unit cell volume (from 101.896 Å to 101.862 Å) compared to the virgin material. Additionally, the
(003)/(104) peak intensity ratio decreased from 1.23 to 1.21, indicating increased cation mixing. This struc-
tural change is likely due to residual Cu in the recycled cathode, which may substitute for Ni or Mn, reducing
structural stability and increasing cation disorder [26].

Electrode Fabrication and Electrochemical Performance Evaluation
Fig. 6(a) compares the initial charge–discharge profiles of the virgin and recycled cathode materials in the

voltage range of 3.0–4.4 V at room temperature with a current density of 0.1 C. The recycled cathode exhib-
ited a slightly lower initial discharge capacity than the virgin one, with initial Coulombic efficiencies of

Fig. 4. (a) XRD patterns of the recovered Li2CO3, showing consistency with the standard PDF card (PDF No. 01-083-
1454); (b) FE-SEM image of the recovered Li2CO3 particles.

Fig. 5. FE-SEM images and XRD patterns of virgin and recycled LiNi0.6Co0.1Mn0.3O2: (a) and (b) FE-SEM images of
virgin and recycled samples, respectively; (c) XRD patterns of both samples.

Table 3. Lattice parameters of virgin and recycled LiNi0.6Co0.1Mn0.3O2.

Composition a(Å) c(Å) Volume (003)/(104)

Virgin-NCM 2.8745 14.2485 101.896 1.23

Recycled-NCM 2.8742 14.2468 101.862 1.21
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96.2% and 96.9%, respectively. This performance degradation is attributed to the residual Al impurity,
which is electrochemically inactive. The presence of Al in cathode materials is well-known to reduce both
the initial charge-discharge capacity and Coulombic efficiency, which is consistent with the observations in
this study [27,28].

Fig. 6(b) presents the cycling performance of the two cathode materials at 1 C. After 100 cycles, the
capacity retention of the virgin and recycled samples was 94.8% and 90.1%, respectively. These results
imply that residual Al could have negatively affected secondary particle formation during co-precipitation,
and Cu may have induced severe cation mixing, as indicated by lattice parameter changes [26,28].

Fig. 6(c) shows the Nyquist plots of the virgin and recycled cathode materials after the initial charge and
discharge cycle. The impedance spectra were fitted using an equivalent circuit model comprising Rsf, Rct, and
Zw, which correspond to surface film resistance, charge transfer resistance at the electrode–electrolyte
interface, and Warburg impedance associated with lithium-ion diffusion within the active material, respec-
tively. This model was selected to accurately reflect the electrochemical behavior of layered oxide cathodes
after cycling. EIS measurements were conducted using a two-electrode cell configuration, with lithium
metal serving as both the counter and reference electrodes. Consequently, the reported Rct and DLi⁺ values
may include contributions from the lithium electrode. Previous studies [28,29] have reported that this con-
figuration merges the impedance responses of both electrodes, thereby complicating the isolation of the
working electrode’s individual behavior. This limitation is acknowledged, and a three-electrode configura-
tion is planned for future studies to enable more accurate analysis. As summarized in Table 4, the virgin
cathode exhibited a lower total resistance, including surface film resistance (Rsf) and charge transfer resis-
tance (Rct), compared to the recycled cathode, which is considered a key factor contributing to its superior
electrochemical performance. Moreover, the increase in surface film and charge transfer resistances sug-
gests the formation of a greater amount of non-conductive interfacial films resulting from side reactions
with the electrolyte [30,31]. The lithium ion diffusion coefficient (DLi) was calculated from the low-fre-
quency impedance region using the relationship between Zre and the reciprocal square root of angular fre-
quency, as shown in Fig. 6(d) and Equation (1) [31]. After the 0.1 C formation cycle, the DLi was determined

Fig. 6. Electrochemical performance of virgin and recycled LiNi0.6Co0.1Mn0.3O2: (a) initial charge-discharge curves; (b)
cycling performance; (c) Nyquist plots; (d) Z’ versus ω-0.5 plots after 0.1C formation.

Table 4. Initial charge and discharge capacity of virgin and recycled LiNi0.6Co0.1Mn0.3O2.

Virgin-NCM Recycled-NCM

Initial charge capacity 178.7mAh/g 178.5mAh/g

Initial discharge capacity 173.2mAh/g 171.7mAh/g

Coulombic efficiency 96.9% 96.2%

Table 5. Impedance and Li+ diffusion coeffcients of virgin and recycled LiNi0.6Co0.1Mn0.3O2. 

 Rsf(Ω) Rct(Ω) DLi (cm2/s)

Virgin-NCM 2.86 45.63 1.43 × 10-15

Recycled-NCM 2.99 89.33 1.29 × 10-15
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to be 1.43 × 10-15 cm2/s for the virgin cathode and 1.29 × 10-15 cm2/s for the recycled cathode, indicating
slightly reduced lithium-ion mobility, likely due to the presence of residual impurities.

CONCLUSION

In this study, an environmentally friendly and simplified recycling process was proposed to selectively
extract lithium from NCM-based cathode materials using reductive roasting and water leaching, without
relying on conventional organic solvent-based separation. Under optimal conditions (n[(NH4)2SO4]:n(2Li) =
1.4:1), a high lithium leaching efficiency of 99.2 wt% was achieved. The recovered Li2CO3 was combined
with a co-precipitated Ni0.6Co0.1Mn0.3(OH)2 precursor to successfully synthesize LiNi0.6Co0.1Mn0.3O2 cathode
materials, which were then compared with those synthesized from virgin raw materials to evaluate perfor-
mance differences.

The recycled cathode exhibited a 1.5 mAh/g lower initial discharge capacity and a 4.7% reduction in
capacity retention compared to the pristine sample. It also showed higher electrochemical resistance and
lower lithium-ion diffusion capability. These performance degradations were attributed to trace metal
impurities remaining in the leachate. In particular, Cu likely substituted for Ni or Mn sites in the lattice,
thereby decreasingstructural stability and increasing cation disorder. Furthermore, Al not only hindered the
growth of secondary particles during the co-precipitation process but was also electrochemically inactive,
reducingthe initial charge-discharge capacity and Coulombic efficiency. Nevertheless, the overall electro-
chemical performance of the recycled material remained sufficiently stableto support the technical feasibil-
ity of the proposed recycling method.

In conclusion, the lithium-first, separation-free recycling process proposed in this study successfully
enables cathode material recovery without the need for complex separation steps. This approach offers a
practical solution for lithium recovery and cathode regeneration, while also contributing to resource circu-
larity and environmental impact reduction. Therefore, it presents a promising direction for the develop-
ment of next-generation lithium-ion battery recycling technologies.
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