
Academic Editor: Sascha Nowak

Received: 16 July 2026

Revised: 3 August 2026

Accepted: 6 August 2026

Published: 24 August 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Selective Lithium Recovery from Spent NCM811 Cathodes
via MnSO4-Assisted Rapid Thermal Reconstruction and
Water Leaching
Zhengwu Peng 1,2, Ruili Zheng 1,2, Xiangyu Wang 2, Zhen Wan 2, Xiaolin Pan 1, Zhi Wang 1,2,*, Zongliang Zhang 3,*,
Dong Wang 2,* and Guoyu Qian 2,*

1 School of Metallurgy, Northeastern University, Shenyang 110819, China; pzw9947@163.com (Z.P.);
ronaldoleonzheng@163.com (R.Z.); panxl@smm.neu.edu.cn (X.P.)

2 Institute of Process Engineering, Chinese Academy of Sciences, Beijing 100190, China;
wxyhwhr@163.com (X.W.); 18151135713@163.com (Z.W.)

3 School of Metallurgy and Environment, Central South University, Changsha 410083, China
* Correspondence: zwang@ipe.ac.cn (Z.W.); zongliang.zhang@csu.edu.cn (Z.Z.); wangdong@ipe.ac.cn (D.W.);

gyqian@ipe.ac.cn (G.Q.)

Abstract

The increasing generation of spent Ni-rich layered cathodes creates an urgent demand for
efficient lithium recovery and value-added reutilisation of transition-metal components.
An MnSO4·H2O-assisted rapid thermal reconstruction route coupled with water leach-
ing was developed for selective lithium recovery from spent NCM811 cathodes. At an
MnSO4·H2O-to-NCM811 mass ratio of 0.9:1, an applied current of 30 A, and a treat-
ment duration of 20 s, the layered structure was converted into water-soluble lithium
sulfates and transition-metal-rich oxides. Water leaching at 20 ◦C for 20 min achieved a
stage lithium-leaching recovery of 99.12%, with limited dissolution of Ni, Co, and Mn.
The combined aqueous stream contained 0.42 g L−1 Li. After concentration and CO2

carbonation, Li2CO3 was obtained with a precipitation efficiency of 90.6% and a pu-
rity of 99.52 wt.%, corresponding to an overall lithium recovery of 88.7%. Elemental-
balance closures were 98.6–99.6% for Li, Ni, Co, Mn, and S. The regenerated cathode
LiNi0.54Co0.07Mn0.39O2 delivered 95.2 mAh g−1 after 150 cycles at 0.2 C. These results
demonstrate integrated lithium recovery and transition-metal reutilisation from spent
Ni-rich cathodes.

Keywords: spent NCM811 cathodes; rapid thermal reconstruction; selective lithium
recovery; water leaching; component reutilisation

1. Introduction
Lithium-ion batteries serve as core energy storage devices for new energy vehicles,

large-scale energy storage and 3C electronics [1,2]. Industry projections indicate global
lithium-ion battery demand will exceed 2800 GWh by 2030 and surpass 9000 GWh by
2050 [3]. Ternary Ni-Co-Mn cathodes have been widely commercialized due to high energy
density [4]. The consumption of strategic metals, including Li, Ni, Co, and Mn, continues
to increase, whereas primary mineral reserves are limited and their extraction is associated
with considerable environmental impacts [5,6]. The typical service life of commercial power
batteries is approximately 5–8 years, and a large number of batteries deployed during the
early expansion of the electric-vehicle industry are now approaching end of life [7]. Simple
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disposal such as landfilling or incineration leads to permanent loss of scarce Li, Ni and Co,
and leakage of electrolyte and heavy metals causes long-term soil and water pollution [8,9].
Meanwhile, black mass from spent lithium-ion batteries acts as high-grade urban mines
with much higher valuable metal contents than natural ores [5,10,11]. Under the imbalance
of metal supply and demand as well as dual-carbon restrictions, efficient recovery of waste
cathode materials is an essential way to stabilize the new energy industrial chain.

At present, mainstream recycling technologies for spent ternary lithium-ion batteries
are divided into pyrometallurgy and hydrometallurgy [9,12]. Conventional pyrometallurgy
adopts smelting above 1200 ◦C and omits complicated pretreatment like disassembly and
crushing [13–15]. However, in conventional alloy-producing smelting routes, lithium is
commonly transferred to the slag or volatilized into the flue dust, resulting in relatively low
direct lithium recovery [16,17]. This technology also consumes massive fuel and generates
fluorine-containing toxic waste gas with high tail gas treatment costs [18,19]. As a mature
industrial route, hydrometallurgy separates metals via acid-base leaching and solvent
extraction [20,21]. Its Ni and Co recovery rates reach 99.2%, and the total recovery rate
of all metals exceeds 95% [3]. The energy consumption stands at only 1.8–2.3 kWh per
kilogram, one quarter of that of pyrometallurgy [22–25]. Nevertheless, hydrometallurgy
features lengthy procedures and massive consumption of acids, alkalis and extractants,
producing large amounts of saline wastewater and hazardous solid waste with poor
environmental friendliness [22,26–28]. The inherent drawbacks of the two methods restrict
large-scale closed-loop recycling, so mild, short-flow and low-energy recycling strategies are
urgently required.

To address the limitations of conventional recycling technologies, this work develops
an MnSO4-assisted rapid thermal reconstruction route for the selective recovery of lithium
from spent NCM811 cathode materials. The effects of the MnSO4·H2O addition ratio,
applied current, and treatment duration on phase evolution are systematically investigated.
The reconstructed products are subsequently treated by water leaching, and the effects of
leaching temperature, duration, and solid loading on lithium recovery and transition-metal
dissolution are evaluated. In addition, the lithium-rich leachate and transition-metal-rich
residue are further utilized for Li2CO3 recovery and cathode regeneration, respectively.
This study provides an experimental basis for integrating selective lithium separation with
the reutilization of Ni, Co, and Mn components.

2. Experimental Procedure
2.1. Chemicals and Materials

The as-received spent NCM811 cathode powder was supplied by a battery-recycling
enterprise in Hebei Province, China. The powder contained NCM811 active material
together with heterogeneously distributed residual graphite and polymeric binder origi-
nating from the industrial electrode-separation process. MnSO4·H2O, anhydrous NiSO4,
and all other chemical reagents were of analytical grade and purchased from Aladdin Bio-
chemical Technology Co., Ltd. (Shanghai, China). Deionized water was used throughout
the experiments.

The bulk elemental composition of the as-received spent NCM811 cathode powder
was determined by complete digestion followed by ICP-OES analysis. The contents of Li,
Ni, Co and Mn were 7.30, 48.90, 6.88 and 3.29 wt.%, respectively.

2.2. Experimental Methods

As illustrated in Figure 1, the as-received NCM811 powder was mixed with the selected
sulfate at prescribed mass ratios, thoroughly ground, and compacted into pellets. Each pellet
was placed between two graphite-felt strips with dimensions of 6.0 cm × 1.5 cm × 3 mm. The
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two ends of the graphite felts were connected to a direct-current power supply using copper
clamps, forming a Joule-heating platform, as shown in Figure 1a. The assembled device
was transferred into a glove box and purged three times with high-purity Ar to establish an
inert atmosphere. The transient heating intensity and treatment duration were controlled by
adjusting the applied current and energization time, respectively. The treatment duration was
varied from 5 to 60 s.

Figure 1. (a) Schematic diagram of rapid thermal reconstruction reaction device; (b) digital photo-
graph of glove box equipped with rapid thermal reconstruction platform; (c) overall technological
flow chart of sulfate-assisted rapid thermal reconstruction recycling process.

After rapid thermal reconstruction, the entire product obtained from each run was
quantitatively transferred, ground, and subjected to water leaching in a covered glass
beaker containing 50.0 mL of deionised water. The suspension was agitated at 800 rpm
using an intelligent magnetic stirrer equipped with a polytetrafluoroethylene-coated
magnetic stirring bar (Beijing Xingde Jingyi Laboratory Instrument Co., Ltd., Beijing,
China). The glass beaker was covered with a watch glass during leaching but was not
hermetically sealed.

The leaching temperature was varied from 20 to 100 ◦C at intervals of 10 ◦C, the
leaching duration was varied from 5 to 25 min at intervals of 5 min, and the solid loading
was varied among 1.25, 2.5, 5.0, 7.5, 10.0, 12.5, 15.0, 17.5, and 20.0 g L−1. Unless otherwise
specified, the leaching experiments were conducted at 20 ◦C for 20 min with a solid
loading of 17.5 g L−1.

The mass of the covered leaching vessel and its contents was recorded before and im-
mediately after each experiment. After leaching, the suspension was cooled to room
temperature, and the final liquid volume was measured. The evaporation loss was
0.28% under the preferred leaching conditions and increased to 4.83% at 100 ◦C. The
measured final liquid volume, rather than the nominal initial volume of 50.0 mL, was
used in all recovery calculations. The suspension was vacuum-filtered using an SHZ-DIII
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circulating-water vacuum pump (Gongyi Yuhua Instrument Co., Ltd., Gongyi, China) and a
0.45 µm polyethersulfone membrane. The solid residue was washed three times using
10.0 mL of deionised water in each washing step. The primary leachate, the three residue-
washing solutions, and a final 5.0 mL equipment-rinsing solution were collected and
analysed separately. The washed residue was dried at 45 ◦C for 24 h and weighed before
further characterisation.

All leaching experiments were independently performed in triplicate. The numerical
values reported in the main text and tables represent the arithmetic means of three indepen-
dent experiments. Where applicable, the corresponding standard deviations are presented
as error bars in the figures. The stage leaching recovery or dissolution loss of element i was
calculated using Equation (1):

Ri,stage =
Ci,LVL + ∑j Ci,w,jVw,j + ∑k Ci,R,kVR,k

Mi,Rp
× 100% (1)

where Ri,stage is the stage leaching recovery or dissolution loss of element i; Ci,L and VL

are the concentration of element i and the measured volume of the primary leachate,
respectively; Ci,w,j and Vw,j are the concentration of element i and the volume of the jth
residue-washing solution, respectively; Ci,R,k and VR,k are the concentration of element i
and the volume of the kth equipment-rinsing solution, respectively; and Mi,RP is the mass
of element i initially contained in the reconstructed product, as determined by complete
digestion followed by ICP-OES analysis.

The stage lithium-leaching recovery therefore represents the proportion of lithium
transferred from the reconstructed product into the combined primary leachate, residue-
washing solutions, and equipment-rinsing solution. It should not be interpreted as
the overall recovery of lithium from the initial spent NCM811 powder to the final
Li2CO3 product.

To recover Li2CO3, the combined primary leachate, residue-washing solutions, and
equipment-rinsing solution, containing 0.42 g L−1 Li, were concentrated under reduced
pressure until the Li concentration reached 4.20 g L−1. The concentrated solution was
transferred into a thermostatically controlled glass reactor and maintained at 25 ◦C. Its
initial pH was adjusted to 12.80 using 2.0 mol L−1 NaOH.

Carbon dioxide was introduced at a flow rate of 250 mL min−1 for 40 min under
continuous magnetic stirring at 500 rpm. Carbonation was terminated when the solution
pH decreased to 10.80. The resulting suspension was aged for 45 min and subsequently
filtered through a 0.45 µm polyethersulfone membrane.

The precipitate was washed twice using 10.0 mL of cold Li2CO3-saturated water in
each washing step and was then dried at 90 ◦C for 12 h. The precipitation mother liquor
and all product-washing solutions were collected separately and analysed by ICP-OES and
ion chromatography.

The lithium precipitation efficiency was calculated using Equation (2):

PLi =
mLi,product

mLi,precipitation feed
× 100% (2)

where PLi is the lithium precipitation efficiency; mLi, product is the mass of lithium con-
tained in the recovered Li2CO3 product; and mLi, precipitation-feed is the total mass of
lithium entering the precipitation stage.

The overall lithium recovery was calculated using Equation (3):

RLi,overall =
mLi,product

mLi,initial feed
×100% (3)
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where RLi, overall is the overall lithium recovery from the initial spent NCM811 powder to
the final Li2CO3 product, and mLi, initial-feed is the mass of lithium initially contained in
the as-received spent NCM811 powder. For cathode resynthesis, the transition-metal-rich
leaching residue was completely digested and analysed by ICP-OES before relithiation. The
measured Ni:Co:Mn molar ratio of the residue was 0.55:0.07:0.38. The residue was mixed
with Li2CO3 at a nominal Li-to-total-transition-metal molar ratio of 1.05:1. Anhydrous
ethanol was added at a liquid-to-solid mass ratio of 2:1, and zirconia milling balls were
introduced at a ball-to-powder mass ratio of 20:1. The mixture was ball-milled at 400 rpm
for 12 h, dried at 70 ◦C for 24 h, and passed through a 400-mesh sieve. The homogenised
powder was placed in a muffle furnace (SGM-M30/16, Sigma (Shanghai) High Temperature
Electric Furnace Co., Ltd., Shanghai, China), preheated at 400 ◦C for 2 h, and subsequently
calcined at 800 ◦C for 8, 12, or 16 h at a heating rate of 5 ◦C min−1. The material calcined
at 800 ◦C for 16 h was selected for subsequent electrochemical characterisation. The final
Li, Ni, Co, and Mn contents of the resynthesised cathode were determined by complete
digestion followed by ICP-OES. The measured Li-to-total-transition-metal molar ratio was
1.00, and the Ni:Co:Mn molar ratio was 0.54:0.07:0.39. Accordingly, the regenerated cathode
was designated as LiNi0.54Co0.07Mn0.39O2 (Figure 1c).

2.3. Process-Stream Sampling and Elemental Mass-Balance Calculations

A process-wide elemental balance was established for Li, Ni, Co, Mn, and S. The
balance was normalised to 100 g of as-received spent NCM811 cathode powder and 90 g of
MnSO4·H2O, corresponding to the selected MnSO4·H2O-to-NCM811 mass ratio of 0.9:1.

The input masses of Li, Ni, Co, and Mn from the spent NCM811 powder were 7.30,
48.90, 6.88, and 3.29 g, respectively. The addition of 90 g of MnSO4·H2O introduced an
additional 29.25 g of Mn and 17.07 g of S.

The following process streams were independently collected and analysed: The re-
constructed product, material remaining on the graphite felt and transfer tools, primary
leachate, residue-washing solutions, equipment-rinsing solution, water-leaching residue,
concentrated lithium solution, Li2CO3 product, precipitation mother liquor, Li2CO3 wash-
ing solutions, and resynthesised cathode material.

The mass of element i in each solid stream was calculated using Equation (4):

mi,s = mswi,s (4)

where mi,s is the mass of element i in solid stream s; ms is the dry mass of solid stream s;
and wi,s is the measured mass fraction of element i in solid stream s.

The mass of element i in each liquid stream was calculated using Equation (5):

mi,l = C(i,l)Vl (5)

where mi,l is the mass of element i in liquid stream l; Ci,l is its measured concentration; and
Vl is the measured final volume of the liquid stream.

The elemental-balance closure was calculated using Equation (6):

Bi =
∑s mi,s + ∑l mi,l

mi,input
× 100% (6)

where Bi is the balance closure of element i; mi,input is the total input mass of element i; Σs

mi,s is its total measured mass in all solid output streams; and Σl mi,l is its total measured
mass in all liquid output streams.

The apparent unaccounted fraction was calculated using Equation (7):
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Ui = 100% – Bi (7)

where Ui is the apparent unaccounted fraction of element i, arising from incomplete material
transfer, volatilisation, sampling losses, or analytical uncertainty.

The specific MnSO4·H2O dosage was calculated using Equation (8):

DMnSO4·H2O =
mMnSO4·H2O,added

mLi, recovered
(8)

To quantify sulfur released during rapid thermal treatment, the outlet gas was passed
successively through two absorption bottles containing 0.2 mol L−1 NaOH and 2 wt.%
H2O2. Sulfur in the absorption solutions was oxidised to sulfate and quantified by
ion chromatography.

All material-balance experiments were independently performed three times. The
numerical values reported in the main text and tables represent the arithmetic means of the
independent experiments.

2.4. Characterization

X-ray diffraction (XRD; SmartLab 9 kW, Rigaku Corporation, Tokyo, Japan) with Cu
Kα radiation was used to identify the crystalline phases. The diffraction patterns were
collected over a 2θ range of 5–90◦ at a scanning rate of 20◦ min−1. Thermogravimetric
and differential thermogravimetric analyses were performed using a SETARAM LABSYS
EVO instrument (SETARAM Instrumentation, Caluire, France). Approximately 10.2 mg
of powder was placed in an open alumina crucible and heated from room temperature to
1000 ◦C at 10 ◦C min−1 under high-purity Ar flowing at 80 mL min−1. An empty-crucible
baseline was recorded under identical conditions and subtracted from the sample curve.
Fourier-transform infrared spectroscopy (FTIR, Bruker T27, Bruker Optik GmbH, Ettlingen,
Germany) was used to characterize the surface functional groups. The morphologies and
elemental distributions of the samples were examined by scanning electron microscopy
coupled with energy-dispersive X-ray spectroscopy (SEM-EDS, JEOL JSM-7800 Prime, JEOL
Ltd., Akishima, Japan equipped with an Oxford EDS detector, Oxford Instruments plc,
High Wycombe, UK). The concentrations of metal ions in the leachates were determined by
inductively coupled plasma optical emission spectroscopy (ICP-OES, PerkinElmer Avio
200, PerkinElmer, Inc., Shelton, CT, USA).

2.5. Electrochemical Performance Test

The cathode slurry was prepared by mixing the resynthesised active material, acetylene
black and poly (vinylidene fluoride) at a mass ratio of 8:1:1 using N-methyl-2-pyrrolidone
as the solvent. The slurry was uniformly coated onto Al foil and vacuum-dried at 100 ◦C
for 10–12 h. CR2032 coin-type half-cells were assembled in an Ar-filled glove box using Li
metal as the counter electrode and 1 M LiPF6 dissolved in a mixture of ethylene carbonate
and diethyl carbonate (1:1 by volume) as the electrolyte.

The assembled CR2032 coin cells were rested for 24 h before electrochemical test-
ing. Galvanostatic charge–discharge measurements were performed at 25 ◦C using a
LAND CT2001A battery-testing system over a voltage range of 2.8–4.3 V versus Li/Li+.
Electrochemical impedance spectroscopy was conducted using a CHI660 electrochemical
workstation at the open-circuit voltage with a perturbation amplitude of 5 mV over a
frequency range of 105–0.01 Hz. For qualitative comparison, electrochemical impedance
spectroscopy was also performed on the as-received NCM811 cathode using the same
electrode-fabrication, cell-assembly, and testing procedures. At least three independently
assembled CR2032 cells containing the regenerated cathode material were tested. The
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numerical values reported in the main text represent the arithmetic means of the inde-
pendently tested cells. Electrochemical impedance spectra were fitted using the same
equivalent circuit, and the quality of each fit was evaluated using the corresponding
chi-squared value.

3. Results and Discussion
3.1. Raw Material Characterization and Principle of Rapid Thermal Reconstruction

The as-received spent NCM811 cathode powder was characterized by XRD, SEM-EDS,
FTIR, and TG-DTG, as shown in Figure 2a–d). The XRD pattern in Figure 2a shows that
the major diffraction peaks can be assigned to the layered NCM811 phase, indicating that
the bulk layered structure is largely retained after battery service. Weak graphite-related
reflections are also observed, which are attributed to incomplete separation of the cathode
and anode components during industrial pretreatment. The SEM image in Figure 2b
shows spherical secondary particles with a broad particle-size distribution. The EDS maps
indicate relatively homogeneous distributions of Ni, Co, Mn, and O within the examined
region. The FTIR spectrum in Figure 2c contains bands associated with C-C, C-F, and C-H
vibrations, suggesting the presence of residual carbonaceous species and PVDF binder.

The TG-DTG curve in Figure 2d exhibits a pronounced mass loss during heating. The
pronounced mass loss is attributed to the combined contributions of residual graphite,
polymeric binder, electrolyte-derived species, and oxygen release from the layered oxide.
The weak graphite-related reflections in Figure 2a, together with the C-C, C-F, and C-H
vibration bands in Figure 2c, support the presence of residual carbonaceous components
resulting from incomplete separation of the cathode and anode materials.

Because the as-received material was obtained from an industrial electrode-separation
process and contained residual graphite, the TG curve represents the thermal behaviour
of a mixed cathode powder rather than that of pure NCM811. The relatively large mass
loss may also be associated with the heterogeneous distribution and local enrichment of
graphite in the small powder aliquot used for TG analysis. During heating, residual carbon
may react with oxygen released from the layered oxide, further contributing to the observed
mass decrease.

A sulfate-assisted transient high-temperature rapid thermal reconstruction process
was established to realize efficient phase reconstruction of spent NCM811, as well as selec-
tive lithium leaching and green regeneration of ternary oxide precursors. Different from
the conventional slow resistive heating of tube furnaces, the instantaneous temperature
and thermal holding behaviour of the carbon felt platform can be precisely regulated by ad-
justing pulse current intensity and energization duration [27,29,30]. At an applied current
of 30 A, the temperature of the graphite-felt heating region increases from approximately
25 ◦C to nearly 1600 ◦C within 10 s, corresponding to an average heating rate of approxi-
mately 9.5 × 103 ◦C min−1 (Figure 2e). This rate is approximately 500–1900 times higher
than the typical heating rates of 5–20 ◦C min−1 used in conventional tube furnaces. The
short high-temperature exposure may limit long-range solid-state diffusion and reduce the
duration available for metal volatilization. Meanwhile, the transient thermal field promotes
rapid structural collapse and phase reconstruction of the layered cathode material. After
the power is switched off, the heating region cools rapidly, favoring the preservation of
metastable or fine-grained reconstructed phases. The demonstrated advantage of pulsed
Joule heating lies primarily in its rapid and controllable thermal input. The graphite-felt
heater was powered by a RU-36-6060 direct-current power supply and operated in an
Ar-filled MT-STX2 glove box. The temperature of the central heating region was moni-
tored using an infrared thermometer with an accuracy of ±1.5%. At 30 A, the heating
region reached approximately 1600 ◦C within 10 s, enabling the major phase reconstruc-
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tion to be completed within 20 s. This short high-temperature exposure is substantially
shorter than the heating and holding periods generally required for conventional furnace
treatment. Because the specific electrical energy consumption was not measured in the orig-
inal experiments, the present study does not claim a quantitative energy advantage over
conventional heating.

Figure 2. (a) XRD pattern of the as-received spent NCM811 cathode powder; (b) SEM-EDS mapping
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of spent NCM811 cathode material; (c) FTIR spectrum of spent NCM811 cathode material;
(d) TG-DTG curves of spent NCM811 cathode material; (e) temperature of double-layer carbon
felt over time.

The intrinsic properties of raw materials and the ultra-fast thermal regulation mecha-
nism jointly build a unique reaction system, which facilitates the structural modification
and component transformation of cathode materials. On the basis of the above fundamental
characteristics and process mechanisms, the structural and phase evolution behaviours of
cathode materials during thermal treatment can be systematically explored.

3.2. MnSO4-Assisted Rapid Thermal Reconstruction and Phase Evolution of the Cathode Material

XRD was used to determine how the sulfate reagent and transient thermal conditions
governed the phase reconstruction of spent NCM811. MnSO4·H2O was mechanically
mixed with the spent cathode powder as a solid reconstruction reagent before Joule heating.
No aqueous sulfate medium was present during rapid thermal treatment. Water was
introduced only after thermal reconstruction to selectively dissolve the newly formed
lithium-bearing sulfate phases. Therefore, the proposed route consists of a solid-state
sulfate-assisted phase-reconstruction step followed by an aqueous water-leaching step,
rather than thermal treatment in an aqueous sulfate solution.

NiSO4 and MnSO4·H2O were selected for comparative experiments because both
reagents contain transition-metal elements already present in ternary cathode materials and
therefore avoid the introduction of difficult-to-remove foreign elements. Figure 3a presents
the XRD patterns of NCM811 treated with different amounts of NiSO4. At a NiSO4-to-
NCM811 mass ratio of 0.5:1, distinct reflections of residual layered NCM811 remained,
indicating that the sulfate addition was insufficient for complete reconstruction. When
the NiSO4-to-NCM811 mass ratio was increased to 1:1, the layered NCM811 reflections
disappeared, while residual NiSO4, Li2SO4, NiO, and Ni-Co-Mn-O composite oxides were
detected. The residual NiSO4 reflections indicate excessive reagent addition.

A quantitative comparison was subsequently conducted under the respective preferred
conditions for the two sulfate reagents. The stage lithium recoveries (Table 1). obtained
using MnSO4·H2O and NiSO4 were 99.12% and 98.54%, respectively. For the MnSO4-
assisted system, the dissolution losses of Ni, Co, and Mn were 0.56%, 0.29%, and 2.85%,
respectively. For the NiSO4-assisted system, the corresponding dissolution losses were
1.18%, 0.31%, and 0.48%, respectively. Although NiSO4 also achieved a high lithium
recovery, it introduced additional Ni into the solid residue and shifted the Ni:Co:Mn ratio
away from that required for controlled cathode resynthesis.

Table 1. Quantitative comparison of sulfate reagents under the selected rapid thermal reconstruction
conditions.

Sulfate
Reagent

Sulfate-to-
NCM811

Mass Ratio
Current (A) Duration (s) Li Recovery (%) Ni Dissolution

Loss (%)
Co Dissolution

Loss (%)
Mn Dissolution

Loss (%)

MnSO4·H2O 0.9:1 30 20 99.12 0.56 0.29 2.85
NiSO4 1.0:1 30 20 98.54 1.18 0.31 0.48

CoSO4 was not included in the experimental comparison because its addition would
similarly alter the Co fraction of the transition-metal-rich residue. Moreover, the use of a
cobalt-containing reagent is less favourable in terms of reagent cost and critical-metal con-
servation. Since the purpose of the reconstruction reagent was to promote lithium sulfation
while enabling reutilisation of the remaining transition-metal components, MnSO4·H2O
was considered more compatible with the subsequent cathode-resynthesis process. Nev-
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ertheless, the absence of a direct CoSO4 comparison is recognised as a limitation of the
present study.

 
Figure 3. XRD patterns showing phase evolution during sulfate-assisted rapid thermal reconstruction:
(a) NCM811 mixed with NiSO4 at different mass ratios; (b) NCM811 mixed with MnSO4·H2O at
different mass ratios; (c) NCM811/MnSO4·H2O mixtures treated at 20 A for different durations; and
(d) NCM811/MnSO4·H2O mixtures treated at 30 A for different durations.

Figure 3b shows the XRD patterns of the products obtained at different MnSO4·H2O-
to-NCM811 mass ratios. At a ratio of 0.5:1, the major reconstructed phases were Li2SO4,
NiO, and Ni-Co-Mn-O composite oxides, but the stage lithium recovery was only 91.84%,
indicating incomplete conversion of lithium into water-soluble sulfate phases. Increasing
the mass ratio to 0.7:1 increased the lithium recovery to 97.26%. At a ratio of 0.9:1, no
detectable layered NCM811 reflections remained, and the lithium recovery reached 99.12%.

Further increasing the MnSO4·H2O-to-NCM811 mass ratio to 1.0:1, 1.5:1, and 2.0:1 re-
sulted in lithium recoveries of 99.20%, 99.28%, and 99.31%, respectively (Table 2). However,
the corresponding manganese dissolution losses increased from 2.85% at 0.9:1 to 3.35%,
5.25%, and 7.40%, respectively. The corresponding specific MnSO4·H2O dosages were 7.46,
9.86, 12.44, 13.81, 20.70, and 27.59 g of MnSO4·H2O per gram of recovered Li at mass ratios
of 0.5:1, 0.7:1, 0.9:1, 1.0:1, 1.5:1, and 2.0:1, respectively. Thus, increasing the mass ratio
above 0.9:1 markedly increased reagent consumption while producing only a marginal
improvement in lithium recovery.

The increased manganese dissolution at high MnSO4·H2O additions was consistent
with the progressive appearance of Li4Mn2(SO4)4 reflections. Although Li4Mn2(SO4)4 is
water-soluble and does not substantially reduce lithium extraction, its formation trans-
fers additional Mn into the leachate and increases sulfate consumption. Therefore, an
MnSO4·H2O-to-NCM811 mass ratio of 0.9:1 was selected because it provided a favourable
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compromise among lithium recovery, complete reconstruction of the layered cathode,
manganese retention, and specific reagent consumption.

Table 2. Effect of the MnSO4·H2O-to-NCM811 mass ratio on lithium recovery, manganese dissolution,
and specific reagent dosage.

MnSO4·H2O-to-NCM811 Mass Ratio Li Recovery (%) Mn Dissolution Loss (%) Specific MnSO4·H2O Dosage
(g g−1 Recovered Li)

0.5:1 91.84 0.74 7.46
0.7:1 97.26 1.46 9.86
0.9:1 99.12 2.85 12.44
1.0:1 99.20 3.35 13.81
1.5:1 99.28 5.25 20.70
2.0:1 99.31 7.40 27.59

At a fixed applied current of 20 A, the effect of treatment duration on phase evolution
is shown in Figure 3c. Short treatment durations provide insufficient thermal input to
disrupt the layered NCM811 structure. After 40 s, the characteristic reflections of layered
NCM811 are no longer detectable, and the dominant crystalline products are assigned
to Li2SO4, NiO and Ni-Co-Mn-O composite oxides. Thus, a longer treatment duration is
required to achieve comparable phase reconstruction at 20 A.

XRD patterns of the samples treated at 30 A for different durations are shown in
Figure 3d. The higher current provides a greater transient thermal input, thereby accelerat-
ing the collapse and phase reconstruction of the layered NCM811 structure. After 20 s of
treatment, the characteristic diffraction peaks of layered NCM811 are no longer detectable,
while Ni-Co-Mn-O spinel-type composite oxides and NiO become the dominant crystalline
phases. Compared with the treatment at 20 A, the application of 30 A substantially reduces
the time required for phase reconstruction.

These results demonstrate that the sulfate reagent, reagent addition, applied current,
and treatment duration jointly determine the extent of layered-structure collapse and the
phase assemblage of the reconstructed products. MnSO4·H2O provided a slightly higher
lithium recovery than NiSO4 and avoided the excessive introduction of Ni or Co into the
transition-metal-rich residue. An MnSO4·H2O-to-NCM811 mass ratio of 0.9:1 was selected
because further reagent addition produced only a marginal increase in lithium recovery but
substantially increased manganese dissolution and specific reagent consumption. Accord-
ingly, the preferred reconstruction conditions were an MnSO4·H2O-to-NCM811 mass ratio
of 0.9:1, an applied current of 30 A, and a treatment duration of 20 s. Under these conditions,
lithium was predominantly converted into water-soluble sulfate phases, whereas Ni, Co,
and most of the Mn remained in transition-metal-rich oxide phases.

3.3. Optimization of Water Leaching Parameters and Selective Separation of Lithium

Cathode materials subjected to rapid thermal reconstruction exhibit distinctly different
dissolution behaviours in water. The reconstructed products contain water-soluble lithium-
bearing sulfate phases, including Li2SO4 and Li4Mn2(SO4)4, together with water-insoluble
transition-metal-rich oxide phases, such as Ni-Co-Mn-O spinel-type composite oxides. The
marked difference in water solubility between these phases provides the physicochemical
basis for selective lithium separation using water as the leaching agent. Accordingly, the
effects of leaching temperature, leaching duration, and solid loading on lithium recovery
and the dissolution losses of Ni and Co were systematically investigated.

With the leaching duration and solid loading fixed at 20 min and 17.5 g L−1, respec-
tively, the leaching temperature was varied from 20 to 100 ◦C. As shown in Figure 4a,
lithium recovery remained essentially unchanged over the investigated temperature range,
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indicating that the lithium-bearing sulfate phases dissolved readily in water. Therefore,
20 ◦C was selected as the preferred leaching temperature to avoid unnecessary thermal
input. As shown in Figure 4b, the dissolution losses of Ni and Co remained below 0.6%,
confirming that the transition-metal-rich oxide phases were only slightly dissolved during
water leaching.

 

Figure 4. Effects of water-leaching parameters on metal separation: (a) lithium recovery and
(b) Ni and Co dissolution losses at different temperatures; (c) lithium recovery and (d) Ni and
Co dissolution losses at different leaching durations; and (e) lithium recovery and (f) Ni and Co
dissolution losses at different solid loadings.

The effect of leaching duration was subsequently investigated at 20 ◦C and a solid
loading of 17.5 g L−1. Lithium recovery exceeded 98% after 5 min and increased to
approximately 99% after 20 min. Further extension of the leaching duration produced no
appreciable improvement. Meanwhile, the dissolution losses of Ni and Co remained below
0.6% throughout the investigated duration range. Therefore, 20 min was selected as the
preferred leaching duration.

The effect of solid loading was evaluated at 20 ◦C with a fixed leaching duration of
20 min. Lithium recovery remained above 98.8% throughout the investigated solid-loading
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range, indicating that selective lithium extraction could be maintained at relatively high
solid loadings. Considering lithium recovery and process throughput, a solid loading of
17.5 g L−1 was selected.

The complete ionic composition of the combined primary leachate, residue-washing
solutions, and equipment-rinsing solution was determined under the preferred conditions.
The combined aqueous stream contained 0.42 g L−1 Li and 2.76 g L−1 sulfate. The concen-
trations of Ni, Co, and Mn were 15.8, 1.2, and 53.6 mg L−1, respectively. The concentrations
of Na, Al, Cu, Fe, Ca, and Mg were 8.4, 3.2, 1.4, 2.6, 6.8, and 2.1 mg L−1, respectively.
The concentrations of fluoride and chloride were 4.5 and 1.2 mg L−1, respectively. The
final pH of the combined solution was 6.92. Under the preferred conditions, the stage
lithium-leaching recovery was 99.12%. The dissolution losses of Ni, Co, and Mn were
0.56%, 0.29%, and 2.85%, respectively. The complete ionic composition of the combined
aqueous stream obtained under the preferred conditions is summarised in Table 3.

Table 3. Chemical composition of the combined aqueous stream obtained under the preferred
water-leaching conditions.

Component Concentration

Li 0.42 g L−1

SO4
2− 2.76 g L−1

Ni 15.8 mg L−1

Co 1.2 mg L−1

Mn 53.6 mg L−1

Na 8.4 mg L−1

Al 3.2 mg L−1

Cu 1.4 mg L−1

Fe 2.6 mg L−1

Ca 6.8 mg L−1

Mg 2.1 mg L−1

F− 4.5 mg L−1

Cl− 1.2 mg L−1

pH 6.92

Of the total lithium transferred to the aqueous phase, 93.70% was present in the
primary leachate, 5.40% was recovered in the residue-washing solutions, and 0.90% was
recovered in the equipment-rinsing solution. Therefore, the washing and rinsing so-
lutions together accounted for 6.30% of the leached lithium and were included in all
recovery calculations.

SEM-EDS characterization was performed to compare the morphology and local
elemental distributions of the reconstructed products before and after water leaching, as
shown in Figure 5. Following the transient high-temperature treatment, the original fine
particles partially sintered and agglomerated into larger irregular particles. Ni, Co, Mn, S,
and O were detected by EDS, whereas Li could not be reliably detected because of its low
atomic number. Among the detectable elements, Mn exhibited the highest local relative
content, suggesting that Mn introduced by MnSO4·H2O participated in the formation of
the transition-metal-rich oxide phases. After water leaching, Ni and Mn each accounted for
approximately 36% of the locally detected elements in the residue. The slight decrease in the
relative Mn content may be associated with the dissolution of water-soluble Mn-containing
sulfate phases, particularly Li4Mn2(SO4)4, which could transfer part of the Mn into the
leachate together with lithium. The observed changes in local elemental distribution are
consistent with the selective removal of soluble sulfate phases during water leaching.

https://doi.org/10.3390/separations13090239

https://doi.org/10.3390/separations13090239


Separations 2026, 13, 239 14 of 19

However, because EDS provides only local semiquantitative information, bulk chemical
analysis is still required to establish the overall metal distribution and mass balance.

Figure 5. SEM-EDS images of sulfate-assisted rapid thermal reconstruction products (a) before and
(b) after water leaching.

Overall, the rapid thermal reconstruction process produced water-soluble lithium-
bearing sulfates and water-insoluble transition-metal-rich oxides, enabling selective lithium
separation using pure water. Under the preferred conditions, the stage lithium recovery
was 99.12%, while the dissolution losses of Ni, Co, and Mn were 0.56%, 0.29%, and 2.85%,
respectively. The process consequently generated a lithium-rich aqueous stream and a
transition-metal-rich solid residue for subsequent Li2CO3 recovery and cathode resynthesis.

3.4. Recovery of Lithium Carbonate and Resynthesis of a Layered Ternary Cathode Material

The preceding selective water-leaching process yields a lithium-rich leachate and a
transition-metal-rich solid residue. The lithium-rich leachate was further processed to
recover Li2CO3, whereas the solid residue was relithiated to resynthesise a layered ternary
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cathode material. The electrochemical performance of the resynthesised material was
subsequently evaluated.

Before carbonation, the combined lithium-rich aqueous stream was concentrated
under reduced pressure from an initial Li concentration of 0.42 g L−1 to 4.20 g L−1. This
concentration step increased the supersaturation available for Li2CO3 precipitation. The
initial pH of the concentrated solution was adjusted to 12.80 using NaOH. Carbon dioxide
was introduced at 250 mL min−1 and 25 ◦C for 40 min. The final pH was 10.80. After
carbonation, the suspension was aged for 45 min, filtered, washed twice with cold Li2CO3-
saturated water, and dried at 90 ◦C for 12 h. The lithium precipitation efficiency was 90.6%.
A total of 34.7 g of Li2CO3 product was obtained per 100 g of as-received spent NCM811
powder. The overall lithium recovery from the initial spent NCM811 powder to the
Li2CO3 product was 88.7%. The precipitation mother liquor and product-washing solutions
contained 7.50% and 1.90% of the lithium entering the precipitation stage, respectively.
These streams therefore represent the principal remaining opportunities for improving
the overall lithium recovery. The XRD pattern agreed well with the reference pattern of
Li2CO3 and showed no detectable crystalline transition-metal-containing impurity phases.
However, chemical purity was determined from bulk chemical analysis rather than from
XRD peak matching. ICP-OES and ion-chromatography analyses gave a Li2CO3 chemical
purity of 99.52 wt.%. The principal impurities were Na at 0.18 wt.% and sulfate at 0.21 wt.%.
The concentrations of Mn, Ni, and Co were 85, 32, and less than 10 mg kg−1, respectively.
The chemical composition of the recovered Li2CO3 product is summarised in Table 4.

Table 4. Chemical composition of the recovered Li2CO3 product.

Parameter Measured Value

Li2CO3 purity 99.52 wt.%
Na 0.18 wt.%

SO4
2− 0.21 wt.%

Mn 85 mg kg−1

Ni 32 mg kg−1

Co <10 mg kg−1

Lithium precipitation efficiency 90.6%
Product yield 34.7 g per 100 g spent NCM811

Overall lithium recovery 88.7%

The simplified Li2O-CO2 thermodynamic calculation shown in Figure 6b provides
qualitative support for carbonate formation. However, precipitation from the actual sulfate-
containing aqueous solution is also controlled by lithium concentration, solution pH,
carbonate-bicarbonate equilibria, ionic strength, and sulfate activity.

ICP-OES analysis showed that the transition-metal-rich residue had a Ni:Co:Mn
molar ratio of 0.55:0.07:0.38. After relithiation and calcination, the resynthesised cath-
ode had a Li-to-total-transition-metal molar ratio of 1.00 and a Ni:Co:Mn molar ratio of
0.54:0.07:0.39. Accordingly, the measured composition of the regenerated cathode was
LiNi0.54Co0.07Mn0.39O2. Although the regenerated material is labelled as “NCM111” in
Figure 6f following the original figure notation, this label is used only to distinguish the
regenerated ternary cathode from the as-received NCM811 cathode and does not represent
its exact stoichiometric composition.

The transition-metal-rich residue was mixed with Li2CO3 at a nominal Li-to-total-
transition-metal molar ratio of 1.05:1. After ball milling, drying, and sieving, the mixtures
were preheated at 400 ◦C for 2 h and calcined at 800 ◦C for 8, 12, or 16 h. After 8 h,
reflections characteristic of a layered ternary oxide appeared together with residual Li2CO3

reflections at approximately 21.4◦, 30.55◦, and 31.64◦. The residual Li2CO3 reflections
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gradually weakened with increasing calcination duration and were no longer detectable
after 16 h. Therefore, calcination at 800 ◦C for 16 h was selected as the preferred condition.

Figure 6. Recovery and reutilisation of the separated components: (a) schematic illustration of Li2CO3

precipitation from the concentrated lithium-rich aqueous stream; (b) simplified thermodynamic
analysis of the Li2O-CO2 system; (c) XRD pattern of the recovered Li2CO3; (d) XRD patterns of the
resynthesised layered cathode materials calcined for different durations; (e) cycling performance and
Coulombic efficiency of the regenerated cathode at 0.2 C; and (f) electrochemical impedance spectra
of the as-received NCM811 cathode and the regenerated ternary cathode. The label “NCM111” in
panel (f) denotes the regenerated cathode according to the original figure notation; its measured
composition was LiNi0.54Co0.07Mn0.39O2.

At 0.2 C, the regenerated cathode delivered an initial discharge capacity of
128.6 mAh g−1 and an initial Coulombic efficiency of 86.04%. After 150 cycles, the dis-
charge capacity remained at 95.2 mAh g−1, corresponding to a capacity retention of 74.0%.
Figure 6f compares the electrochemical impedance spectra of the as-received NCM811
cathode and the regenerated ternary cathode. The regenerated cathode is labelled as
“NCM111” in the figure according to the original plotting convention, although ICP-OES
analysis showed that its actual composition was LiNi0.54Co0.07Mn0.39O2. The regener-
ated cathode exhibited a solution resistance of 2.40 Ω and a charge-transfer resistance of
157.4 Ω, and the chi-squared value of the impedance fit was below 1.0 × 10−3. Because
the two cathodes differ in composition, electrochemical history, and structural state, the
impedance spectra are used only to provide a qualitative comparison rather than to demon-
strate a direct performance improvement caused by the reconstruction process. Together
with the cycling results, these observations confirm that the transition-metal-rich residue
can be relithiated to obtain an electrochemically active layered cathode material. Nev-
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ertheless, further optimisation of residue purification, elemental-ratio adjustment, and
calcination conditions is required to improve its reversible capacity and cycling stability.

Overall, the proposed route integrates lithium recovery with the reutilisation of
transition-metal components from spent NCM811 cathodes. The lithium-rich aqueous
stream was converted into high-purity Li2CO3, while the transition-metal-rich residue
was relithiated to prepare an electrochemically active layered cathode material. The stage
lithium-leaching recovery exceeded 99%, whereas the overall recovery as Li2CO3 was
88.7% because a fraction of the lithium remained in the precipitation mother liquor and
product-washing solutions. The regenerated cathode retained electrochemical activity after
150 cycles, demonstrating the feasibility of reutilising the transition-metal-rich residue for
cathode resynthesis.

3.5. Process-Wide Elemental Distribution and Material Balance

A process-wide elemental balance was established on the basis of 100 g of as-received
spent NCM811 powder and 90 g of MnSO4·H2O. The initial spent NCM811 powder con-
tained 7.30 g Li, 48.90 g Ni, 6.88 g Co, and 3.29 g Mn. The MnSO4·H2O reagent introduced
an additional 29.25 g Mn and 17.07 g S.

After rapid thermal reconstruction, the material remaining on the graphite felt and
transfer tools was quantitatively recovered and combined with the collected reconstructed
product before water leaching. On this basis, the total reconstructed solid stream accounted
for 98.8% of the input Li, 99.5% of the input Ni, 99.6% of the input Co, 99.2% of the input
Mn, and 96.0% of the input S. Before quantitative recovery, the fractions retained on the
graphite felt and transfer tools corresponded to 0.6% of the input Li, 0.3% of the input Ni,
0.2% of the input Co, and 0.4% of the input Mn. Approximately 2.4% of the input sulfur
was detected in the alkaline off-gas absorption solutions. During water leaching, 99.12% of
the lithium in the reconstructed product was transferred to the combined aqueous streams.
In contrast, 99.44% of Ni, 99.71% of Co, and 97.15% of Mn were retained in the solid residue.
The primary leachate contained 93.70% of the aqueous lithium, while residue washing and
equipment rinsing recovered an additional 6.30%. The washing and rinsing solutions were
therefore included in the stage lithium-recovery calculation. During Li2CO3 precipitation,
90.6% of the lithium in the concentrated solution was incorporated into the Li2CO3 product.
The precipitation mother liquor contained 7.50% of the lithium entering the precipitation
stage, while 1.90% was detected in the product-washing solutions.

Relative to the lithium initially contained in the as-received NCM811 powder, the
overall lithium recovery as Li2CO3 was 88.7%. The final elemental-balance closures were
98.8% for Li, 99.5% for Ni, 99.6% for Co, 99.2% for Mn, and 98.6% for S.

These results distinguish the stage lithium-leaching recovery from the overall lithium-
product recovery. Although the water-leaching stage recovered more than 99% of the
lithium in the reconstructed product, lithium remaining in the precipitation mother liquor
and washing solutions reduced the overall recovery to approximately 89%.

4. Conclusions
An MnSO4·H2O-assisted route coupling rapid thermal reconstruction with water

leaching was developed for selective lithium recovery and transition-metal reutilisation
from spent NCM811 cathodes. At an MnSO4·H2O-to-NCM811 mass ratio of 0.9:1, an
applied current of 30 A, and a treatment duration of 20 s, the layered cathode structure was
converted into water-soluble lithium-bearing sulfates and water-insoluble transition-metal-
rich oxides.

Under the preferred water-leaching conditions of 20 ◦C, 20 min, and 17.5 g L−1,
the stage lithium recovery was 99.12%. The dissolution losses of Ni, Co, and Mn were
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0.56%, 0.29%, and 2.85%, respectively. Residue-washing and equipment-rinsing solutions
accounted for 6.30% of the lithium transferred to the aqueous phase, demonstrating the
importance of including these streams in the stage recovery calculation.

After solution concentration and CO2 carbonation, Li2CO3 was obtained with a
lithium precipitation efficiency of 90.6% and a chemical purity of 99.52 wt.%. The
overall lithium recovery as Li2CO3 was 88.7%, which was lower than the stage water-
leaching recovery because lithium remained in the precipitation mother liquor and
product-washing solutions.

The complete process balance gave elemental closures of 98.8% for Li, 99.5% for Ni,
99.6% for Co, 99.2% for Mn, and 98.6% for S. The regenerated cathode had a measured com-
position of LiNi0.54Co0.07Mn0.39O2 and retained a discharge capacity of 95.2 mAh g−1 after
150 cycles at 0.2 C. These results confirm the feasibility of reutilising the transition-metal-
rich residue for cathode resynthesis, although further optimisation of residue purification,
elemental-ratio control, and calcination conditions is required to improve the electrochemi-
cal performance of the regenerated material.
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