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Extracting battery metals from spent lithium-ion batteries (LIBs) is a promising solution to address the crisis in
battery material supply and the risk of heavy metal pollution. This study proposes a selective sulfidation shock
(SS) strategy for the recovery of battery metals from LIBs. The transient high temperatures (~1000 °C) generated
by pulsed direct current induce solid-phase interfacial sulfidation reactions of lithium (Li) in cathode particles,
preventing the generation of sulfur-containing flue gases while enhancing the selective recovery of Li metal. The
thermal shock causes Li to quickly volatilize and concentrate on the cathode particle surface owing to saturation
vapor pressure differences between Li and transition metals, where it reacts with the high-melting-point sulfu-
rizing agent (CaSO4) to produce easily soluble Li;SO4. The SS process rapidly achieves the transformation of
lithium-containing phases within mere seconds, and the subsequent leaching rate of Li in water increases from
40 % to 89 %, with the leaching kinetics improved by 36 times. In addition, thermal shock also promotes the
release of lattice oxygen, thereby synergistically enhancing the reduction leaching of transition metal oxides. A
comprehensive life cycle assessment revealed that this SS strategy can reduce greenhouse gas emissions by 22
%-43 % compared to traditional pyrometallurgical and hydrometallurgical processes while also yielding 4.97

USD/kg economic benefits.

1. Introduction

The global market share of electric vehicles (EVs) increased from 2 %
in 2018 to 18 % in 2023 owing to advancements in new energy tech-
nologies and support from environmental policies [1]. The global de-
mand for lithium-ion batteries (LIBs), as critical components of EVs,
surpassed 505 GWh in 2023, marking a 28 % increase as compared to
the previous year [2]. However, their typical lifespan, ranging from 3 to
10 years, is expected to lead a substantial wave of LIB retirement
worldwide [3], with an estimated 767 GWh of LIBs retired by 2035.
Recycling these spent batteries is crucial, as it could reduce the con-
sumption of natural battery metals by 15 %-30 % [4]. In response to this
pressing issue, the European Union implemented legislation governing
the recovery and disposal of spent LIBs [5], recognizing key materials
such as lithium (Li), nickel (Ni), cobalt (Co), and manganese (Mn) as
essential resources, mandating local recycling efforts, and prohibiting
simple landfilling or cross-border waste transfer [6].

Selective sulfidation, which is based on ion exchange, is recognized
as a promising scalable technology for battery metal recovery [7-12].
However, current thermal sulfidation methods require continuous
heating at 400 °C-750 °C for 20-180 min to disrupt the layered structure
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of battery materials [13-18], leading to high energy consumption and a
large carbon footprint. Furthermore, the classic sulfidation mechanism
involves reactions between battery metals and sulfur gases, such as SO,
SOs, or sulfur vapor (Sz), which are produced during the thermal
decomposition of sulfurizing agents [19-21]. Although the reaction ki-
netics are favorable, sulfur-containing flue gases are inevitably released.
Therefore, shifting from the existing gas—solid sulfidation system to a
solid-solid sulfidation system which is crucial for mitigating the envi-
ronmental impact of thermal sulfidation methods. Unfortunately, con-
flict between the thermal stability of solid sulfurizing agents and
sulfidation thermodynamics limits the feasibility of solid—solid reactions
using traditional heating elements.

Joule heating technology is an innovative electrothermal metallur-
gical method that utilizes pulsed direct current to rapidly heat materials
from 1000 °C-3000 °C within seconds [22-25]. Remarkably, this process
consumes only 1/500 of the energy required by traditional tube furnaces
and has recently been applied to metal recovery in urban mining. For
example, Deng et al. [26] utilized ultrahigh-temperature flash Joule
heating (approximately 3400 K) to improve the halogenation and
evaporation separation of precious metals in waste circuit boards. This
approach capitalized on vapor pressure differences between non-metals

Received 31 October 2024; Received in revised form 18 December 2024; Accepted 1 January 2025

Available online 2 January 2025

1385-8947/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://orcid.org/0000-0003-4535-2002
https://orcid.org/0000-0003-4535-2002
mailto:yjd2022@tsinghua.edu.cn
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2025.159206
https://doi.org/10.1016/j.cej.2025.159206

B. Zhang et al.

and metal halides, such as rhodium (Rh), palladium (Pd), silver (Ag),
and gold (Au). However, separating the mixed metals in the resulting
vapors remains a substantial challenge. To overcome this issue, Zhu
et al. [27] employed high-temperature Joule heating (i.e., sustained
heating at approximately 2000 °C for 20 s) to recover battery metals
from spent LIBs, converting Li to Li3O for preferential aqueous extrac-
tion and recovering transition metals (TMs) by acid leaching. Although
this selective recovery strategy represents some progress, high-
temperature shocking can lead to substantial Li volatilization losses
and sintering or melting of battery particles, greatly reducing the
leachability of battery metals. Therefore, the development of a selective
and mild electrothermal treatment is essential to effectively recover
battery metals from spent LIBs.

Here, we combine the advantages of sulfidation chemistry and an
electrothermal process in the development of a low-temperature sulfi-
dation shock (SS) strategy (Fig. S1). We selected thermally stable gyp-
sum (CaSO4-2H,0) as the electrothermal sulfidation reagent. Fig. S2
illustrates the thermal stability of various sulfidation reagents. In
contrast to high-temperature Joule heating technology, the SS process
operates at approximately 1000 °C, resulting in Li loss rate of approxi-
mately 0.2 %. The transient high temperatures induce Li volatilization
and enrichment while simultaneously stimulating a solid-solid sulfida-
tion reaction between Li and CaSO4. The Li leaching kinetics during the
SS process were increased 36-fold compared to direct thermal shock at
the same temperature, leading to a substantial reduction in leaching
equilibrium time. The reduction in TM oxidation states further
contributed to successful extraction, with > 95 % recovery of TMs
during a two-stage sulfuric acid leaching process under mild conditions
(0.5 M, 50 °C). A life cycle assessment demonstrated that the SS strategy
significantly reduced total energy consumption, greenhouse gas emis-
sions, and waste discharge, while generating a profit of up to 4.97 USD/
kg.

2. Experimental
2.1. Chemicals and materials

Spent NCM (LiNig Cog 2Mng 203) batteries from end-of-life EVs were
dismantled and employed as experimental materials. Gypsum
(CaSO4-2H20, AR; MREDA Co., Beijing, China), sodium chloride (NaCl,
AR; Sinopharm, Beijing, China), sulfuric acid (H,SO4, AR; Tongguang
Fine Chemicals, Co., Beijing, China), hydrochloric acid (HCI, AR;
Tongguang Fine Chemicals, Co.), and nitric acid (HNOs, AR; Tongguang
Fine Chemicals, Co.) were purchased from the unified reagent man-
agement platform of Tsinghua University. Experimental water was
provided by the laboratory water purification system (Medium-E600,
Shanghai Hitech Instrumens, Co., Shanghai, China).

2.2. Experimental methods

The discharged spent NCM batteries were placed in saturated NaCl
solution for 24 h. Subsequently, the batteries were manually dismantled
to collect the cathode strips, which were processed by a small crusher
into finer particles. The crushed material was subsequently sieved
through a 200 mesh screen to obtain cathode powder with particle sizes
< 0.074 mm. The chemical composition of the spent NCM powder was
listed in Table S1. The cathode powder was mixed with gypsum at a
specific ratio using a planetary ball mill at 200 rpm for 30 min to ensure
a uniform blend. Next, 500 mg of this mixture was placed into a graphite
crucible for SS at 100-140 A for 5-40 s. After SS was complete, deion-
ized water was employed to dissolve Li from the SS products. After Li
extraction, the remaining residue was soaked in 0.5 M sulfuric acid to
dissolve the TMs. The filtrates obtained at various stages were analyzed
to evaluate the respective extraction efficiency (y;) of Li and TMs, which
was calculated using Eq. (1):
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(%) = [GiVi/Co Vo] x 100% )}

where C; is the concentration of metal ion “i” in the leachate, V;j is the
volume of the leachate, C is the concentration of metal ion “i” in the raw
material when dissolved in aqua regia, and Vj is the volume of aqua
regia leachate.

To evaluate the impact of different heating methods on the thermal
loss rate of Li, samples after thermal treatment were subjected to mi-
crowave digestion, followed by inductively coupled plasma optical
emission spectroscopy (ICP-OES) to determine the metal content in the
digestion solution. The thermal loss rate of Li (i) was calculated using
Eq. (2):

(%) = [M/My] x 100% )

where M is the Li content in the SS products, and M) is the Li content in
the raw materials.

2.3. Characterization

The metal ion concentrations in the leaching solution were measured
by ICP-OES using an OPTIMA 2000 spectrometer (PerkinElmer, Wal-
tham, MA, USA). The crystal structures of the samples were character-
ized by X-ray diffraction (XRD) using a PW-1700 diffractometer (Philips,
Cambridge, MA, USA) with a CuKa radiation source (A = 0.154 nm) at
40 kV and 30 mA. The thermal process of samples was analyzed by
thermogravimetry-Fourier-transform infrared spectroscopy-mass spec-
trometry (TG-MS-FTIR, Netzsch, X70, Germany. The surface chemical
composition of samples was analyzed via X-ray photoelectron spec-
troscopy (XPS; ULVAC-PHI, Inc., Kanagawa, Japan) with etching times
of 0, 10, 60, 120, 180, 240, 360, and 480 s. Time-of-flight secondary ion
mass spectrometry (TOF-SIMS) was performed using a TOF.SIMS 5-100
mass spectrometer (ION-TOF GmbH, Miinster, Germany). The surface
morphology and elemental distribution of samples were characterized
via field-emission scanning electron microscopy combined with energy-
dispersive spectroscopy using a MERLIN Compact microscope (Carl
Zeiss, Jena, Germany) and high-resolution field-emission transmission
electron microscopy (HRTEM) using a JEM-2100F microscope (JEOL
Ltd., Tokyo, Japan), respectively. Synchrotron X-ray absorption near-
edge structure (XANES) spectroscopy was performed at the Shanghai
Synchrotron Light Source Facility.

2.4. Economic and environmental analysis

The EverBatt model [28], a closed-loop battery recycling model
developed by the Argonne National Laboratory, was employed to
compare the techno-economic benefits and life cycle assessment of the
pyrometallurgical, hydrometallurgical, and SS recycling processes based
on an annual processing capacity of 10,000 tons of spent NCM cells.

3. Results and discussion

3.1. Pre-extraction of lithium from cathode materials via sulfidation
shock

The specific electric heating conditions and device structure are
illustrated in Fig. 1a and S3. Unlike conventional resistive heating
methods, we achieved precise control over the temperature and heat
retention time of the graphite support by adjusting the pulse current
intensity and duration (Fig. 1b). The material rapidly heated from 25 °C
to 1000 °C within approximately 15 s when the current intensity was set
to 120 A. This heating rate was 200 to 800-fold faster than that of
traditional tube furnaces, which typically operate at rates of 5 °C-20 °C
per min. To further demonstrate the advantages of electrothermal sul-
fidation, the energy consumption of traditional sulfidation roasting were
listed in Table S2, which are approximately 167 to 1000-fold higher than
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Fig. 1. (a) Schematic illustration of the SS process. (b) Real-time temperature measurement under various current. (c) Melting isotherms of NiO-CoO-MnO slag
system. XRD patterns of the sulfidation products with different (d) electric current, (e) current duration and (f) gypsum dosage. Effect of (g) electric current (30 s,
Gypsum/NCM mass ratio of 0.5:1), (h) current duration (120 A, Gypsum/NCM mass ratio of 0.5:1), (i) gypsum dosage (1204, 30 s) on water leaching efficiency and

thermal loss rate of Li.

those of the SS method,

As shown in Fig. S4a, b, the thermal shock effectively removed
crystallization water from gypsum without inducing high-temperature
decomposition of CaSO4. This observation aligned with the thermody-
namic feasibility presented in Fig. S5. The XRD patterns (Fig. S4c, d)
indicated that the (003), (104), and (018) planes of the battery mate-
rial’s having layered structure disappeared with increasing current
duration. Concurrently, the (111), (200), and (220) planes of a rock salt
structure became visible. This transformation was attributed to the poor
thermal stability of the cathode material, wherein TM ions were easily
reduced and migrated to Li vacancy sites during heating, resulting in
conversion of the poly-crystalline layered structure to a rock salt struc-
ture [29,30]. From a chemical perspective, the thermal degradation
process of layered LiTMO2 (where TM = Ni, Co, Mn, or NiyCoyMng, x +
y + z = 1) particles during thermal shock can be described as follows:

3

We employed FactSage 8.3 software [31] to calculate the isothermal
melting curves for the NiO-CoO-MnO slag system. As illustrated in
Fig. 1c, the melting temperatures for NCM111, NCM523, NCM622, and
NCMS811 were approximately 1350 °C, 1550 °C, 1630 °C, and 1810 °C,

2LiTMO;(layered)—»2TMO(rock salt) + Li»O + 0.50,

respectively. Thus, the thermal shock temperature must not exceed
1350 °C to ensure SS process continuity and subsequent leaching. Next,
we analyzed the phase transformations that occurred when gypsum was
mixed with the cathode material before and after SS treatment. As
shown in Fig. 1d, the cathode material decomposed into TM oxides at a
current intensity of 110 A, with a distinct Li;SO4 phase appearing in the
XRD pattern at 20°-30°. Peaks associated with Ni3Sy and metallic Ni
emerged in the XRD pattern as the current intensity increased, which
was attributed to carbon materials in the cathode powder (conductive
carbon and polyvinylidene fluoride binder) facilitating the sulfurization
reduction of NiO, as indicated by the thermodynamic feasibility
(Fig. S6a). Furthermore, the NCM cathode completely transformed into
TM oxides and Li3SiO4 as the current duration increased to 20 s (Fig. 1e).

Moreover, the intensity of the Li;SO4 peak in the XRD pattern
gradually strengthened with increasing amount of gypsum (Fig. 1f),
indicating that water leaching of Li became more effective. Under
optimal leaching conditions (30 min, liquid/solid ratio of 10:1, and
25 °C), we further evaluated how the SS conditions affected Li extraction
efficiency, revealing that increasing the current intensity (Fig. 1g) and
duration (Fig. 1h) enhanced the Li leaching rate. However, excessively
high current intensities (>120 A) and prolonged durations (>30 s)
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resulted in thermal volatilization losses of Li. Notably, as depicted in
Fig. 1i, the thermal loss of Li significantly decreased from 18.8 % to 0.23
% when the gypsum/NCM mass ratio increased from O to 0.5. This result
suggested that gypsum acted as a thermal buffer during the thermal
shock owing to its lower thermal conductivity (0.2-0.4 W m K
compared to that of the cathode material (1-10 W m’lK’l). In contrast
to traditional sulfidation methods conducted in a tube furnace (Fig. S7),
the rapid heating and cooling rates achieved through Joule heating
initiated the sulfidation of Li and greatly minimized its thermal vola-
tilization losses. Under optimized SS conditions (120 A, 30 s, and gyp-
sum/NCM mass ratio of 0.5), we achieved Li leaching rate of 89 %, with
a minimal thermal loss rate of Li of only 0.23 %. Importantly, the Ni, Co,
and Mn ion concentrations in the Li extraction solution were below ICP-
OES detection limits (1-10 ppb), indicating that the SS process enabled
selective recovery of Li while minimizing recovery of unwanted metals.

3.2. Leaching kinetics and selective sulfidation thermodynamics

This study investigated the water leaching kinetics of SS products
and compared them with those resulting from carbothermal shock
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(approximately 1000 °C for 30 s) and raw cathode materials (direct
leaching without pre-treatment). As illustrated in Fig. 2a, the Li leaching
rate for the SS products reached 70.1 % within 30 s. By contrast, the Li
leaching rates for the carbothermal shock products and raw electrode
materials were only 43.2 % and 6.6 %, respectively, even after 60 min
(Fig. S8). During the carbothermal shock process, Li is converted to
Li»CO3 (Fig. S4c, d), which has a solubility of only 12.8 g/L at 25 °C
[14,32]. Thus, we employed a high liquid-to-solid ratio of 50:1 to
enhance Li extraction from the carbothermal shock products. However,
this approach resulted in a maximum Li concentration of only 1.07 g/L
in the leachate (Fig. S9). We further analyzed the relationship between
the Li leaching rate and changes in reactant concentrations across
various materials (refer to Supplementary Note 4 in reference [23] for
the fitting methodology). Due to the high solubility of LioSO4 (Fig. S10),
the high dissolution rate of Li from the SS products was maintained for a
longer period of time compared to that from the carbothermal shock
products and raw electrode materials, lasting until the end of the reac-
tion (Fig. 2b). In the initial stages of Li extraction (approximately 10 s),
the leaching rate of the SS products was approximately 5-fold faster than
that of the carbothermal shock products and approximately 36-fold
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faster than that of the raw cathode materials. The rapid dissolution rate
significantly reduced the reaction termination time, as shown in Fig. 2c.

This study assessed the thermodynamic behavior of sulfidation re-
actions for battery metals. Fig. 2d presents the Gibbs free energy change
(ArGe) for the solid-solid reaction between LioO and LiF (derived from
the electrolyte) with CaSO4 at approximately 1000 °C, which was found
to be < 0 kJ/mol. The high thermal stability of Li,SO4 was a prerequisite
for the high-temperature solidification of Li. By contrast, the A,G° values
for the TM oxides were > 0 kJ/mol (Fig. S6b-f), indicating that only the
sulfidation reaction involving Li components could spontaneously
occur. The multiphase thermal equilibrium calculations clearly illus-
trated phase component changes during the SS process, with detailed
calculations provided in Table S3. As shown in Fig. 2e, increasing the
amount of gypsum led to a gradual conversion of LizO into LizSOq,
whereas TM oxides did not transform into sulfates. Even when 2 mol of
gypsum were added, the equilibrium concentrations of NiSO4 (4.1 x
107 mol), CoSO4 (7.02 x 108 mol), and MnSO4 (3.2 x 107 mol) in the
system were minimal (Fig. 2f). The strength of the metallicity of the
metal elements, determined based on their first ionization energy, was in
the following order: Li (5.39 eV) > Ca (6.11 eV) > Mn (7.43 eV) > Ni

a 100
80
_‘f\,_o/ e ik‘ll
€ 404 —0O—Co
< 5] 7O0"Mn «

T T T T
0 100 200 300 400

Etching time (s)

58 57 56 55 54 53 52
Li,0 Li,SO,

caso, Li,SO,
CaSO; s,
S e— NizS,

v 58 57 56 55 54 53 52
Binding energy (eV)

174 171 168 165 162 159

480s

174 171 168 165 162 159
Binding energy (eV)

f Before leaching

After leaching

Li-

1]
o e N\
Surface !
58 57 56 55 54 53 52 174 171 168 165 162 159 890 880 870 860 850
Li,0 Li,SO A
g e e Li,SO, Co2p A Bulk
2|8 T % M
= |+ S, M
w i Surface

805 795 7AS5 775

Chemical Engineering Journal 505 (2025) 159206

(7.64 eV) > Co (7.88 eV) [33]. Therefore, only Li was capable of dis-
placing the highly electronegative sulfate ions from CaSO4. These
thermodynamic calculations confirmed the feasibility of selective sulfi-
dation during the SS process. Moreover, sulfur-free emissions could be
achieved during the SS process by controlling the amount of gypsum
added. The production of SO; and SOz was limited to only 4.6 x 10>
and 5.4 x 10720 mol, respectively, when 1 mol of gypsum was incor-
porated (Fig. 2e), which aligned with the results obtained via TG-FTIR-
MS (Fig. S11).

The phase transition trends of Li during high-temperature metallurgy
were analyzed using the LipO-CaSO4 binary phase diagram. As illus-
trated in Fig. 2g, increasing temperature resulted in the formation of Li-
containing gas and liquid phases within the metallurgical melt. Con-
trolling the temperature and quantity of gypsum was crucial to reducing
Li losses due to metal vaporization. Fortunately, no phase transitions of
Li occurred within the equilibrium system during the SS process at
400 °C-1345 °C. Fig. 2h demonstrates that the saturation vapor pres-
sures of LioO were higher than those of the TM oxides, indicating that Li
had a greater tendency than TM oxides to volatilize at high tempera-
tures. This finding provides a theoretical foundation for understanding

[, Li,O0 Li1s
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Ar* sputtering time (s)
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Fig. 3. (a) Atomic ratio of elements in the SS products at different XPS etching times. XPS spectra of different elements at different depths in the SS products: (b) Li 1
sand S 2p (the chemical equation involving the transformation of CaSOj3 is 2CaSO,4 + C = 2CaSO3 + CO,, and the A, G” is less than 0 kJ/mol at temperatures above
572 °C), (d) the Co 2p, the Mn 2p and the Ni 2p. (c) Li, SO, /Li; O ratio as the XPS etching time is increased in the SS products. Microstructure characterization of the
SS products before and after Li extraction: (e) SEM images, (f) TOF-SIMS three-dimensional images, and (g-h) HRTEM-FFT images.
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the Li volatilization behavior prior to sulfidation.
3.3. Mechanisms of sulfidation concentration of lithium

The migration behavior of elements in battery metals during SS was
studied using XPS. As illustrated in Fig. 3a, the relative Li content in the
SS products decreased with greater etching depth during the XPS anal-
ysis, whereas the relative TM content exhibited only a slight increase,
indicating that Li moved from the particle interior to its surface during
the thermal shock process. The high-resolution XPS spectrum of Li 1 s
(Fig. 3b) revealed that only Li;SO4 (55.2 eV) was detected on the SS
product surface, although the characteristic peak of Li;O (56.1 eV)
appeared in the Li 1 s spectrum with increasing etching depth. The
proportion of Li»SO4 decreased from 100 % to 57 % over a continuous
XPS etching period of 0-480 s (Fig. 3c). The S 2p XPS spectrum (Fig. 3b)
further confirmed that only Li»SO4 (168.9 eV) and CaSO4 (169.9 eV)
were present on the particle surface, whereas Ni3S; (162.7 and 160.9
eV) and CaSOs (167.1 eV) were detected in the interior. The proportion
of LizSO4 in the S 2p spectrum decreased from 58 % to 41 % after 480 s
of etching (Fig. S12), supporting the interfacial sulfidation behavior of
Li. Additionally, the characteristic peaks in the Ni 2p, Co 2p, and Mn 2p
spectra shifted toward binding energies associated with higher valence
states with increasing etching depth (Fig. 3d), indicating that the
external structure of the cathode material underwent preferential
damage during the SS process.

SEM and HRTEM were used to observe the changes in morphology
and microstructure of the SS products before and after Li extraction.
Fig. 3e demonstrates that the surface of the SS products was uniformly
covered with white spherical particles, which disappeared following
water leaching. Semiquantitative energy-dispersive spectroscopy point
analysis on these characteristic areas revealed that the primary
component of the white spherical particles was Li;SO4, based on the
atomic ratios of Ca, S, and O (Fig. S13). The SEM mapping results
(Fig. S14) confirmed that Ni, Co, and Mn were present in the leaching
residual, whereas the S signal strength was decreased. To detect changes
in elemental intensity in the sulfidation shock products before and after
Li extraction, we employed the time-of-flight secondary ion mass spec-
trometry (TOF-SIMS). Three-dimensional imaging (Fig. 3f), depth pro-
files (Fig. S15a, b), and surface distribution maps (Fig. S15c¢) revealed
that the Li signal in the SS products decreased with increasing etching
depth and nearly disappeared after leaching. Additionally, Ni, Co, and
Mn signals in the leachate exhibited uniform high-density distribution
(Fig. 3f), indicating that Li rapidly migrated to the particle surface
during the SS process, whereas no interfacial TM migration occurred.
HRTEM images of the SS products (Fig. 3g) revealed an interplanar
spacing of 0.402 nm at the particle surface, which corresponded to the
(002) plane of LipSO4. Fast Fourier transform (FFT) of the images
aligned with the classical pattern of LizSO4, confirming Li;SO4 shell
formation during the SS process. The lattice fringe of 0.235 nm observed
on the particle surface corresponds to the (002) crystal plane of the
sulfidation by-product phase (CaO). Therefore, thermal sulfidation of Li
by CaSO4 could be represented by the chemical equation: Li;O 4+ CaSO4
= Li»SO4 + CaO. HRTEM images of the leachate (Fig. 3h) revealed a
lattice spacing of 0.208 nm for the particle surface and in interior, cor-
responding to the (200) plane of rock salt, which was attributed to high-
temperature decomposition of the cathode material. Additionally, the
smooth edges of the leachate particles suggested that all soluble sub-
stances were dissolved within the SS products (Fig. 3h).

3.4. Improved Extractability of transition metals by sulfidation shock

Traditional acid leaching methods require the reduction of higher
metal ion oxidation states in the cathode material before battery metals
can be dissolved. By contrast, the TMs in the SS products dissolved
directly in dilute sulfuric acid (0.5 M) without further reduction. As
shown in Fig. 4a, the SS process significantly enhanced the acid leaching
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efficiency of TMs. The TM extraction rates were 97.7 %, 99.5 %, and
94.9 % for Ni, Co, and Mn, respectively, after an approximate time of 40
min. The total extraction rate was approximately 2.2-fold higher than
that obtained through direct acid leaching. The kinetic results indicated
that the initial dissolution rate of TMs in the leachate increased by
approximately 60 % compared to direct acid leaching (Fig. S16), and the
correlation between the reaction rate and TM concentration (k) was
lower, suggesting the occurrence of a more stable acid leaching process.
Furthermore, the leaching efficiency of TMs significantly increased with
increasing temperature but decreased with increasing solid-to-liquid
ratio (Fig. 4b).

The reduction of TM valence states greatly enhances the thermody-
namic feasibility of acid dissolution reactions for battery metals [23,27].
Thus, we calculated the ArG9 values for the acid dissolution reactions of
different TM oxidation states at 50 °C. As illustrated in Fig. 4c and
detailed in Table S4, the spontaneity of TM oxides dissolving in sulfuric
acid increased with decreasing TM valence state. XPS analysis of TM
valence components of TMs elements within 5 nm of the surface before
and after the SS process (Fig. 517) revealed that the Ni®*/Ni**, Co®*/
Co%*, and Mn**/Mn?* ratios in the SS products decreased by 0.3, 0.78,
and 0.24, respectively. Additionally, TG-MS analysis of the cathode
material revealed a strong signal for 3202* (Fig. S11e), suggesting that
electrons migrated from the O 2p orbitals in the TM-O covalent bonds to
higher-valent TM ions, resulting in the reduction of TMs and oxidation
of lattice oxygen [34,35].

To further investigate the thermal degradation process of the cathode
material, we employed hard X-ray absorption spectroscopy (HXAS) to
quantitatively analyze the valence state composition of the particles
before and after the SS process. Given the structural similarities among
TMs in the cathode material, we focused our analysis on Co. The Co K-
edge XANES spectra for the SS products (Co-SS), raw materials (Co-RM),
and standard Co metal oxides are presented in Fig. 4d. The absorption
edge of Co-SS closely aligned with that of CoO, exhibiting a decrease of
approximately 1.7 eV compared to Co-RM. This shift indicated a
reduction in the oxidation state of Co following the SS process. Further
fitting analysis of the valence state of Co atoms, as shown in Fig. 4e and
S18, indicated that the average oxidation states of Co in the cathode
materials from spent LIBs after the SS process decreased from + 2.32 to
+ 2.05, and the Co®>" content increased from 15.1 % to 100 %. Further,
we analyzed the chemical and structural characteristics of Co via FT of
the extended X-ray absorption fine structure (EXAFS) data at the Co R-
edge. Fig. 4f demonstrates that the FT spectrum displayed two promi-
nent peaks, with the first (1.49 and 1.59 2’\) and second (2.45 and 2.57 10\)
peaks corresponding to the Co-O and Co-Co coordination shells,
respectively. Notably, the coordination distances of Co-O and Co-M
(where M = Ni, Mn, Co) in the SS products increased compared to
those in particles before the SS process, and the amplitude of Co-O
significantly decreased. This finding indicated that thermal degrada-
tion led to excess disorder of Co%'" [36-38]. To precisely assess the
changes in bond lengths and coordination numbers of Co atoms
following the SS process, we quantitatively analyzed the EXAFS fitting
curves using the least squares method. As depicted in Fig. 4g and sum-
marized in Table S5, the bond lengths around Co atoms increased with
the degree of oxygen loss in the cathode material [39,40]. Specifically,
the Co-O bond length expanded from 1.91 + 0.01 to 2.08 + 0.01 10\,
while the coordination number increased from 5.6 + 0.2 to 6.0 + 0.4.
Similarly, the Co-M bond length increased from 2.86 + 0.01 to 2.99 +
0.01 A, while the coordination number increased from 7.4 &+ 0.3 to 12.1
+ 0.4. These results indicated that the thermal shock induced the
reduction of Co and compromised the lattice structure integrity in the
raw materials. Wavelet transform analysis of the EXAFS data further
supported this conclusion (Fig. 4h and S19). The Co K-edge contour map
for Co-RM exhibited two peaks of maximum intensity correlating with
the scattering of Co304. By contrast, the atomic distance and amplitude
of Co-O in Co-SS notably changed, with its two-dimensional profile
aligning closely with CoO scattering.
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In summary, the SS process can be described as follows (Fig. 4i): Li
ions and lattice O in the layered octahedral unit quickly escape from the
layered structure of cathode materials as the raw materials rapidly heat
up while the Li* captures the escaping O, to form Li;O. This process
leads to the reduction of high-valence TMs to lower valence states due to
the loss of lattice oxygen. Subsequently, Li;O accumulating on the
particle surface reacts with CaSO4 through solid-phase interfacial con-
tact to produce LisSO4 according to Eq. (4).

Li,O + CaSO4—Li,SO, + CaO @

3.5. Environmental economic and scalability analysis

We designed three scenarios for recovering valuable metals from
spent LIBs, as shown in Fig. 5a and S20-S22, including a pyrometallur-
gical process (Pyro), in which battery metals are transformed into alloys
at approximately 1000 °C; a hydrometallurgical process (Hydro), which
involves dissolving battery materials directly in acidic solvents; and the
SS process, which converts battery materials into Li;SO4 and low-
valence TM oxides. Assuming that a facility recycles 10,000 tons of
spent NCM622 annually, we conducted a “cradle-to-gate” life cycle
assessment for the three recovery scenarios using the EverBatt model.
Since the SS process is based on Hydro, we referenced material con-
sumption data for the SS process from the Hydro method outlined in the
GREET 2020 inventory (Table S6). To account for the benefits of acid

a Scenario 1: Pyrometallurgical recycling process
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leaching for low-valence TMs in the SS products, we conservatively
adjusted the HoSO4 consumption in the SS process to 80 % of that used in
Hydro. In addition, the life cycle inventory of gypsum has been incor-
porated into the model [41], as detailed in Table S7.

Compared to Hydro, the SS process eliminated the use for hydrogen
peroxide as a reductant, resulting in the upstream energy consumption
for chemical production in the SS process was reduced by 33.2 %
(Fig. 5¢). Therefore, the total energy consumption of the SS process
(14.77 MJ/kg cell) is lower than that of Hydro (22.12 MJ/kg cell). The
lower consumption from the materials and energy inputs of the SS
process results in greenhouse gas (GHG) emissions that are 57.3 % and
77.8 % of those from Pyro and Hydro processes, respectively (Fig. 5d
and Table S8). In Pyro, Li reacts with flux materials (e.g., limestone and
sand) to form a slag phase (xLi;O-yCaO-zAl,03-nSiO3) with a complex
composition and high melting/boiling points, making recovery of the
dispersed Li extremely difficult [42,43]. Thus, Pyro generated the
highest solid waste quantity among the three scenarios (Fig. 5b). The
detailed environmental impact data are presented in Table S8. More-
over, the Li and TM leaching rates were approximately 6 % and 20 %
higher in the SS process than in Hydro, respectively (data sourced from
GREET 2020 and our experimental results), enhancing the value of
metal products to give total revenues of 9.3 USD/kg cell for the SS
process (Fig. 5e). Additionally, selective extraction during the SS process
simplifies subsequent metal separation, leading to decreased overall
energy and reagent consumption for recycling compared to the other

Scenario 2: Hydrometallurgical recycling process
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two scenarios. Finally, the projected profit for the SS process was 4.97
USD/kg cell due to the high metal recovery rates and low raw material
costs, which was 9- and 1.5-fold greater than that of Pyro and Hydro,
respectively (Fig. 5f and Tables S9-510).

To demonstrate that the SS recycling process is scalable, we con-
ducted scaled-up experiments of SS using a large-volume graphite boat,
with a capable of 5 g of cathode powder (Fig. S23a-b). After thermal
shocking treatment at a current intensity of 120 A and a duration of 30s,
the XRD pattern of SS products matched the result from the small-scale
experiments (Fig. S23c). The SS products underwent a two-stage
leaching process, which included water leaching followed by acid
leaching, under the same leaching conditions used in the small-scale
experiments. Fortunately, the leaching efficiencies for Li and TMs
were maintained above 86 % and 93 %, respectively. The Li;SO4 in the
water leachate was further prepared into Li,COj3 using the Nap,CO3
precipitation method (Fig. S24). We also validated the universality of
the SS method for battery metal extraction. The scaled-up experiments
of SS were conducted on spent LiCoO, powder under optimum condi-
tions. The XRD pattern indicate that LiCoOy was transformed into CoO
and Li»SiO4 (Fig. S25). The leaching efficiencies of Li and Co were ~ 90
% and ~ 94 %, respectively. The SS recycling process has the potential to
be integrated with a continuous feeding system, enabling continuous
electrothermal sulfidation of cathode powder as shown in the concep-
tual design (Fig. S26). In addition, the graphene synthesis by the tran-
sient thermal process is increasingly being scaled up, and the
productivity of tonnes per day has been achieved in 2024 [24]. This
established scalability can be readily harnessed for high-throughput SS
process.

4. Conclusion

In this work, we proposed a sulfidation shock method that employs
Joule heat to selectively extract Li from battery metals while improving
the leaching kinetics of TMs. The new method stimulated the ionic
hopping of lattice Li in the cathode material and induced the migration
of Li to the heat-stabilized sulfurizing agent on the cathode surface,
which in turn constructed a sulfidation reaction interface without sulfur
release. Meanwhile, the oxygen-loss reduction of TMs induced by tran-
sient high-temperature further promoted the leaching thermodynamics
and avoids the use of reducing agents, such as hydrogen peroxide, in the
acid leaching process. Unlike the energy-intensive conventional pyro-
metallurgical process, the rapid heating rate and short holding time of
the sulfidation shock method resulted in only 0.23 % Li loss and a 42.7 %
reduction in carbon emissions. Compared with the conventional hy-
drometallurgical technology, the new method increased Li and TMs
recoveries by 6 % and 20 %, respectively, and increased economic
benefits by 46.2 %. We believe that when further scaled up to kilogram
or tonne scale, this method could allow the battery recycling industry to
be built into a high-level demonstration of circular economy and cleaner
production.
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