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Abstract

Leaching carbon residue (LCR) is a carbonaceous solid waste generated during the hy-
drometallurgical recycling of spent lithium-ion batteries. Although its high graphite content
offers substantial potential for resource recovery, the residual heavy metals and fluorides
present in LCR pose considerable environmental risks. Currently, LCR has not garnered
sufficient attention within the industry, and the lack of recycling technologies suitable
for large-scale disposal results in resource wastage and environmental pollution. To ad-
dress these challenges, this study proposes an innovative strategy based on the concept
of multi-field synergistic enhancement. The proposed approach involves recovering and
regenerating graphite (RG) from LCR via low-temperature molten salt roasting assisted by
high-pressure and mechanical activation. A combination of advanced characterization tech-
niques was employed to compare the physicochemical properties of RG and commercial
graphite (CG) and to systematically evaluate the technical feasibility of using regenerated
graphite as an anode material for lithium-ion batteries. The results demonstrate that, under
optimized molten salt roasting and aqueous leaching conditions, the carbon content of
RG reaches 99.94 wt%, indicating the efficient removal of non-carbon impurities from
the graphite matrix. Compared to CG, RG retains a typical layered structure; however, a
lower carbon content (99.94 wt%) and poorer structural order (ID/IG = 0.30) are observed.
In terms of electrochemical performance, RG delivers a discharge specific capacity of
394.64 mAh/g during the first cycle and exhibits excellent cycling stability, with a capacity
retention of 86.50% after 100 cycles. This electrochemical performance is comparable to that
of commercial graphite. The proposed multi-field-assisted low-temperature molten salt
roasting technique enables the efficient recovery of high-value graphite resources from LCR,
establishing a full-lifecycle recycling strategy tailored for lithium-ion battery applications.

Keywords: spent lithium-ion batteries; leaching carbon residue; low-temperature molten
salt roasting; external field assistance; recycled graphite

1. Introduction
Lithium-ion batteries (LIBs) are widely utilized in mobile electronic devices, electric

vehicles, and smart grids owing to their high capacity, high energy density, and excellent
cycling performance [1–3]. However, the typical lifespan of commercial LIBs ranges from
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5 to 8 years [4], after which their energy density and charge–discharge efficiency decline
substantially, rendering them unsuitable for high-power applications and leading to their
retirement [5]. Consequently, the enormous volume of spent LIBs presents significant
resource and environmental challenges. Currently, the industrial sector predominantly uses
hydrometallurgical leaching to recover most valuable metals from spent LIBs. This process
generates substantial amounts of leaching carbon residue (LCR), a carbonaceous solid waste
rich in high-quality graphite, trace valuable metals, and organic components [6]. LCR thus
embodies both significant recycling value and environmental pollution risks [7–9]. Given
that spent LIBs contain 12–21 wt% graphite [10], processing one ton of spent LIBs yields
approximately 120–210 kg of LCR. Due to its complex composition, the difficulty of graphite
recovery, its low added value, and the absence of clean recycling technologies suitable for
large-scale disposal [11], large quantities of untreated LCR are stockpiled or incinerated
as alternative fuel [12]. This situation poses a severe threat to the ecological environment
while simultaneously squandering substantial graphite resources [13]. The development
of simple, efficient, and environmentally friendly LCR treatment technologies is therefore
urgently needed to address the resource and environmental challenges confronting the
LIB industry.

Current technologies for treating LCR can be categorized into pyrometallurgical,
hydrometallurgical, and combined processes. Zhang et al. [14] proposed a sulfate roasting
method for recovering waste graphite at 250 ◦C with the addition of sodium fluoride. The
recovered graphite achieved a purity of 99.55 wt% and exhibited a chemical structure
suitable for energy storage. Batteries fabricated from the regenerated graphite delivered
an initial charge capacity of 333.9 mAh/g, an initial coulombic efficiency of 85.71%, and
a capacity retention of 91.2% after 400 cycles. Ma et al. [15] employed an acid leaching
process to recover graphite from spent LIBs. Under ambient conditions using 5 M sulfuric
acid and 35 wt% H2O2, the carbon content of raw untreated graphite anode scrap increased
significantly from 78.33 wt% to 96.91 wt%. The regenerated graphite exhibited a reversible
specific capacity of 377.3 mAh/g at 0.1 C, demonstrating excellent cycling stability and
potential for direct reuse as an anode material in LIBs. Yu et al. [16] developed a grinding-
assisted flotation method to recover LiCoO2 and graphite from spent LIBs, achieving
purities of 97.13 wt% and 73.56 wt%, and recovery rates of 49.32% and 73.56%, respectively.
Gao et al. [17] combined sulfuric acid leaching with high-temperature treatment to purify
graphite and reconstruct its crystal lattice; at 900 ◦C, the recovered graphite exhibited a well-
developed crystalline structure, delivering a reversible capacity of 358.1 mAh/g at 0.1 C
and retaining 98.8% of its capacity after 100 cycles. Although these methods have effectively
recovered graphite from LCR, they suffer from several drawbacks. First, the purity of the
regenerated graphite does not meet the 99.9 wt% requirement for battery-grade artificial
graphite anode materials specified in GB/T 24533-2019 [18], and the contents of harmful
elements such as Ni, Co, Cu, and Pb generally exceed the standard limits (≤5 ppm). Second,
these methods also involve high energy consumption, high cost, and poor environmental
benefits. Consequently, they are unsuitable for large-scale application. Therefore, the
development of an efficient, cost-effective, and sustainable graphite regeneration technology
is crucial for achieving full-lifecycle recycling of anode materials from spent LIBs.

External field assistance can significantly enhance the disruption of mineral crystal
structures and the regulation of defects [19] by lowering the reaction energy barrier and
optimizing leaching kinetics [20], thereby enabling efficient and mild resource recovery.
Wang et al. [21] developed a combined low-temperature pyrolysis and mechanochemical
process to upcycle waste graphite. This process facilitated the dissociation of 82.2% of the
polyvinylidene fluoride (PVDF) binder at 500 ◦C, followed by solid-phase exfoliation via
urea-assisted ball milling, yielding a high-purity graphite material with abundant edge
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structures and active sites. The resulting material exhibited a high initial specific capacity
of 521.3 mAh/g and demonstrated excellent cycling stability. Song et al. [22] developed
a carbothermal shock-water leaching process that leveraged Joule heating to raise the
temperature to over 1000 ◦C within one second, generating a transient high-temperature
thermal field that promoted lithium migration to the surface and converted LiF into soluble
Li2CO3. Compared to conventional high-temperature roasting and acid leaching, this
process reduces the treatment time to 15–20 s, achieving a lithium leaching efficiency
exceeding 99.5% and recovery rates for graphite and copper foil approaching 100%. Zhai
et al. [23] proposed a combined subcritical hydrothermal acid leaching process. Under
elevated pressure and temperature in the subcritical state, impurities such as Li, Al, and Ti
were deeply removed from waste graphite to below 10 ppm, yielding regenerated graphite
with a purity of 99.5 wt%. The regenerated material delivered a capacity of 327.2 mAh/g
after 200 cycles at 0.5 C. These findings confirm the beneficial effects of high-pressure
environments and mechanical activation on the treatment of spent LIBs. However, current
studies typically employ mechanical activation and high-pressure environments as separate
unit operations, and the synergistic effects of multiple external fields on complex phase
structures remain underexplored.

Therefore, this study proposes an innovative strategy that couples mechanical activa-
tion with a high-pressure environment to enhance molten salt roasting. By establishing a
multi-field coupling system encompassing mechanical force, thermal energy, and pressure,
the aim is to achieve the efficient recovery and structural restoration of commercial-grade
graphite from LCR generated during spent LIB processing. The study systematically elu-
cidates the underlying mechanism of the synergistic effect of multiple external fields on
the molten salt roasting of LCR, focusing on both crystal structure evolution and electro-
chemical performance optimization. Through a combination of advanced characterization
techniques, the influence of the multi-field-assisted low-temperature molten salt roasting–
water bath leaching process on the phase composition, morphology, surface chemistry, and
defect structure of the carbon residue is investigated. Coupled with electrochemical testing,
these analyses collectively clarify the structure–property relationships governing the elec-
trochemical performance of the regenerated graphite. The proposed technological approach
enables the efficient regeneration and structural repair of graphite from LCR, providing
a theoretical foundation and technical support for the safe disposal and high-efficiency
recycling of this material.

2. Experimental Section
2.1. Experimental Materials

The LCR utilized in this study was sourced from a battery recycling facility in Tongren,
Guizhou Province, China. The anode graphite of the spent lithium-ion batteries is artificial
graphite (the mainstream negative electrode material for commercial LIBs). The carbon
residue obtained from the leaching of both cathode and anode materials was crushed and
sieved to produce a powder with particle size less than 0.15 mm. The resulting powder
was dried in an oven (Beijing Yongguangming Medical Instrument Co., Ltd., Beijing,
China) at 110 ◦C for 24 h before use in the molten salt roasting experiments. Commercial
graphite (CG) was purchased from BTR New Material Group Co., Ltd., Shenzhen, China.
Ammonium fluoride (NH4F), employed as the molten salt, was of analytical grade.

2.2. Experimental Procedure

The LCR treatment process consisted of three main stages: external field-enhanced
molten salt roasting, aqueous leaching, and electrode preparation and performance evalua-
tion. A detailed schematic of the process is provided in Figure 1.
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Figure 1. Flowchart of LCR treatment using external field-assisted molten salt roasting.

2.2.1. External Field-Enhanced Ammonium Fluoride Molten Salt Roasting

The thoroughly dried LCR was uniformly mixed with NH4F at a predetermined
mass ratio and placed in a sealed polytetrafluoroethylene reaction vessel. The mixture
was subsequently subjected to molten salt roasting in a high-temperature vibration ball
mill. The roasting parameters, including temperature (100–300 ◦C), salt-to-material ratio
(0.25–1.25 g/g), roasting time (20–100 min), and vibration frequency (600–1400 r/min),
were systematically optimized according to the experimental plan detailed in Table S1.

2.2.2. Water Leaching

Following roasting, the cooled sample was transferred to a polytetrafluoroethylene
beaker and subjected to re-pulping water leaching (2–3 times) to remove soluble non-
carbon impurities. The regenerated graphite (RG) was then recovered via solid–liquid
separation, dried, and stored for subsequent characterization and testing. The aqueous
leaching conditions, including temperature (20–80 ◦C), liquid-to-solid ratio (15–30 mL/g),
and leaching time (30–120 min), were optimized following the protocol outlined in Table S2.

2.2.3. Electrode Preparation

The RG, carbon black (Super P), and PVDF binder were mixed in a mass ratio of 8:1:1.
An appropriate amount of N-methyl-2-pyrrolidone (NMP) was added to dissolve the PVDF.
After thorough grinding and homogenization, the resulting slurry was uniformly coated
onto a 100 µm-thick copper foil and subsequently dried in a vacuum oven (Tianjin Test
Instrument Technology Co., Ltd., Tianjin, China) at 80 ◦C for 12 h. The dried electrode
sheets were cut into disks of 14 mm diameter, with an active material loading of approxi-
mately 2 mg/cm2. CR2032 coin-type half-cells were assembled in an argon-filled glovebox
(Mikrouna Advanced Technology Co., Ltd., Shanghai, China) (H2O and O2 concentrations
below 0.1 ppm). A lithium foil served as both the counter and reference electrode, and the
electrolyte was 1 M LiPF6 dissolved in a mixture of ethylene carbonate, ethyl methyl carbon-
ate, and dimethyl carbonate (EC:EMC:DMC = 1:1:1, v/v). A Celgard 2400 polypropylene
membrane was used as the separator. The cells were assembled in the following sequence:
negative electrode case, spring, spacer, lithium foil, electrolyte, separator, electrolyte, work-

https://doi.org/10.3390/min16040429

https://doi.org/10.3390/min16040429


Minerals 2026, 16, 429 5 of 18

ing electrode, and positive electrode case. Before electrochemical testing, the assembled
cells were allowed to rest for 10 h to ensure electrolyte saturation.

2.3. Characterization

The phase composition of the samples was analyzed by X-ray diffraction (Ultima 4,
Rigaku Corporation, Tokyo, Japan) using Cu Kα radiation, with data collected over a 2θ
range of 10–80◦ at a scan rate of 10◦/min. The microstructure and elemental distribution
were examined using a scanning electron microscope (ZEISS SIGMA 300, Carl Zeiss,
Oberkochen, Germany) equipped with an energy-dispersive X-ray spectrometer (Xplore 30,
Oxford Instruments, Abingdon, UK). Raman spectroscopy (Invia Qontor, Renishaw, Wotton-
under-Edge, UK) was employed to characterize the degree of graphitization. Surface
properties were analyzed by nitrogen adsorption–desorption measurements using an
automatic physical adsorption analyzer (TriStar II 3020, Micromeritics, Norcross, GA, USA).
X-ray photoelectron spectroscopy (Thermo Scientific™, Waltham, MA, USA) was conducted
to systematically characterize the surface elemental composition and chemical states of
the regenerated graphite. The ash content of the regenerated graphite was determined
according to the Chinese national standard for the proximate analysis of coal (GB/T 212-
2008) [24].

2.4. Electrochemical Characterization

The electrochemical performance of the RG was evaluated using CR2032 coin-type half-
cells (Saibo Electrochemical Materials Net, Beijing, China). Galvanostatic charge–discharge
cycling was conducted within a voltage range of 0.005–2.0 V using a multichannel bat-
tery testing system (CT-4008Tn-5V1OmA-HWX, Neware Technology Co., Ltd., Shenzhen,
China). Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were
performed using an electrochemical workstation (CHI 760E, Chenhua Instrument Co., Ltd.,
Shanghai, China). CV curves were recorded at a scan rate of 0.1 mV/s over the voltage
range of 0.005–2.0 V. EIS measurements were carried out over a frequency range of 0.01 Hz
to 100 kHz with an AC amplitude of 5 mV.

3. Results and Discussion
3.1. Thermodynamic Analysis

The potential chemical reactions occurring during the NH4F roasting process are
summarized in Table 1, and the corresponding plots of the standard Gibbs free energy
change as a function of temperature ∆Gθ

T − T are presented in Figure 2.
The thermodynamic calculations presented in Table 1 and Figure 2 indicate that,

within the molten salt system, NH4F initially reacts with metal oxides to form partially
water-soluble ammonium complex salts and sparingly soluble fluorides. These fluorides
can further react with HF to convert into acid-soluble complex salts. Specifically, the
major compounds in LCR can undergo phase transformation in the NH4F system to
form [AlF6]3−, [SiF6]2− and PO4

3− anions, which subsequently combine with [NH4]+

cations to yield highly water-soluble ammonium salts such as (NH4)3AlF6, (NH4)2SiF6,
and (NH4)3PO4 [25,26]. As shown in Figure 2a, for the reactions between metal oxides and
NH4F, the ∆Gθ

T values for all reactions except (3-3) decrease with increasing temperature.
At temperatures exceeding 300 ◦C, the ∆Gθ

T values for the target reactions become negative,
indicating that the oxides present in LCR can spontaneously undergo complexation and
fluorination reactions with NH4F to form soluble ammonium salts containing anionic
complexes such as [CoF3]−, [NiF3]−, [MnF3]−, [AlF3]3−, and [SiF3]2−. Furthermore, in
the reactions (3-7), (3-8), (3-9), and (3-10), the carbonaceous matrix can serve as a reduc-
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ing agent, facilitating the reduction in high-valence metal oxides to lower valence states
before fluorination.

Table 1. Potential chemical reactions during the molten salt roasting process.

No. Reaction Equation ∆Gθ
T-T KJ/mol

3-1 12NH4F + Al2O3 = 6NH3(g) + 2(NH4)3AlF6+ 3H2O(g) ∆Gθ
T = 63.88 − 0.841 T

3-2 6NH4F + SiO2 = 4NH3(g) + (NH4)2SiF6 + 2H2O(g) ∆Gθ
T = 43.13 − 0.71 T

3-3 6NH4F + 3H2O + P2O5 = 2(NH4)3PO4 + 6HF(g) ∆Gθ
T = −116.89 + 0.36 T

3-4 NiO + 2NH4F = NiF2 + 2NH3(g) + H2O(g) ∆Gθ
T = 35.56 − 0.379 T

3-5 NiO + 3NH4F = 2NH3(g) + H2O(g) + NH4NiF3 ∆Gθ
T = −5.13 − 0.423 T

3-6 MnO + 3NH4F = 2NH3(g) + H2O(g) + NH4MnF3 ∆Gθ
T = 166.01 − 0.406 T

3-7 MnO2 + 3NH4F + C = 2NH3(g) + H2O(g) + NH4MnF3 + CO(g) ∆Gθ
T = 137.43 − 0.602 T

3-8 2MnO2 + 6NH4F + C = 4NH3(g) + 2H2O + 2NH4MnF3 + CO2(g) ∆Gθ
T = 142.91 − 0.891 T

3-9 2Co3O4 + 18NH4F + C = 12NH3(g) + 6H2O + 6NH4CoF3 + CO2(g) ∆Gθ
T = −60.77 − 2.364 T

3-10 Co3O4 + 9NH4F + C = 6NH3(g) + 3H2O + 3NH4CoF3 + CO(g) ∆Gθ
T = 31.679 − 1.271 T

3-11 CoF2 + 3NH4F = NH4CoF3 + 2NH3(g) + 2HF(g) ∆Gθ
T = 101.47 − 0.536 T

3-12 NiF2 + NH4F = NH4NiF3 ∆Gθ
T = −40.70 − 0.044 T

3-13 3NH4F + AlF3 = (NH4)3AlF6 ∆Gθ
T = 19.83 + 0.147 T

3-14 NH4F = NH3(g) + HF(g) ∆Gθ
T = 57.59 − 0.253 T

3-15 LiF + HF(g) = LiHF2 ∆Gθ
T = −11.94 + 0.148 T

3-16 MnF2 + NH4F = NH4MnF3 ∆Gθ
T = 180.19 − 0.021 T

Figure 2. ∆Gθ
T−T relationship curves: (a) oxides; (b) fluorides.

Figure 2b illustrates the thermodynamic behavior of the fluorides during the roasting
process. At temperatures above 300 ◦C, the ∆Gθ

T values for the reactions (3-13), (3-15), and
(3-16) remain positive and show an increasing trend, indicating that elevated temperatures
inhibit the spontaneous progress of these complexation reactions. In contrast, the ∆Gθ

T
values for the reactions (3-11), (3-12), and (3-14) remain negative, suggesting that these
reactions proceed spontaneously. To prevent loss of the fluorinating agent due to NH4F de-
composition and a consequent decrease in purification efficiency, the fluorination roasting
temperature should be controlled within 200–300 ◦C. The thermodynamic analysis pre-
sented above confirms that NH4F molten salt roasting can effectively remove non-carbon
impurities from LCR.

3.2. Optimization of Molten Salt Roasting and Leaching Parameters

The effects of the key process parameters for molten salt roasting and aqueous leaching
on the purity of the recovered graphite are illustrated in Figure 3. As depicted in Figure 3a,
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the roasting temperature significantly influences the carbon content of the RG. The carbon
content increases with increasing roasting temperature, reaching a maximum of 99.95 wt%
at 300 ◦C. This represents an increase of 13.96 wt% compared to the raw LCR (85.99 wt%).
Consequently, 300 ◦C was selected as the optimal roasting temperature.

Figure 3b shows that, as the salt-to-material ratio increases, the carbon content of the
RG initially increases, then decreases. The highest carbon content is observed at a salt-to-
material ratio of 0.75:1. At higher ratios (1:1 and 1.25:1), the carbon content decreases. This
is likely due to the increased proportion of the molten phase at high NH4F loadings, which
enhances the encapsulation of fine carbon particles [27] and their subsequent removal
during the aqueous leaching step. Therefore, a salt-to-material ratio of 0.75:1 was selected
as optimal.

As illustrated in Figure 3c, the carbon content of the RG initially increases and then
decreases with extended roasting time. A maximum carbon content of 99.93 wt% is
achieved after 60 min of roasting, significantly higher than that obtained with shorter or
longer roasting times. This trend can be attributed to the fact that an appropriate roasting
time increases the proportion of the molten phase, promoting its penetration and diffusion
into the pores of the carbon residue and providing sufficient kinetic conditions for the
reactions, thereby enhancing the removal of impurities [28]. Therefore, a roasting time of
60 min was selected.

Figure 3d shows that, within the vibration frequency range of 600–1400 r/min, the
carbon content of the RG remains consistently above 99.95 wt%, exhibiting only minor
variations. The maximum carbon content of 99.98 wt% is observed at a vibration frequency
of 1000 r/min. This frequency was therefore selected as optimal.

As shown in Figure 3e, the carbon content of the RG does not vary significantly
with changes in the leaching temperature. A maximum value of 99.96 wt% is attained
at a leaching temperature of 40 ◦C. Thus, 40 ◦C was selected as the optimal leaching
temperature.

Figure 3f indicates that the carbon content initially increases with increasing liquid-to-
solid ratio, reaching a maximum of 99.96 wt% at a ratio of 25:1, beyond which it stabilizes.
A liquid-to-solid ratio of 25:1 was therefore selected as optimal.

As presented in Figure 3g, the carbon content of the RG exhibits only slight variations
with changes in leaching time. The maximum carbon content of 99.94 wt% is observed at
60 min of leaching time. Prolonging the leaching time beyond this point results in a slight
decrease in carbon content. Therefore, a leaching time of 60 min was selected as optimal.

The reproducibility of the process was assessed through three independent repeated
experiments under the optimized conditions. As shown in Figure 3h, the RG carbon content
remained consistently around 99.93 wt%, confirming the good reproducibility and stability
of the developed process.

Taking into account both the carbon content of the RG and processing costs, the
optimal combination of parameters for the molten salt roasting and aqueous leaching
process was determined as follows: roasting temperature of 300 ◦C, salt-to-material ratio of
0.75:1, roasting time of 60 min, vibration frequency of 1000 r/min, leaching temperature
of 40 ◦C, liquid-to-solid ratio of 25:1, and leaching time of 60 min. Under these optimized
conditions, the carbon content of the RG obtained across three replicate experiments was
consistently 99.93 wt% (Figure 3h).
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Figure 3. Effect of process parameters in molten salt roasting and aqueous leaching on LCR purifica-
tion efficiency: (a) roasting temperature, (b) salt-to-material ratio, (c) roasting time, (d) vibration fre-
quency, (e) Leaching temperature, (f) liquid-to-solid ratio, (g) leaching time, and (h) process stability.
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3.3. Comparison of Physicochemical Properties of LCR, RG, and CG

To evaluate the efficacy of the proposed process in restoring the structure and prop-
erties of the recovered graphite and to assess its potential for commercial applications,
a comprehensive comparative analysis of the physicochemical properties of LCR, RG,
and CG was performed. The properties investigated included crystal structure, degree
of graphitization, microstructure, specific surface area, and elemental composition. The
results are presented in Figure 4.

As shown in Figure 4a, all three samples (LCR, RG, and CG) exhibit distinct diffraction
peaks characteristic of graphite, corresponding to the (002) crystal plane. Despite the
prolonged service life of the graphite in the battery and the subsequent molten salt roasting
process, LCR and RG retain a typical graphite crystal structure. A comparison of the (002)
diffraction peak intensities reveals that RG exhibits a significantly higher peak intensity
than LCR, indicating an increase in crystallinity following the combined roasting and
leaching process. Moreover, an Al2O3 impurity peak is clearly observed in the LCR pattern,
which is absent in the RG pattern. The interlayer spacings, d(002), were calculated to be
3.3708 Å, 3.3608 Å, and 3.3621 Å for LCR, RG, and CG, respectively. These results indicate
that the proposed recovery process effectively removes residual impurities from LCR,
achieving a carbon purity of 99.94 wt% (Figure 3g), and repairs the expanded graphite
structure, thereby meeting the application requirements for battery anode materials.

Figure 4b displays the Raman spectra of LCR, RG, and CG. All samples exhibit two
distinct characteristic peaks in the 1000–2000 cm−1 region: the D band at approximately
1350 cm−1, associated with structural defects, and the G band at approximately 1580 cm−1,
corresponding to the in-plane vibration of sp2-hybridized carbon atoms. The ID/IG values
for LCR, RG, and CG are 0.32, 0.30, and 0.05, respectively, indicating that RG still possesses
a relatively high density of structural defects. This is attributed to the selective etching of
graphite edges and defect sites by NH4F during the roasting process, which introduces
additional defects and limits further graphitization.

The nitrogen adsorption–desorption isotherms for LCR, RG, and CG are shown in
Figure 4c. All three samples exhibit Type IV isotherms with a hysteresis loop at low relative
pressures and a sharp increase in adsorption at high relative pressures (P/P0 > 0.8), indi-
cating a primarily mesoporous structure [29]. The specific surface areas (BET) of LCR, RG,
and CG are 12.20 m2/g, 12.32 m2/g, and 1.87 m2/g, respectively. The corresponding pore
volumes are 0.40 cm3/g, 0.37 cm3/g, and 0.01 cm3/g, and the average pore diameters are
60.03 Å, 57.33 Å, and 57.78 Å. These results suggest that impurity removal and subsequent
restructuring of the pore network during the process result in a slight decrease in both pore
volume and pore size.

As shown in Figure 4d–f, LCR particles exhibit a rough surface with numerous irregu-
lar white agglomerates corresponding to non-carbon impurities, along with fragmented
edges. In contrast, the RG particles display a significantly cleaner surface with well-defined
particle contours and a typical layered graphite structure. CG particles, on the other hand,
exhibit a smooth and even surface with an intact layered structure. The EDS elemental
mapping results (Figure 4g–i) show that LCR contains significant amounts of impurity
elements, including O, Al, Ni, Co, and Mn. Following treatment, the concentrations of
these non-carbon impurities in RG are substantially reduced, with the carbon content
increasing to 96.33 wt%, approaching that of CG (98.22 wt%). These results corroborate
the high efficiency of the proposed process in removing impurities and are consistent with
the thermodynamic predictions (Figure 2). Overall, RG is comparable to CG in terms of
phase composition, crystal structure, and elemental composition, although differences in
graphitization degree and structural integrity are evident.
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Figure 4. Comparative analysis of the physicochemical properties of LCR, RG, and CG: (a) phase
composition, (b) degree of graphitization, (c) pore structure and specific surface area, (d) microstruc-
ture of LCR, (e) microstructure of RG, (f) microstructure of CG, (g) elemental distribution of LCR,
(h) elemental distribution of RG, and (i) elemental distribution of CG.
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The XPS analysis results for LCR, RG, and CG are presented in Figure 5. The high-
resolution C 1s spectra (Figure 5a,d,g) can be deconvoluted into two peaks corresponding
to C-C/C=O (284.79–284.82 eV) [30] and C-O (285.14–286.07 eV) [31]. For LCR, the C-
O peak exhibits the highest binding energy (286.07 eV) and a relatively high intensity,
indicating the presence of abundant oxygen-containing functional groups and residual
solid electrolyte interphase layers on the surface [32–34]. In the RG spectrum, the C-O peak
binding energy decreases to 284.97 eV, and its intensity is substantially reduced, suggesting
effective removal of these oxygen-containing species. CG exhibits the lowest binding
energy (285.14 eV) for the C-O peak, with the weakest intensity. The C 1s spectral feature
of RG closely resembles that of CG, indicating effective surface purification.

Figure 5. XPS spectra: (a–c) LCR (C 1s, O 1s, F 1s), (d–f) RG (C 1s, O 1s, F 1s), and (g–i) CG (C 1s, O
1s, F 1s).

The O 1s spectra (Figure 5b,e,h) show that surface oxygen is primarily present in the
form of oxygen-containing functional groups, which can be categorized as O-1 (C-O-C, C-
OH) and O-2 (C=O, O-C-O) [35]. For LCR, the intensities of the O-1 (533.77–534.17 eV) and
O-2 (532.41–532.46 eV) peaks are comparable, indicating a high abundance and diversity of
oxygen species. In the RG spectrum, the O-1 peak intensity is significantly reduced, while
the relative contribution of the O-2 peak increases. This suggests that the recovery process
preferentially removes high-binding-energy oxygen-containing impurities, consistent with
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the thermodynamic analysis (Figure 2) and EDS results (Figure 4g). CG exhibits significantly
lower intensities for both O-1 peaks compared to LCR and RG, with a higher proportion
of the O-2 peak, indicating that the surface oxygen functionalities are primarily hydroxyl
groups and are present in very low concentrations.

The F 1s spectra (Figure 5c,f,i) provide insights into the fluorine-containing species
on the sample surfaces. LCR exhibits a peak at 688.01 eV, attributed to the (-CHFCH2-)n

groups in the PVDF binder [36], and a peak at 685.42 eV, assigned to LiF resulting from
SEI decomposition [37]. This indicates the presence of residual electrolyte decomposition
products and binder on the LCR surface. Following the treatment, the LiF peak completely
disappears in the RG spectrum, while the (-CHFCH2-)n peak remains, and a new peak
appears at 690.54 eV, which is attributed to semi-ionic C-F bonds [38]. This suggests that
the process effectively removes LiF impurities while introducing a small number of stable
C-F bonds. CG exhibits only weak signals at 686.11 eV and 688.08 eV, indicating a clean
surface. Overall, the XPS results demonstrate that the surface impurity content of RG is
significantly reduced to below the allowable limit for lithium-ion battery applications and
that its surface chemical state is restored to one closely resembling that of CG, except for the
residual C-F bonds. This provides a favorable surface chemical foundation for the recovery
of its electrochemical performance.

3.4. Electrochemical Performance of Regenerated Graphite

To assess the practical application potential of RG, its electrochemical performance
was systematically compared with that of CG (Figure 6). As shown in Figure 6a, the initial
discharge specific capacity of RG is 396.64 mAh/g, which is significantly higher than that
of CG (364.10 mAh/g). However, the initial coulombic efficiency of RG (70.68%) is 11.79%
lower than that of CG (82.47%). This disparity can be attributed to the morphological
evolution of LCR from a rough, impurity-rich surface to a clean layered structure, while
RG still retains a higher defect density (ID/IG = 0.30) and a larger specific surface area
(12.32 m2/g), leading to irreversible lithium consumption [39]. These are the side reactions
that need to be overcome, including electrolyte decomposition at defect sites and reaction of
oxygen-containing functional groups with Li+. Meanwhile, the Stage-2 lithiation transition
of RG is shorter than that of CG and the representative literature reports [40]. The dQ/dV
analysis (Figure 6b) shows that the Stage-2 feature of RG is significantly weaker than
that of CG. This is because structural defects arising from a lower graphitization degree
disrupt the long-range ordering required for the formation of staged lithium-intercalated
compounds, thereby shortening the Stage-2 voltage plateau. This conclusion was fully
consistent with the Raman analysis result (ID/IG = 0.30, Figure 4b). Figure 6c shows the
cycling performance of RG and CG at a current density of 0.1 C. After 100 cycles, RG retains
86.50% of its initial discharge capacity, while CG retains 93.77%. Although the coulombic
efficiency of RG gradually increases with cycling and approaches that of CG, its cycling
stability remains inferior. The relatively high specific surface area of RG (12.32 m2/g)
introduces additional surface defects and active sites, which can exacerbate side reactions
with the electrolyte and contribute to capacity fade [41].
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Figure 6. Electrochemical performance evaluation of RG and CG: (a) initial galvanostatic charge–
discharge curves at 0.1 C; (b) differential capacity with respect to anode potential curve; (c) cycling
stability at 0.1 C; (d) rate performance; (e) Nyquist plots; (f) CV curves of CG at a scan rate of
0.1 mV/s; (g) CV curves of RG at a scan rate of 0.1 mV/s.
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The rate performance of RG and CG was evaluated at various current densities ranging
from 0.1 C to 5 C, as shown in Figure 6d. The discharge specific capacity of RG is slightly
lower than that of CG across all tested rates. Notably, the capacity of RG is close to its
original value when the current density is returned to 0.1 C, demonstrating excellent rate
reversibility. The EIS spectra for RG and CG are presented in Figure 6e. The charge transfer
resistance (Rct) for RG is 22.56 Ω, which is lower than that of CG (39.6 Ω). The higher Rct for
CG can be attributed to its highly ordered surface structure and fewer defects, resulting in
fewer active sites for Li+ intercalation at the interface. Conversely, the presence of an optimal
amount of structural defects in RG (ID/IG = 0.30) appears to facilitate electrolyte wetting
and promote rapid Li+ migration [42]. Despite the lower charge transfer resistance of RG,
its inferior rate capability arises from the higher defect density (ID/IG = 0.30) and larger
specific surface area (12.32 m2/g), which trap Li+ and promote side reactions, hindering fast
solid-state Li+ diffusion and increasing polarization at high current densities. The CV curves
of CG and RG recorded at a scan rate of 0.1 mV/s are shown in Figure 6f,g, respectively.
Both materials exhibit similar cathodic and anodic peaks, corresponding to the reversible
intercalation and deintercalation of Li+ into/from the graphite structure. The comparable
peak shapes and current responses indicate that the electrochemical reaction kinetics of RG
are similar to those of CG. In summary, RG exhibits electrochemical performance closely
resembling that of CG. It demonstrates favorable reversible capacity, cycling stability, rate
capability, and electrochemical reversibility, highlighting its potential as a promising anode
material for lithium-ion batteries.

3.5. Safe Disposal and Recycling Strategy for LCR

The safe disposal and recycling strategy of LCR are illustrated in Figure 7. LCR is char-
acterized by a complex matrix in which commercial-grade graphite is intimately intergrown
with aluminum silicate minerals and valuable metal compounds [43]. Conventional chemi-
cal leaching or high-temperature treatment methods often result in low-purity regenerated
graphite, high energy consumption, elevated costs, and limited environmental benefits,
rendering them unsuitable for large-scale applications. To overcome these limitations,
this study proposes an innovative strategy for LCR treatment that integrates mechanical
activation, a high-pressure environment, and low-temperature molten salt roasting.

First, leveraging the difference in reactivity between the graphite phase and the non-
carbon impurity phases in LCR, mechanical activation is employed to fracture particles and
enhance interfacial mass transfer. Simultaneous high-pressure application suppresses the
decomposition and volatilization of the fluorinating agent (NH4F), thereby further improv-
ing mass transfer efficiency within the reaction system. This integrated approach enables
the selective fluorination and conversion of impurity phases under low-temperature molten
salt conditions, transforming insoluble components (aluminum and silicon compounds)
into soluble MF6

3−-type complexes that can be readily removed during subsequent aque-
ous leaching. As shown in Figure 3, under optimized conditions, the carbon content of RG
increases significantly from 85.99 wt% to 99.94 wt%.

Second, as demonstrated in Figures 4 and 5, RG retains the characteristic layered
crystal structure of graphite, albeit with a restructured pore network leading to a slight
reduction in pore volume and pore size. The degree of graphitization is enhanced, and
the carbon content of RG increases to 96.33 wt%, approaching that of CG (98.22 wt%).
Non-carbon impurities, including oxygen-containing functional groups and SEI residues
such as LiF, are effectively removed, resulting in a purified surface chemical state. The RG
particles exhibit a significantly reduced surface impurity content, well-defined contours,
and a restored layered structure, similar to those of CG.
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Figure 7. Schematic diagram of safe conversion and high-value utilization mechanisms of LCR.

Finally, as shown in Figure 6, RG demonstrates electrochemical performance compa-
rable to CG when used as an anode material in LIBs. Specifically, RG delivers an initial
discharge specific capacity of 396.64 mAh/g, outperforming CG (364.10 mAh/g), and
exhibits an initial coulombic efficiency of 70.68%. After 100 cycles at 0.1 C, RG maintains
a capacity retention of 86.50%. It also exhibits excellent rate reversibility, a low charge-
transfer resistance (22.56 Ω), and CV profiles similar to those of CG, indicating comparable
lithium intercalation/deintercalation behavior and reaction kinetics.

In summary, this study demonstrates the conversion of LCR into high-purity RG via
a low-temperature molten salt roasting process synergistically enhanced by mechanical
activation and a high-pressure environment. This approach aligns with circular economy
principles by enabling closed-loop recycling of LCR, converting hazardous solid waste into
a valuable commercial-grade graphite. A preliminary techno-economic assessment shows
that the recycling cost of this process is 0.746 $/kWh [44], which is approximately 87%
lower than that of commercial battery-grade artificial graphite 5.6 $/kWh [10]. This cost
advantage, attributed to low-temperature operation and recyclable molten salt, supports
its promising industrial application potential.

4. Conclusions
In this work, a process integrating high-pressure conditions and mechanical activa-

tion to support low-temperature molten salt roasting was proposed for the treatment of
LCR. Thermodynamic analysis indicates that the fluorination reactions between NH4F
and the non-carbon impurities (including aluminum silicates, valuable metal compounds,
and fluorine-containing species) in LCR are thermodynamically spontaneous under low-
temperature conditions (<300 ◦C). Under optimal process parameter conditions, the carbon
content of the recovered RG reaches 99.94 wt%, and the process exhibits excellent re-
producibility. The use of a high-pressure, sealed environment prevents the loss of HF
(a decomposition product of NH4F), thereby creating a high-pressure gas–solid reaction
system that promotes the conversion of non-carbon impurities into soluble fluorides. Si-
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multaneously, mechanical activation enhances contact between the reaction medium and
non-carbon impurities, facilitating their effective separation from the graphite matrix.

Furthermore, the low-temperature molten salt roasting process preserves the typical
graphite crystal structure and intrinsic properties. Surface impurities (including oxygen-
containing functional groups, LiF, and PVDF) are significantly removed, the pore structure
is refined, and the surface chemical state of RG is restored to one closely resembling that of
CG. Electrochemical evaluation shows that RG delivers an initial discharge specific capacity
of 396.64 mAh/g at 0.1 C, with an initial coulombic efficiency of 70.68%, and maintains
86.50% capacity retention after 100 cycles. These results demonstrate its good lithium-ion
storage and transport capabilities, with overall electrochemical performance comparable
to that of CG. However, the cycling stability of RG remains inferior, and future work will
focus on further repairing its crystal structure to optimize its electrochemical performance.

In conclusion, the proposed technology enables the efficient, environmentally friendly,
and cost-effective recovery of graphite from LCR. Grounded in the principles of clean
production and the circular economy, the recovered RG can be successfully reused as an
anode material for LIBs, offering significant environmental and economic benefits. This
approach is thus of great importance for promoting the full and sustainable utilization of
spent lithium-ion batteries.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min16040429/s1, Table S1: Experimental scheme for optimization
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Experimental scheme for optimization of water leaching parameters.
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