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To establish a recycling process for spent lithium-ion batteries (LIBs) suitable for industrialization, mini-

mizing energy consumption and simplifying the recycling process are critical. Herein, we propose a roast-

ing reduction method to recover valuable metals from spent LIBs by repurposing the pyrolysis gas of the

LIBs. The pyrolysis gas serves as a reducing agent, while the carbon-based materials in the LIBs (graphite,

electrolytes, separators, and binders) act as a carbon resource during the roasting process. The results

show that the spent LiNi0.65Co0.15Mn0.2O2 (LNCM) cell can be completely reduced to Li, Ni, Co, Mn, or

their respective compounds using pyrolysis gas at 550 °C. Through a combined environmentally friendly

process of water leaching and citric acid leaching, 91.62% of Li, 98.71% of Ni, 99.46% of Co, and 98.51%

of Mn are recovered from the roasted products. These recovery efficiencies are higher than that of car-

bothermal reduction using carbon-based materials in an inert atmosphere. The synergistic effect

between the reductive gases in the pyrolysis gas and the carbon resource is a key factor enabling the

reduction process of LNCM at lower temperatures compared to conventional carbothermic reduction

under an oxygen-free atmosphere. Therefore, the recycling method based on the in situ reduction-leach-

ing of LIBs is environmentally friendly, economical, and has promising applications in industrial scale-up.

Green foundation
1. This study proposes a roasting reduction method for spent LiNi0.65Co0.15Mn0.2O2 battery using pyrolysis gas from the gasification reaction of organic
materials (graphite, electrolytes, separators, binders). Subsequently, metals can be recovered via hydrometallurgical processes without a reducing agent.
2. The synergistic effect of carbon and reducing gases can significantly lower the decomposition temperature of LiNi0.65Co0.15Mn0.2O2. Through a combined
environmentally friendly process of water leaching and citric acid leaching, 91.62% of Li, 98.71% of Ni, 99.46% of Co, and 98.51% of Mn are recovered from
the roasting products.
3. In future research, the proposed pyrolysis tail gas utilization technology may provide a more energy-efficient and economically viable recycling method for
the spent lithium-ion batteries.

1. Introduction

With the increasing prevalence of electric vehicles (EVs) and
mobile electronic devices, such as smartphones, tablets, and
laptop computers, which have become indispensable in daily

life, lithium-ion batteries (LIBs) have gained widespread adop-
tion globally due to their long lifespan, high energy efficiency,
and superior power density.1,2 It is projected that by 2030,
there will be approximately 253 million EVs worldwide.3 In
2024, China’s total LIB production has surpassed 1 TWh.
Typically, the service life of LIBs ranges from 3 to 8 years,
depending on usage patterns, leading to a significant accumu-
lation of spent or discarded LIBs.3,4 The cathode materials of
spent ternary lithium-ion batteries contain hazardous sub-
stances, including carcinogenic and mutagenic elements such
as nickel and cobalt, as well as toxic electrolytes. Improper dis-
posal of spent LIBs poses substantial risks to human health
and the environment.5,6 Furthermore, critical minerals like
lithium, nickel, and cobalt are characterized by their relatively
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low abundance and high production costs.7 Therefore, the re-
cycling of ternary lithium battery waste, such as spent
LiNixCoyMn1−x−yO2 (LNCM), holds considerable economic
value and strategic importance.

Traditionally, the recycling of LIB waste is primarily categor-
ized into three methods: pyrometallurgy, hydrometallurgy, and
bio-metallurgy. Pyrometallurgy is a well-established high-temp-
erature treatment process for the recovery of metals from spent
LIBs. In this process, the organic binder is removed from the
electrode material, and the reduced valuable metals are sub-
sequently recovered in the form of an alloy. Pyrometallurgy is
extensively employed in large-scale recycling due to its short
reaction time, straightforward operation, and high adaptability
to raw materials.8 It enables the effective recovery of valuable
metals such as Ni and Co. However, most lithium remains in
the smelting slag, leading to a relatively low overall lithium
recovery rate. Moreover, pyrometallurgy is an energy-intensive
process (reaction temperature >1500 °C), requiring significant
equipment investment and producing toxic gases.9,10 The bio-
metallurgy method is regarded as one of the most promising
technologies for spent LIB recycling from both environmental
and economic perspectives.11,12 Bio-metallurgy offers high re-
cycling efficiency and excellent separation effects; however, its
long operating time, complex processes, and stringent fermen-
tation conditions hinder its industrial application.
Hydrometallurgy involves dissolving the cathode material with
acid to extract metal ions, followed by separating these ions
using extraction, precipitation, or electrochemical methods.13

Hydrometallurgy, including acid leaching14,15 and reduced
ammonium leaching,16 has been widely adopted due to its low
energy consumption and high metal yield. Traditional in-
organic acid leaching has the disadvantages of high corrosive-
ness and serious environmental pollution. In contrast, organic
acid leaching has received widespread attention due to its
advantages of environmental protection and high selectivity.
Citric acid, as a cheap and common organic acid containing
three carboxylic acid groups with good complexing ability and
environmental friendliness, has been widely used in metal
leaching.17,18 Previous studies usually added chemical reduc-
tants such as H2O2 during the acid leaching process to
enhance leaching efficiency; however, the extensive use of
reducing agents results in substantial wastewater discharge
and gas emissions during the leaching process, causing sec-
ondary pollution.2

In light of the limitations of single-process pyrometallurgy
or hydrometallurgy for LIB recycling, the combined pyrometal-
lurgy-hydrometallurgy recycling process has garnered increas-
ing attention due to its high recycling efficiency and reduced
energy consumption.19 In the pyrometallurgy stage, the LNCM
compound is first converted into water-soluble lithium com-
pounds (LiOH or Li2CO3) and transition metals or their com-
pounds through reduction roasting at medium temperatures
(500–800 °C) by reducing agents such as hydrogen,20

biomass,21,22 anode powder,16,23 and others. The high-valence
states of transition metals can be reduced to easily leachable
low-valence states during reduction roasting.20,24

Subsequently, the recovery of metals is achieved via hydrome-
tallurgical processes. Specifically, lithium can be effectively
recovered in the form of LiOH or Li2CO3 by water leaching,
while transition metals, including nickel, cobalt, and manga-
nese, are recovered through acid leaching or ammonia leach-
ing (without reducing agent).25,26 Xie et al. found that the
lithium ions present in LiCoO2 or LiNixCoyMnzO2 can be trans-
formed into water-soluble LiOH in a hydrogen atmosphere at
450 °C. Over 98% of the lithium in the reduction products was
obtained through the water-leaching process (lithium concen-
trations were 23.6 and 23.9 g L−1).20 Ma et al.16 conducted a
reduction roasting of LiNixCoyMnzO2 powder at 650 °C for 1 h
using spent anode powder as a reductant. Subsequently,
82.2% of Li (in the form of Li2CO3, obtained via evaporation
crystallization) was recovered from the roasting product by
water immersion. Additionally, selective ammonia leaching
(NH3·H2O + (NH4)2SO3) achieved the recovery of 97.7% nickel
and 99.1% cobalt. Zhou et al.22 introduced a pyrolysis process
within the medium-temperature range (600–800 °C) using
sawdust as a reducing agent, achieving 99% lithium recovery
efficiency in the form of Li2CO3 from retired LNCM batteries
and LiMn2O4. Hasan et al.27 utilized carbothermal reduction
of LiCoO2 and waste coffee powder at 600 °C to reduce LiCoO2

into Li2CO3 and Co, and recover 89.23% of Li and 93.27% of
Co by water leaching process. They found that the synergistic
effect of carbon and reductive gases produced during the
pyrolysis of biomass is a critical factor for the transformation
of LiCoO2 at lower temperatures.

Spent LIBs contain significant amounts of organic
materials, such as the anode electrode (graphite-based carbon
material), electrolytes, separators, binders, etc.28,29 These sub-
stances can vaporize into pyrolysis gases containing CO2, CO,
and H2 at high temperatures.22,30 Lithium salts in the electro-
lyte, such as LiPF6, can transform into LiF and PF5 during the
pyrolysis process. A significant portion of LiF remains in the
pyrolysis slag, whereas most of the PF5 reacts with H2O to
generate HF and H3PO4.

31,32 Additionally, the thermal degra-
dation of organic binders (polyvinylidene fluoride, PVDF) can
also lead to the formation of HF.33 Therefore, to prevent
environmental pollution caused by the HF and pyrolysis oil,
pyrolysis gases are typically treated using an alkaline solution
and an ice bath to remove fluorinated compounds and recover
condensable compounds.34,35 In addition to condensable pro-
ducts, a large quantity of non-condensable gases (pyrolysis
gases) also has significant value, the reducing gases (CO and
H2) in the pyrolysis gases can facilitate the roasting reduction
of cathode materials. Therefore, using the generated pyrolysis
gas as a feedstock for the reduction-roasting process of LIBs
could help reduce the cost of the pyrometallurgical process
and promote the industrial-scale disposal and recovery of
spent LIBs. However, most previous studies have focused on
the thermal reduction of cathode materials, with only a few
reports addressing the pyrolysis of LIBs. Moreover, separating
cathode materials from LIBs typically involves multiple pro-
cesses, such as dismantling, crushing, and binder removal,
which increase recycling costs.36
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To the best of our knowledge, there is no report on utilizing
pyrolysis gas for the thermal treatment of LIBs. In this study,
we investigated and evaluated the feasibility of using pyrolysis
gas derived from the gasification reaction of organic materials
in LIBs to enhance valuable metal recovery during the
reduction-roasting process of spent LNCM batteries. The roast-
ing products were characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM), and X-ray photoelectron
spectroscopy (XPS). In the acid leaching process, citric acid
was used for acid leaching without added H2O2. Li was recov-
ered from the roasted products through water leaching, and
then Ni, Co, and Mn were recovered from the water-leaching
residue via acid leaching, while the metals’ leaching efficiency
was determined using inductively coupled plasma-optical
emission spectrometry (ICP-OES). Furthermore, the pyrolysis
behaviors of cathode materials and LNCM cells under pyrolysis
gas were compared using thermogravimetric analysis (TGA),
and the synergistic effect between pyrolysis gas reduction and
carbothermal reduction was also explored.

2. Experiment
2.1 Materials

The spent LNCM batteries from electric vehicles were provided
by local EV manufacturers. The spent battery was discharging
the residual electricity by soaking in a 5 wt% NaCl solution,
and then the battery shell was stripped away. The LNCM cell,
without disassembling and crushing, including electrodes,
membrane, Cu foil, and Al foils, was used as raw material. The
cathode foil was obtained through manual disassembly, and
the chemical compositions of the cathode material contained
in the cathode foil were analyzed using XRD (X’Pert PRO MPD,
PANalytical V.B., Netherlands) and ICP-OES (OPTIMA 8000,
PerkinElmer, USA). The results showed that the mass content
of lithium was 6.58%, nickel 38.52%, cobalt 8.74%, and
manganese 10.71%, which indicated that the cathode material

is LiNi0.65Co0.15Mn0.2O2. Meanwhile, the cathode foil was
directly utilized as the raw material for cathode pyrolysis
without any additional treatment.

2.2 Thermal treatment experiment

The LNCM cell was first pyrolyzed in a tube furnace, and the
pyrolysis gas was analyzed by gas chromatography (GC, Agilent
7890A, USA). Then, the pyrolysis behavior of LNCM was exam-
ined under simulated pyrolysis gas. The roasting products
were first leached in water to recover lithium, and then the
water-leaching residues were subjected to citric acid leaching
to recycle transition metals. A schematic diagram of the pyro-
metallurgy-hydrometallurgy process for recycling spent LNCM
is shown in Fig. 1.

The composition of the pyrolysis gas was determined as
follows: a piece of spent LNCM cell (10.20 ± 0.20 g) was rolled
into a cylindrical shape and then placed in a sealed tube
furnace (Φ 3 cm × 70 cm). The tube furnace was first flushed
with N2 for 15 min to remove air and then heated to 550 °C for
6 h. The exhaust gas was passed through an ice-water solution
to remove trace amounts of condensable compounds such as
HF and pyrolysis oil, etc., and non-condensable gas was col-
lected in airbags. The composition of the non-condensable gas
was as follows: 75.60% of CO2, 14.53% of CO, and 9.88% of
H2.

Based on the composition of the pyrolysis gas, we formu-
lated a mixture of gases as the atmosphere for the roasting
process of LNCM. For a typical roasting process, a piece of
LNCM cell (10.20 ± 0.20 g) was introduced into a sealed vertical
tube furnace under a gas mixture atmosphere (75% CO2, 15%
CO, and 10% H2). The sample was roasted for 0.5–6 h at
different temperatures (350 °C −750 °C) with different gas flow
rates (5 mL min−1–150 mL min−1), respectively.

The roasting product was crushed and passed through a
200-mesh sieve; the sieve residue (aluminum foil and copper
foil) and electrode powder were obtained. The lithium salt was
separated by water leaching under constant stirring at 25 °C

Fig. 1 Schematic diagram of the pyrometallurgy-hydrometallurgy process for recycling spent LNCM cell.
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for 12 h. The ratio of deionized water to electrode powder was
50/1 (v/w). After water-leaching, the mixture was filtered, the
Li2CO3 concentration in the filtrate was determined by
ICP-OES, and the residue was acid-leached by 0.5 mol L−1

citric acid (solid/liquid, 20 g L−1) to recover transition metals
at 90 °C for 80 min. The solution was filtered, and the tran-
sition metal concentration was measured by ICP-OES. The
leaching efficiency was determined by eqn (1):

Leaching efficiency ¼ C � V
m�W

ð1Þ

where C is the concentration (g L−1) of the targeted metal in
the leaching solution, V is the volume (L) of the acid solution,
m is the mass (g) of roasting powder, and W is the mass frac-
tion (%) of the targeted metal in the roasting powder.

2.3 Analysis

The microscopic morphology and particle size of the samples
were characterized using SEM (SU-70, Hitachi). The phase
composition of the samples was analyzed by XRD with a scan-
ning range (2θ) of 5–80° and a Cu Kα radiation source (40 kV,
100 mA). The surface bonding properties of the samples were
investigated by XPS (ESCALAB 250Xi, Thermo Fisher Scientific
Inc., USA), with the C1s signal (284.8 eV) used as an internal
standard.

The pyrolysis behavior of LNCM and the cathode foil was
evaluated by TG (STA449 F3, NETZSCH, Germany). 50 mg of
the sample was loaded into an Al2O3 crucible under a constant
gas flow rate of 10 mL min−1. The analysis was carried out
with a heating rate of 10 °C min−1 over a temperature range of
30–850 °C.

3. Results and discussion
3.1 XRD analysis and leaching analysis

Previous research has demonstrated that the reduction roast-
ing process is an effective method for recovering valuable
metals from the roasting products of LIBs, as it facilitates the
formation of water-soluble Li2CO3, which can be selectively
recovered via water leaching.22,37 Transition metals can sub-
sequently be recovered through chemical approaches, such as
acid leaching15,38 and ammonia leaching,16 or physical
methods, including magnetic separation30 and flotation.37,39

Commonly employed reduction methods involve hydrogen
reduction and carbothermal reduction. Carbothermal reac-
tions predominantly occur within the temperature range of
600 °C to 800 °C, with the optimal temperature generally cen-
tered around 650 °C.16,22,38,40 In comparison to carbothermal
reduction, hydrogen reduction can achieve the reduction of
metals at lower temperatures.20,41 In order to analyze the
reduction roasting reaction behavior of samples at different
temperatures, the cathode foil and LNCM were subjected to
roasting under a pyrolysis gas atmosphere, respectively.

Fig. 2a and b present the XRD patterns of roasting residue
of cathode foil (LiNi0.65Co0.15Mn0.2O2) and spent LNCM cell at

different temperatures under pyrolysis gas atmosphere. The
XRD pattern of the cathode foil exhibited characteristic peaks
corresponding to the hexagonal α-NaFeO2 layered structure,
appearing at approximately 2θ = 18.7°, 36.66°, 44.34°, 48.52°,
and 58.57°, which were assigned to the diffraction planes
(003), (101), (104), (105), and (107), respectively (JCPDS no. 09-
0063).42,43 The XRD pattern of the cathode foil and spent
LNCM cell at 350 °C both showed weak diffraction peaks of
LiNi0.65Co0.15Mn0.2O2, indicating that LiNi0.65Co0.15Mn0.2O2

does not fully decompose at this temperature. The diffraction
peaks at 2θ = 37.09°, 43.16°, and 62.66° were attributed to the
(111), (200), and (220) crystal planes of NiO, respectively. When
the temperature was further increased to 450 °C,
LiNi0.65Co0.15Mn0.2O2 was completely reduced, and diffraction
peaks corresponding to Li2CO3, Ni, NiO, and Co were observed.
This suggested that LiNi0.65Co0.15Mn0.2O2 can be effectively
reduced under pyrolysis gas atmosphere using CO and H2 as
reductants at a relatively low temperature (450 °C), which is
lower than that required for carbothermal reduction
(>600 °C)22 and comparable to hydrogen reduction.41

The roasting products of the cathode foil and spent LNCM
cell were significantly different when the roasting temperatures
were above 450 °C. At 550 °C, the diffraction peak of MnO
appeared in the roasting products of the cathode foil; and the
diffraction peak of NiO disappeared at 750 °C, and only Ni, Co,
Al, and MnO were detected (Fig. 2a). However, at this tempera-
ture, the characteristic peak of water-insoluble LiAlO2 also
appeared simultaneously. In comparison, LNCM cells required
a lower temperature to achieve the complete reduction of
cathode materials. For instance, the characteristic peaks of
MnO could be observed at 450 °C, and when the temperature
rose to 550 °C, NiO was completely reduced to Ni,
accompanied by the generation of LiAlO2 (Fig. 2b). As the
roasting temperature further increased, the intensities of the
diffraction peaks corresponding to Ni, Co, MnO, and LiAlO2

gradually increased. Meanwhile, the intensity of the Li2CO3

peaks tended to weaken, indicating that reactions between
Li2O and the Al foil occurred. Thermodynamically, LNCM can
decompose into Li2O, NiO, CoO, and MnO through carbother-
mal reduction and gas reduction at high temperatures (reac-
tion (2)).30 Li2O can react with CO2 or CO to form Li2CO3 (reac-
tions (3)–(4)) or react with Al to form LiAlO2 (reaction (5))
under favorable thermodynamic conditions. Meanwhile, NiO
and CoO can be further reduced to metallic Ni and Co at elev-
ated temperatures (>550 °C) under the reducing influence of
carbon, H2, and CO (reactions (6)–(11)). This is due to the
negative ΔGθ values of these reactions, which indicate that
they proceed spontaneously under such thermal conditions.

LiNi0:65Co0:15Mn0:2O2 ! Li2Oþ NiOþ CoOþMnOþ O2 ð2Þ

Li2Oþ CO2ðgÞ ! Li2CO3; ΔGθ
T ¼ 0:130T � 207:6 kJ mol�1

ð3Þ

Li2Oþ 2COðgÞ ! Li2CO3 þ C; ΔGθ
T ¼ 0:311T � 298:93 kJ mol�1

ð4Þ
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Fig. 2 XRD patterns of roasting residue under different roasting conditions. Cathode foil (a) and spent LNCM cell (b) with pyrolysis gas at different
temperatures; (c) spent LNCM cell with pyrolysis gas at different time; (d) spent LNCM cell with pyrolysis gas at different gas flow rates.
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Li2Oþ Al2O3ðgÞ ! 2LiAlO2; ΔGθ
T ¼ �0:018T � 108:89 kJ mol�1

ð5Þ

H2ðgÞ þ NiO ! H2OðgÞ þ Ni; ΔGθ
T ¼ �0:035T � 8:73 kJ mol�1

ð6Þ

H2ðgÞ þ CoO ! H2OðgÞ þ Co; ΔGθ
T ¼ �0:018T � 11:49 kJ mol�1

ð7Þ

COðgÞ þ NiO ! CO2ðgÞ þ Ni; ΔGθ
T ¼ �0:012T � 43:50 kJ mol�1

ð8Þ

COðgÞ þ CoO ! CO2ðgÞ þ Co; ΔGθ
T ¼ �0:017T � 48:99 kJ mol�1

ð9Þ

Cþ 2NiO ! CO2ðgÞ þ 2Ni; ΔGθ
T ¼ �0:178T � 79:83 kJ mol�1

ð10Þ

Cþ 2CoO ! CO2ðgÞ þ 2Co; ΔGθ
T ¼ �0:143T � 74:31 kJ mol�1

ð11Þ

2Cþ O2ðgÞ ! 2CO2; ΔGθ
T ¼ �0:002T � 394:47 kJ mol�1

ð12Þ

Cþ CO2ðgÞ ! 2COðgÞ; ΔGθ
T ¼ �0:177T � 124:14 kJ mol�1

ð13Þ

COðgÞ þH2O ! H2ðgÞ þ CO2ðgÞ; ΔGθ
T ¼ �0:033T � 24:69 kJ mol�1

ð14Þ

H2Oþ C ! H2ðgÞ þ COðgÞ; ΔGθ
T ¼ �0:142T þ 134:79 kJ mol�1

ð15Þ
The gas compositions of the produced gaseous products at

different roasting temperatures are listed in Table 1. The pro-
duced gases are primarily composed of CO2, CO, and H2,
along with trace amounts of alkanes. Generally,
LiNi0.65Co0.15Mn0.2O2 decomposes into CoO, NiO, and Li2O,
accompanied by the release of O2.

30 The corresponding reac-
tions and their associated Gibbs free energy are represented by
reactions (3)–(11). The produced O2 can combine with H2 and
carbon to form H2O and CO2 (reaction (12)). Additionally, the
hydrogen reduction process of the decomposition products
(CoO and NiO) also results in the formation of H2O. When
carbon (graphite) is present in the system, it can react with

H2O to form H2 and CO at high temperatures.30 Pyrolysis of
the organic materials in the spent LNCM cell is a complex
multi-stage process that primarily involves dehydration, dehy-
drogenation, depolymerization, and decomposition
reactions.44,45 This process generates carbon and volatile com-
ponents, including H2, CH4, CO, CO2, and tar. Then, some
volatile compounds are unstable and can undergo secondary
reactions, such as Boudouard reaction (reaction (13)), water
gas shift reaction (reaction (14)), and water–gas reaction (reac-
tion (15)), all of which will produce CO and H2.

46–48 Moreover,
previous research showed that Ni could effectively catalyze the
Boudouard reaction and the water–gas reaction to generate
H2.

46,49 An increase in roasting temperature leads to a gradual
rise in the concentration of CO within the gaseous products,
accompanied by a corresponding decrease in the level of CO2.
This trend further supports the occurrence of the Boudouard
reaction at elevated temperatures. Therefore, it can be con-
cluded that organic materials in LIBs decompose into gaseous
products (CO2, CO, and H2) at elevated temperatures, and the
reductive gases (CO and H2) can facilitate the reduction of
LiNi0.65Co0.15Mn0.2O2. Additionally, graphite can also serve as
a reducing agent for carbothermal reduction. Moreover, the
synergistic effect of carbon and reductive gases may facilitate
the decomposition of LiNi0.65Co0.15Mn0.2O2 at lower tempera-
tures.27 Therefore, the reduction-roasting process of spent
LNCM incorporating pyrolysis gas holds promise as an envir-
onmentally friendly and economically viable method for metal
recovery.

Following the reduction roasting of spent LNCM cell,
lithium present in the form of Li2CO3 in the roasted products
was subsequently recovered through water leaching. The
remaining residue was then subjected to citric acid leaching
for the recovery of Ni, Co, and Mn. The leaching results are
presented in Fig. 3. Initially, 13.84% Li, 27.90% Ni, 27.58% Co,
and 25.98% Mn could be recovered from spent LNCM using
water leaching and acid leaching (Fig. 3b). After roasting, the
metal leaching efficiency for cathode foil and spent LNCM cell
was significantly increased. Within the examined range of
roasting temperatures, the roasting temperature had a substan-
tial impact on the Li leaching efficiency. As the roasting temp-
erature increased from 350 °C to 450 °C, the Li leaching
efficiency of the LNCM rose from 36.99% to 81.01%, and
further increased to 91.62% when the temperature was raised
to 550 °C, which exceeded previous reports (84.7%38 and
82.2%16). Similar to the water leaching of Li, the citric acid
leaching efficiencies of transition metals exhibited a similar
trend over the examined temperature range. The highest leach-
ing efficiencies for transition metals were achieved at 550 °C,
with values of 98.71% (Ni), 99.46% (Co), and 98.51% (Mn),
respectively. Fig. S7 showed that the valuable metal materials
can be effectively recovered by roasting treatment under pyrol-
ysis gas combined with solution leaching. When the roasting
temperature was below 550 °C, the lithium leaching efficiency
for the cathode foil was lower than that of the spent LNCM cell
(Fig. 3a), while the recovery rates of Ni (99.42%), Co (99.26%),
and Mn (97.98%) are comparable to those of the spent LNCM

Table 1 The gas composition for the roasting of spent LNCM cells
under pyrolysis gas at different temperatures

Roasting temperatures

Gas composition/%

CO2 CO H2 Others

350 °C 70.22 14.06 14.25 1.29
450 °C 71.60 12.90 14.00 1.18
550 °C 72.78 13.63 12.64 0.89
650 °C 69.64 15.92 13.26 0.97
750 °C 62.82 19.72 14.72 2.57
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cell. Notably, both the cathode foil and spent LNCM cell
exhibited a significant decrease in metals leaching efficiency,
especially lithium, nickel, and cobalt, when the roasting temp-
erature was further increased to 750 °C. Wu et al.50 observed a
similar phenomenon during the leaching of transition metals
using citric acid. It was found that when the roasting tempera-
ture exceeded 600 °C, the leaching efficiency of transition
metals exhibited a decreasing trend. This phenomenon might
be attributed to the fact that water-insoluble LiAlO2 was easily
produced under high-temperature conditions. Meanwhile,
water-soluble Li2CO3 tends to decompose into water-insoluble
Li2O2 at temperatures exceeding 700 °C.51,52 Moreover, the pro-

duced nickel and cobalt are prone to recombine and form
solid solution alloys at 750 °C, which markedly reduces their
susceptibility to acid leaching.53–55

In order to assess the actual influence of pyrolysis gas on
the roasting process of spent LNCM cell, some control experi-
ments were conducted under a N2 atmosphere. Furthermore, a
comparative analysis was performed on the chemical compo-
sitions and metal leaching efficiencies of the roasted products
obtained from spent LNCM cell under pyrolysis gas and N2

atmospheres, respectively. The XRD patterns of the roasting
products of spent LNCM cell in an N2 atmosphere are shown
in Fig. S8. The diffraction peaks corresponding to

Fig. 3 Effect of roasting conditions on the leaching efficiency of lithium and transition metals (Ni, Co, and Mn) from roasting residue. Cathode foil
(a) and spent LNCM cell (b) with pyrolysis gas at different temperatures; (c) spent LNCM cell with N2 at different temperatures; (d) spent LNCM cell
with pyrolysis gas at different time; (e) spent LNCM cell with pyrolysis gas at different gas flow rates.
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LiNi0.65Co0.15Mn0.2O2 disappeared completely only when the
temperature was increased to 550 °C, while the characteristic
peaks of Li2CO3, Ni, NiO, and Co were observed. This indicated
that the decomposition temperature of LNCM in an inert
atmosphere is significantly higher than that in a pyrolysis gas
atmosphere. Notably, at 550 °C, NiO was present in the roast-
ing products of spent LNCM cell with N2 and cathode foil with
a gas mixture; however, it disappeared in the roasting products
of spent LNCM cell with pyrolysis gas. At 650 °C, the compo-
sition of the roasting product of spent LNCM cell under N2

atmosphere was almost identical to that obtained in a pyrolysis
gas atmosphere. However, the characteristic peaks of Li2CO3

and NiO disappeared when the temperature was further
increased to 750 °C. Moreover, the metal leaching efficiencies
of the spent LNCM cell roasting products under a nitrogen
atmosphere, especially for lithium, nickel, and cobalt, were
significantly lower than those of the roasting products
obtained in a pyrolysis gas atmosphere in all roasting tempera-
ture ranges (Fig. 3c).

As shown in Fig. 2c, under the roasting conditions of
550 °C and a gas flow rate of 100 ml min−1, the chemical com-
position of the roasting products remained consistent within
the time range of 0.5 to 2 h, including C, Li2CO3, LiAlO2, Ni,
NiO, Co, and MnO. This suggested that LiNi0.65Co0.15Mn0.2O2

can be fully reduced within 0.5 h. When the roasting time was
extended to 3 h, NiO was further reduced to Ni, and the leach-
ing efficiency of Li and transition metals reached its maximum
(Fig. 3d). However, upon further prolonging the roasting time
to 6 h, the leaching efficiency of Li and transition metals
decreased instead.

The influence of gas flow rate on the chemical composition
and metal leaching efficiency of spent LNCM cell roasting pro-
ducts was investigated at 550 °C for 3 h. The results are shown
in Fig. 2d and Fig. 3e, respectively. When the gas flow rate was

within the range of 5 to 50 mL min−1, the diffraction peaks of
NiO were still evident in the XRD patterns of the roasting pro-
ducts; however, at a gas flow rate of 100 mL min−1, the charac-
teristic peaks of NiO disappeared, leaving only the character-
istic peaks of Ni. As the gas flow rate increased, the leaching
efficiencies of the metals gradually improved and reached
their maximum values at a gas flow rate of 100 mL min−1.
However, when the gas flow rate was further increased, the
metal leaching efficiencies slightly declined.

Generally, Nickel and cobalt oxides are classified as basic
oxides; the reaction between basic oxides and citric acid is typi-
cally an acid–base neutralization reaction, whereas the reaction
between metal monomers and citric acid belongs to redox
reactions. The reaction rates of acid–base neutralization pro-
cesses are generally higher than those of redox reactions.50

Furthermore, due to the weak oxidizing capability of citric
acid, its reactivity with elemental nickel and cobalt is relatively
limited. Therefore, elevated roasting temperature, prolonged
reaction time, and increased gas flow rates can increase the
content of Ni and Co monomers in the roasting products,
resulting in a reduction in their leaching efficiency. After
achieving the optimal reaction conditions, the leaching rate of
manganese is less affected by the roasting conditions. This is
because within the entire temperature range from 0 to
1000 °C, the reduction reaction of MnO is thermodynamically
difficult to occur spontaneously due to the positive ΔGθ value
of the reduction of MnO to Mn.56 Therefore, manganese
mainly exists in the form of MnO in the roasting products.

3.2 SEM analysis

The surface morphologies of the cathode foil and the roasting
products of spent LNCM cell at different temperatures are
presented in Fig. 4. The cathode material exhibited a
large number of uniformly and neatly arranged

Fig. 4 SEM images of cathode material (a) and roasting residue of spent LNCM cell at 350 °C (b), 450 °C (c), 550 °C (d), 650 °C (e), and 750 °C (f )
(roasted conditions: mixture gas atmosphere flow, 100 mL min−1, roasting time 3 h).
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LiNi0.65Co0.15Mn0.2O2 particles with a particle size of approxi-
mately 2 μm, and C, O, F, Ni, Co, Mn were evenly distributed
within these particles (Fig. S1). After roasting treatment, most
of the LiNi0.65Co0.15Mn0.2O2 complex remained in the roasting
residue at 350 °C because the fluorinated binder was not com-
pletely decomposed (Fig. S2), which is consistent with the XRD
results. At higher roasting temperatures, LiNi0.65Co0.15Mn0.2O2

decomposed into irregular particles, and numerous cracks
appeared on its surface (Fig. S3–S6) due to oxygen evolution
during the roasting process. These particles agglomerated on
the laminar graphite, and the particle size of the graphite con-
tinued to decrease as the temperature increased.

3.3 XPS analysis

Fig. 5 presents the XPS spectra of the cathode foil and the
roasting residue of the spent LNCM cell at various tempera-
tures. The cathode foil exhibited characteristic peaks at
binding energies (BE) of 856.26 eV (Ni3+), 873.75 eV (Ni3+),
779.58 eV (Co3+), 794.59 eV (Co3+), 796.95 eV (Co2+), and 641.71

eV (Mn3+), which correspond to the high-valence states of Ni,
Co, and Mn,40,57 respectively. The XPS spectra of the roasting
products at 350 °C showed characteristic peaks consistent with
LiNi0.65Co0.15Mn0.2O2, aligning with the XRD results. When
the roasting temperature exceeded 450 °C, new peaks appeared
at BE values of 852.31 eV, 778.37 eV, and 640.87 eV, corres-
ponding to Ni0, Co0, and Mn2+,41 respectively. This indicates
that the high-valence states of metals (Ni3+, Co3+, and Mn3+)
were successfully reduced to lower-valence states such as Ni2+/
Ni, Co2+/Co, and Mn2+ through roasting pre-treatment under a
pyrolysis gas atmosphere.

3.4 Synergetic effect analysis

To further investigate the potential synergistic effect between
gas reduction and carbon reduction, the TG analysis was per-
formed on the samples under both inert and pyrolysis gas
atmospheres, aiming to analyze the physical and chemical
transformations occurring at various temperatures, and the
TG-DTG curves of the cathode foil and LNCM are shown in

Fig. 5 XPS spectra of cathode material and roasting residue of spent LNCM cell at different roasted temperatures. (left) Ni 2p; (center) Co 2p; (right)
Mn 2p.
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Fig. 6. The pyrolysis process of the cathode foil under a pyrol-
ysis gas atmosphere (Fig. 6a) can be divided into four distinct
stages: in the first stage (<204 °C), the volatilization of organic
electrolytes and/or water occurs, resulting in a mass loss rate
of 4.48%.58 Typically, freshly stripped cathode foil contains a
significant amount of residual electrolyte, and a trace amount
of water may be adsorbed during sample preparation. The
temperature of maximum weight loss rates (Tmax) at 99.4 °C
indicates rapid desorption of water and electrolytes at this
temperature. The second stage occurs between 204 °C and

372 °C, with a mass loss of 1.45%, which is mainly due to the
partial LiNi0.65Co0.15Mn0.2O2 being decomposed into CoO,
NiO, and Li2O, and releasing O2. In the third stage (372 °C–
493 °C), there is no mass loss but rather a slight mass gain of
2.13%, which can be caused by carbonation of Li2O with CO or
CO2 to form Li2CO3.

20,59 The fourth stage (>493 °C), character-
ized by a Tmax at 624.6 °C, which corresponds to the degra-
dation of organic binders and the reduction of metallic com-
pounds, leading to the formation of a large amount of small-
molecule volatile products and resulting in a mass loss rate of
5.21%.60 The organic binders decompose into carbon, fluoro-
benzene, and HF.61 The small amount of HF and fluoroben-
zene in the gaseous products can be effectively absorbed by
water. The reduction of CoO and NiO to Co and Ni occurs
during this stage, indicating that the produced CoO and NiO
are further reduced by pyrolysis gases (H2 and CO) to form Co
and Ni. These results are consistent with the XRD patterns of
the spent LNCM cell roasting products.

In Fig. 6b, the weight loss trend of the spent LNCM cell is
consistent with that of the cathode foil under a pyrolysis gas
atmosphere, both exhibiting four-stage reactions. The mass
loss of LNCM primarily occurs in four temperature ranges:
80 °C–180 °C, 200 °C–330 °C, 350 °C–490 °C, and 500 °C–
700 °C, with corresponding mass losses of 4.18%, 2.41%,
1.02%, and 3.67%, respectively. These temperature intervals
mainly correspond to four stages: the removal of electrolyte or
adsorbed water, the decomposition of the separator, the
reduction of cathode materials accompanied by carbonation of
the Li2O, and the carbothermal reduction stage coupled with
binder decomposition. The Tmax of the spent LNCM cell in the
DTG curve is higher than that of the cathode foil in the first
three stages. However, in the fourth stage, the Tmax of the
spent LNCM cell (590 °C) is significantly lower than that of the
cathode foil (624.6 °C). Compared with the cathode foil, the
spent LNCM cell contains the separator and graphite, resulting
in a relatively higher Tmax during the first three stages. In the
fourth stage, the lower Tmax indicates that there is a significant
synergistic reduction effect between the reductive gases in the
pyrolysis gas and the carbon resource, which can promote
both the degradation of the binder and the reduction of the
LNCM decomposition products (CoO and NiO), thereby accel-
erating the reaction rate and leading to an earlier maximum
decomposition temperature.

Fig. 6c presents the TG and DTG curves of spent LNCM cell
under an argon atmosphere. The DTG curve displays five dis-
tinct Tmax at 98.5 °C, 281.7 °C, 438.7 °C, 578.4 °C, and
749.17 °C, corresponding to the volatilization of the electro-
lyte,21 gasification of the separator, decomposition of
LiNi0.65Co0.15Mn0.2O2, reduction of cathode materials, and
gasification of the binder, respectively. During the pyrolysis
process, the electrolyte volatilizes first as the temperature
increases, followed by the separator, cathode material, and
binders. Notably, in the later stages of pyrolysis (above 200 °C),
the Tmax of the spent LNCM cell under an inert atmosphere in
the DTG curve is significantly higher than that under a pyrol-
ysis gas atmosphere. Additionally, no weight gain was observed

Fig. 6 TG and TDG curves of the cathode foil with mixture gas (a),
spent LNCM cell with pyrolysis gas (b), and spent LNCM cell with Ar (c).
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within the temperature range of 400 to 500 °C, which can be
attributed to the relatively low concentrations of CO and CO2

in the system, resulting in insufficient formation of Li2CO3.
The XPS spectra of the residue from spent LNCM cell with

N2 (Fig. 7) exhibit peaks at binding energies (BE) of 856.56 eV
(Ni3+) and 779.18 eV (Co3+), indicating that some higher-

valence metals remain unreduced, thereby reducing the metal
leaching efficiency. This suggests that carbothermal reduction
alone is insufficient to fully convert LiNi0.65Co0.15Mn0.2O2 into
readily leachable metals. In contrast, the XPS spectra of the
residue from the cathode foil with pyrolysis gas (Fig. 7) show
only the presence of Ni0, Co0, and Mn2+, similar to the results

Fig. 7 The XPS spectra of the residue of the spent LNCM cell with N2 and cathode foil with pyrolysis gas at 550 °C. Ni 2p (a), Co 2p (b), and Mn 2p (c).

Fig. 8 Economic evaluation of the proposed roasting reduction method for recovering valuable metals from spent LIBs by repurposing the pyrolysis
gas of the LIBs.
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observed for the spent LNCM cell with pyrolysis gas.
Furthermore, the Fig. 3 also showed that the lithium leaching
efficiency for the cathode foil with pyrolysis gas is lower than that
of spent LNCM cell when the roasting temperature <550 °C,
while the recovery rates of Li (91.68%), Ni (99.42%), Co (99.26%),
and Mn (97.98%) are comparable to those of spent LNCM cell
under pyrolysis gas atmosphere at 550 °C, but significantly
higher than those of spent LNCM cell with N2 (Fig. 3c, 55.65% of
Li, 62.98% of Ni, 73.07% of Co, and 98.76% of Mn). Therefore, it
can be concluded that the synergistic reduction effect between
the reducing gases in the pyrolysis gas and carbon (graphite)
effectively promotes the decomposition of LiNi0.65Co0.15Mn0.2O2,
while also reducing the energy consumption associated with the
spent LNCM roasting process.

3.5 Economic analysis

A preliminary economic evaluation was carried out for a re-
cycling company in China that processes 10 000 tons per year
of spent NCM batteries using the proposed method. All
reagent and product prices are based on the up-to-date data
available online. Detailed information is provided in Fig. 8.
The total project investment amounts to 16.26 million US
dollars, covering core equipment, supporting and preproces-
sing equipment, infrastructure and civil works, as well as
other one-time expenses (refer to Table S1). The total cost is
$3447.60 per ton, including expenditures on raw materials,
chemical reagents, fuel and power consumption, water treat-
ment, labor, and fixed asset depreciation. The primary pro-
ducts include Li2CO3 (124.80 kg t−1), copper (133.92 kg t−1),
aluminum (285.00 kg t−1), recycled graphite (208.90 kg t−1),
metal salts (nickel, 343.52 kg t−1; cobalt, 76.40 kg t−1; and
manganese, 102.40 kg t−1), and 67, 162 L of pyrolysis gases.
The proposed recycling process generates a unit revenue of
$4643.39 per ton, with a corresponding unit net income of
$1195.79 per ton. The static investment payback period is 1.36
years, and the static investment return rate is 73.54%.
Therefore, the recycling method proposed in this study
demonstrates strong economic viability. Furthermore, since
the pyrolysis gas contains a significant quantity of reducing
gases such as H2 and CO, the metal salts can be further
reduced to metallic elements through reduction reactions,
thereby substantially improving the project’s investment
return rate. It is important to note, however, that these results
are derived solely from laboratory-scale experiments. In real-
world production scenarios, additional costs such as taxation,
procurement, and storage costs must also be considered.

Compared with existing recycling technologies such as
hydrometallurgy, pyrometallurgy, and carbothermal reduction,
the recycling method proposed in this study offers several
notable advantages. Firstly, the process is simple, as it directly
utilizes spent NCM batteries as raw materials, thereby elimi-
nating the need for labor-intensive dismantling and binder
removal steps commonly required in traditional processes.
Secondly, the operating conditions are relatively mild, with an
energy consumption of 525 MJ t−1, which represents a 16%
reduction compared to the carbothermal reduction process

(625 MJ t−1) and amounts to only 35% of the pyrometallurgy
process. Finally, no external reducing agents such as biomass
are required, as the method efficiently exploits the endogenous
carbon sources present in waste NCM materials, thereby
further reducing the overall processing cost.

4. Conclusions

The roasting reduction technology for recovering valuable
metals from spent LNCM batteries by utilizing the pyrolysis
gas generated during thermal decomposition of LIBs has been
demonstrated to be an environmentally friendly and economi-
cally viable method for LIB recycling at lower temperatures. In
this study, the spent LNCM cell, without disassembling or
crushing, are roasted at 550 °C under their pyrolysis gas atmo-
sphere. Through the roasting reduction process, the high-
valence states of Ni3+, Co3+, and Mn3+ in LiNi0.65Co0.15Mn0.2O2

are reduced to Ni2+/Ni, Co2+/Co, and Mn2+, respectively.
Additionally, water-soluble Li2CO3 is produced, facilitating
subsequent metal leaching processes. A recovery rate of
91.62% for lithium is achieved via water leaching of the roast-
ing residue, while 98.71% of nickel, 99.46% of cobalt, and
98.51% of manganese are recovered through critic acid leach-
ing of the water-extraction residue. These recovery rates exceed
those obtained using carbothermal reduction with carbon-
based materials in an inert atmosphere. The synergistic effect
between the reductive gases in the pyrolysis gas and the
carbon resource is identified as a critical factor enabling the
reduction of LNCM at lower temperatures. Consequently, the
low-temperature reduction roasting treatment of LNCM before
the leaching process can not only effectively improve the leach-
ing efficiency of metal elements but also avoid the use of
chemical reductants, thus significantly reducing the risk of
environmental pollution.
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pure LiNi0.65Co0.15Mn0.2O2; Fig. S2–S6: SEM-EDS analysis of
the roasting product of LNCM at the range of 350–750 °C
under a pyrolysis gas atmosphere; Fig. S7: the XRD patterns of
the roasting residue of LNCM (a), water-leaching residue (b),
and acid-leaching residue (c); Fig. S8: the XRD pattern of the
roasting residue of LNCM with N2 at different temperatures.
Table S1: investment summary. See DOI: https://doi.org/
10.1039/d5gc03423j.
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