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ABSTRACT

Graphite negative electrodes are unbeaten hitherto in lithium-ion batteries (LiBs) due to their 

unique chemical and physical properties. Thus, the increasing scarcity of graphite resources makes 

smart recycling or repurposing of discarded graphite particularly imperative. However, the current 

recycling techniques still need to be improved upon with urgency. Herein a facile and efficient 

hydrometallurgical process is reported to effectively regenerate aged (39.5 %, 75 % state-of-health, 

SOH) scrapped graphite (SG) from end-of-life lithium-ion batteries. Ultimately, the first cycle 

reversible capacity of SG1 (SOH = 39.5 %) improved from 266 mAh/g to 337 mAh/g while 330 

mAh/g (98 %) remain after 100 cycles at 0.5 C. The reversible capacity for the first cycle of SG2 

(SOH = 75 %) boosted from 335 mAh/g to 366 mAh/g with the capacity retention of 99.3 % after 100 

cycles at 0.5 C, which is comparable with the benchmark commercial graphite. The regenerated 

graphites RG1 and RG2 exhibit excellent output characteristics even increasing the rate up to 4 C. 

This is the best rate level reported in the literature to date. Finally, the diffusion coefficient of Li ions 

during deintercalation and intercalation in the regenerated graphites have been measured by 
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galvanostatic intermittent titration technique (GITT), determining values 2 orders-of-magnitude 

higher than that of the spent counterparts. Taking advantage of the synergistic effect of acid leaching 

and heat treatment, this strategy provides a simple and up-scalable method to recycle graphitic anodes.  

Keywords: 

State of health; Discarded graphite; Hydrometallurgy; Recycling; Rate-capability; Lithium-ion 

diffusion coefficient  

 

1. Introduction 

The development of the battery vehicle industry has been categorized as a strategic consensus of 

the world`s dominant economies, while simultaneously bucking the trend due to COVID-19's impact. 

Over the projection period of 2020 to 2025, the battery market is estimated to grow at a compound 

annual growth rate (CAGR) of 12.31 % [1]. By 2025 global energy storage is predicted to move into 

the TWh era, making it sustainably critical to fully close the waste loop as soon as possible. 

According to IEA analysis by 2030, roughly 100-120 GWh of power batteries used in new energy 

vehicles will be phased out globally each year [2-3]. The Future Waste Forecast also predicts that the 

cumulative end-of-life volume of electric vehicle battery modules would upsurge by 4 million tons by 

2030, which is already more than the present worldwide recycling capacity [4]. Battery recycling and 

reusing renewable resources are essential ways to balance the demand for high penetration of 

renewables. 

Furthermore, the Li-ion battery recycling market is fueled by the tight availability supply of raw 

materials utilized in lithium-ion batteries (LiBs) manufacturing, geographical resource restrictions, 

and strong demand in the end-use market. In terms of added value and recovery income, cathode 

materials are particularly sought-after due to the less profitable market of graphite. Nevertheless, we 

have the opposite viewpoint. Graphite cannot be replaced by other minerals due to its unique 

outstanding chemical and physical features, but undesirably, considering some enterprises´ 

indiscriminate and haphazard mining of graphite resources, the shoddy operation results in an 

unorganized condition of mining and processing [5]. Proven global reserves of natural graphite were 

around 71 million tons in 2014, but demand is steadily growing at a rate of 250000 tons per year, with 

approximately 72 % of graphite going into Li-ion batteries between 2016 and 2025 [6]. The 

established graphite resources are anticipated to become rare earth minerals or even depleted in the 

coming years if current mining methods and expenditures are continued. In other words, waste 

graphite recycling, along with prudent control and integrated planning, should not be disregarded to 

preserve the graphite industry's long-term survival and health. Based on the present screening and 

purification process for graphite electrode in used LiBs, the cost of recycled graphite is projected to be 

3000 dollars per ton. Predominantly, the market price of fresh graphite ranges from 8000-13000 
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dollars per ton which makes waste graphite stream recycling still a considerable value embedded in 

manufactured LiBs for new rounds, particularly for those countries that rely heavily on graphite 

imports [7-8].  

In the waste management hierarchy of reuse, recycling and recovery (3R concept) for graphite, 

there is no especially well-established research and development path, and many efforts have been 

made by scientific teams. Rothermal et al. treated spent graphite with a subcritical CO2 achieving a 

regenerated graphite capacity up to 380 mAh/g after 50 cycles at 0.5 C [9]. Liu et al., who utilized 

microwave stripping and water leaching under the CO2 process achieved an initial discharge specific 

capacity and coulombic efficiency of the regenerated graphite of 435.2 mAh/g and 80.6 % at 0.1 C, 

respectively [10]. Traditionally, pyrometallurgy requires strict ultra-high temperature conditions 

(2400-3300 ℃). Yu et al. graphitized scrapped graphite directly at 2400-3000 ℃ [11]. Sun et al. 

purified waste graphite by treating it at 3000 ℃ with a combination of acids [12]. In waste lithium 

batteries, a combination of pyrometallurgy and hydrometallurgy procedures may help to pave the way 

for recycling. Wang et al. combined H2SO4 leaching with calcination at 1500 ℃, achieving the first 

discharge capacity and capacity retention of regenerated graphite equal to 349 mAh/g and 98.8 %, 

respectively [13]. Other acid leaching technologies, such as HCl [14-17], H2SO4/H2O2 [11, 18-19], 

citric acid C6H8O7 [20], and H3BO3 [21], improved the characteristics of used graphite to varying 

degrees. 

Inspired by the above insights, in this work, the spent graphite (SG, from spent Samsung SDI cell 

produced in 2007) was treated using concentrated sulfuric and nitric acid and thermally annealed at 

900 ℃ to obtain the regenerated graphite (RG). It is shown that the properties of the regenerated 

graphite are close to that of a commercial unspent graphite. The uniqueness of this approach 

compared to reported methods consists in three important factors which ensure a facile and efficient 

synthesis, namely (i) the use of cheap sulfuric and nitric acid as oxidizing and intercalating agents 

instead of expensive potassium permanganate, potassium perchlorate and other oxidizing agents, (ii) 

direct heat-treatment (<1000 ℃) and (iii) the absence of any carbon coating (glucose, pitch, phenolic 

resin, etc.) on the surface of the regenerated graphite, thus providing a potential future option for the 

up-scalable commercial recovery of scrapped graphite. Fig. 1 shows a schematic representation of the 

procedure. Interestingly, the treatment with a concentrated acid mixture enhances the layer spacing of 

the regenerated graphite and speeds up Li+ migration during the charging and discharging processes. 

The state of health (SOH) of a battery pack is a key indicator for measuring and diagnosing its aging 

and capacity decay. Therefore, herein systematical electrochemical investigations of two comparative 

SOH (39.5 % and 75 %) of spent cells accompanied by other analytical techniques are performed and 

evaluated. 
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Figure 1. Schematic illustration of the regeneration process of graphite from spent Samsung LiB pack. (A color 
version of this figure can be viewed online.)  
 

2. Experimental section 

2.1 Materials and reagents 

Sulfuric acid (H2SO4, AR grade, 98 %), nitric acid (HNO3, AR grade, 65 %) were provided by 

Bernd Kraft. Sodium chloride (NaCl, ACS grade, 99.5 %) was purchased from VWR Chemicals. N-

methyl-2-pyrrolidone (NMP, Biotech. grade, ≥ 99 %), dimethyl carbonate (DMC, Biotech. grade, ≥ 

99 %), ethanol (AR grade, 95 %) and commercial natural flake graphite powders (CG, 325 mesh, ≥ 

99.8 %, as a benchmark) were purchased from Alfa Aesar. Carbon black was purchased from Timcal 

Ltd. Carbon nanotubes (CNTs, 8-15 nm, ≥ 99.9 %) were used from Nanjing XFNANO Materials 

Tech Co., Ltd. Metallic Li foil (0.75 mm thickness) was bought from Alfa Aesar. A porous 

WhatmanTM-glass fiber membrane (14 mm diameter) was used as separator. A LiPF6 in EC:DEC=1:1 

Vol% with 10.0 % electrolyte was purchased from Xiamen TOB New Energy Technology Co., LTD. 

Carboxymethylcellulose (CMC) was obtained from Sigma-Aldrich, styrene butadiene rubber (SBR) 

from ZEON. All samples and reagents were used directly without additional purification.  

2.2 Preprocessing of spent graphite 

Four standard 18650 cylindrical lithium-ion power cells (2 Ah, blue cells) from Samsung pack 

originating from old PC designated as #3, #4, #5, and #6 in turn to facilitate identification were tested 

to determine their SOH. Fig. S1 (a-c) describes detailed information on these cells that were utilized. 
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Subsequently, the full cells were immersed in a 5 % NaCl solution overnight to discharge by 

passivating the electrode materials, water leached, and dried at room temperature. To recover the 

anode material, the cells were manually disassembled in Glove Box. The negative electrode materials 

of cells #3 and #4 revealed a similar SOH (average SOH=39.5 %) and were combined as sample 1 as 

well as cells #5 and #6 revealed a similar SOH (average SOH=75 %) as sample 2. The spent anode 

strips from sample 1 and sample 2 were then cut into small pieces of approximately 4 cm * 4 cm and 

stirred in ethanol at high speed for 2 h, respectively, to strip the electrode material off the copper foil. 

This material was filtered, and dried at 80 ℃ to obtain scrapped graphite 1 (denoted as SG1) and 

scrapped graphite 2 (denoted as SG2). Then SG1 or SG2 were soaked in NMP solvent and DMC 

solvent respectively to further eliminate the binder polyvinylidene fluoride (PVDF) and residual 

electrolyte, filtered, washed, and dried, and then heated at 450 ℃ for 2 h to eliminate residual binder 

and electrolyte decomposition products via gasification to obtain samples SG1-S and SG2-S.  

2.3 Preparation of acid leaching graphite 

Specifically, 2 g SG1-S or SG2-S were purified in the mixed acid (H2SO4:HNO3=4:1) 

respectively, with a solid-liquid ratio of 1:6. The combined solution was reacted in a water bath at 95 ℃ 

for 4 h to dissolve the metal impurities. Afterward, the remaining solid was filtered and washed with 

deionized water and ethanol until the pH of the filtrate became neutral. The filter residue was dried 

overnight at 80 ℃ to produce acid leaching graphite, AL1 and AL2. 

2.4 Preparation of regenerated graphite 

The as-obtained acid leaching graphite AL1 or AL2 was introduced in a quartz boat and 

subsequently subjected to a tubular resistance furnace at 900 ℃ for 3 h with a heating rate of 100 ℃/h 

under continuous argon (Ar) flow. The final regenerated graphite was ground and sieved through 350 

mesh, and designated as RG1 and RG2, respectively.  

3. Materials characterizations

The crystalline phases of the samples were investigated using an X-ray powder diffractometry

(XRD, STOE STADIP) in the 2θ range of 5-45 °, monochromatic Mo-Kα radiation (λ=0.0711 nm) 

and a step size of 0.1 °. Raman spectra were acquired at ambient temperature with a micro-Raman 

spectrometer (Horiba HR800) with an argon ion laser (wavelength of 514.5 nm) as the source of 

excitation in air. N2 adsorption/desorption isotherms at 77 K (Quantachrome Autosorb-3B, Boynton 

Beach) were analyzed by means of the Brunauer-Emmett-Teller method (BET) and the Barrett-

Joyner-Halenda algorithm (BJH) was employed to determine the specific surface area and pore size 

distribution of the samples. Scanning electron microscopy on a JEOL JSM 7600F (SEM, JEOL Ltd., 
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Chiyoda, Tokyo, Japan) with an accelerating voltage of 15 kV with an energy dispersive spectrometer 

(EDS) was conducted to characterize the particle sizes, morphology, and to perform and elemental 

mapping analysis of the materials. In order to do the XPS measurement, the powder sample is first 

be sandwiched between two sheets of indium foils, then compress the indium foil so that the sample is 

fixed on the indium foil, and finally remove the top layer of indium foil. The X-ray photoelectron 

spectroscopy (XPS) was performed with a hemispherical energy analyzer (PHOIBOS 150, Focus 500 

with XR50M) at a pressure <10-9 mbar and monochromatized Al Kα line (1486.74 eV) was utilized as 

the X-ray source. The survey spectra were recorded with a pass energy of 20 eV and detailed spectra 

were recorded at 10 eV. The binding energy calibrated by the core lines of copper, silver, and gold, 

peaks were fitted by CasaXPS software using a Shirley background. The carbon content of the 

different samples was determined using a LECO C-200 (LECO Instrumente GmbH, 

Mönchengladbach, Germany). The thickness of electrode material was measured by Bruker Nano 

Surfaces Division with the DektakXT stylus surface profiler. Galvanostatic cycling tests of the cells 

were performed by discharging (Li+ intercalation) and charging (Li+ deintercalation) on a Neware 

multichannel battery tester using the BTSDA software version 7.6.0.231. The Neware equipment was 

used to perform a galvanostatic intermittent titration technique (GITT). Cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS) were carried out on a Bio-Logic SP-150 cycler using 

the EC-Lab software version 11.36.  

4. Electrochemical test 

Electrochemical experiments were realized in Swagelok type cells using lithium metal foil as the 

counter electrode. The electrodes were fabricated by casting homogeneous slurries containing 

graphite (91 wt%), carboxymethylcellulose (CMC, 1.5 wt%), carbon black (2.4 wt%), carbon 

nanotubes (CNTs, 0.1 wt%) and styrene butadiene rubber (SBR binder, 5 wt%) on a copper foil 

collector, drying overnight at 40 ℃ in air to remove the residual solvent, and punched it into 10 mm 

circular electrodes, weighed, and further dried under vacuum conditions for 24 h at 80 ℃. The loading 

mass of electrodes was about 5 mg/cm2. The electrolyte consisted of 1.0 M LiPF6 in a 1:1 volume 

ratio mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) with 10.0 wt% fluoroethylene 

carbonate (FEC). All the cells were galvanostatically discharged and charged at various current 

densities in a voltage range of 0.01-2.0 V. For the first three cycles, a constant current of 0.1 C (1 C = 

372 mAh/g) was employed, and a rate of 0.5 C was applied for the following cycles. After that, the 

cells were evaluated at rates of 0.1 C, 0.5 C, 1 C, 2 C, 3 C, 4 C, and 0.1 C from 2.0 V to 0.01 V. CVs 

were performed with a sweep rate of 0.1 mV/s in the same potential range from 0.01 to 2.0 V versus 

Li/Li+. EIS was measured for electrodes in the open circuit voltage (OCV) condition in the frequency 

range of 100 kHz to 0.1 Hz with a perturbation amplitude of 5 mV. The GITT was measured 

subjecting the cells to a 20 min galvanostatic discharge pulse (0.1 C), followed by a 2 h relaxation 
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period during which no current was transmitted through the cells. The cells were subjected to a 

discharge pulse followed by a relaxation time without any current flowing through the cell until its 

voltage reached 0.01 V vs Li/Li+. The cells were then charged for 20 min at 0.1 C, followed by a 2 h 

relaxation period with no current flowing through them, repeating this sequence until its voltage 

increased to 2.0 V vs Li/Li+. Five discharging-charging cycles from 0.01 V to 2.0 V vs Li/Li+ for 

GITT measurements were obtained.  

5. Results and discussion 

The carbon content (wt%) quantified by elemental analysis is a critical criterion for determining 

the purity of the graphite powder. The carbon content of the RG is much higher than that of SG due to 

an effective removal of impurities accumulated in used graphite after repeated charging and 

discharging (Table S1). 

The XRD characterization of SG, AL, and RG are compared with commercial graphite. As 

displayed in Fig. 2 (a-b), all samples display the strongest characteristic (002) reflection of the 

graphite plane located at around 2 θ = 12.1 °, demonstrating that the patterns of SG, AL, RG and CG 

have a well-crystallized hexagonal phase with the P63/mmc space group (PDF card 03-065-6212). 

However, the main reflections of SG are weakened to variable degrees, owing to their layered 

structure collapsed or twisted during the repeated de/intercalation. RG displays a slightly enhanced 

reflection intensity after sintering, attributing to the removal of some impurities and organics. An 

enlargement of the peaks near 12.1 ° are taken to show the peak displacement and the shift in 

interplanar spacing more clearly in Fig. 2 (c-d). The 2 θ of SG deviates to the right as compared to 

CG, indicating that the interplanar spacing of graphite expands undergoing multitude irreversible 

chemical changes during charging and discharging. The (002) peak of RG migrated to the left after 

pretreatment for impurity removal and heat treatment, indicating the graphite interplanar spacing is 

restored to be close to that of CG after reconstructing. The interlayer spacings, calculated according to 

the Bragg equation 2 d002 sin θ=λ of AL1 (0.366 nm) and AL2 (0.366 nm) are slightly enlarged after 

acid leaching treatment compared to SG1 (0.365 nm) and SG2 (0.365 nm), and high heat-treatment 

aids in the restoration of its deteriorated crystal structure [22]. The average length of the c-axis 

longitudinal dimension Lc (c-axis) quantified by the (002) peaks by the Scherrer equation (Lc = K λ/ꞵ 

cos θ) increases after regeneration [23-24], compared with SG (see Table 1 and Fig. 3), which can be 

assigned to the carbon atom lattice reconstruction [12, 23-25]. Furthermore, the number of graphene 

layers n was calculated by the equation n = Lc/d.  
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Figure 2. XRD characterization of (a) CG, SG1, AL1 and RG1. (b) CG, SG2, AL2 and RG2. (c) comparison of 
the (002) peak of all samples in a. (d) comparison of the (002) peak of all samples in b. (A color version of this 
figure can be viewed online.) 

 

Table 1. Characteristics of CG, SG, AL, and RG at (002) plane 

Sample 2 θ (°) FWHM (cm-1) Interplanar spacing (nm) Lc (nm) n 

CG 12.06 0.00212 0.338 34.509 102 

SG1 12.11 0.00197 0.365 37.032 101 

AL1 12.09 0.00331 0.366 22.208 61 

RG1 12.12 0.00316 0.365 23.156 63 

SG2 12.12 0.00198 0.365 36.790 101 

AL2 12.10 0.00238 0.366 30.743 84 

RG2 12.10 0.00226 0.366 32.248 88 

Lc is the size of the micro-crystallite perpendicular to the (002) interlayer plane; n is the number of 
microcrystallite layers; K refers to the shape factor; ꞵ is the full width at half maximum (FWHM, in radian); 
θ is the Bragg angle; λ is the wavelength of Mo target (0.0711 nm); d002 represents the interplanar spacing. 
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Figure 3. Hexagonal graphite layer structure and microcrystalline parameters. (A color version of this figure can 
be viewed online.) 

Raman spectra of the investigated graphitic materials in the range from 1000 to 3000 cm-1 are 

shown in Fig. 4 (a-b). Three characteristic peaks are detected in the spectra: the D band at 1357 cm-1 

originated from the presence of disordered sp2-hybridized carbon which causes in-plane breathing 

vibrations of the aromatic ring structure (A1g symmetry), the G band at 1583 cm-1 ascribed to the in-

plane stretching of sp2 hybridized carbon (E2g vibration symmetry), and the 2D band at 2721 cm-1, 

which is the second-order peak of the D band, revealing the double vibration Raman scattering, 

affected by the number of graphene layers [26-27]. The defect concentration in graphitic materials can 

be quantified by the intensity ratio of the D band and G band (ID/IG parameter, peak area ratio for 

Gaussian fit). A general equation for the determination of lateral crystal size La by Raman spectra has 

been established as equation (1) [9, 28]. The average inter-defect distance LD is calculated from 

equation (2). Leq can be used from equation (3) to explain the average continuous graphene length 

including tortuosity [29]. 

𝐿 (𝑛𝑚) = (2.4 × 10ିଵ) 𝜆ଵ
ସ ( 𝐼/ 𝐼 )ିଵ                       (1) 

𝐿మ  (𝑛𝑚ଶ) = (1.8 × 10ିଽ) 𝜆ଵ
ସ ( 𝐼/ 𝐼 )ିଵ                      (2) 

𝐿 (𝑛𝑚) = (77.0648) ( 𝐼ଶ/ 𝐼)                                       (3) 

The results of the analysis are summarized in Table 2. It shows a decrease of the crystallite 

sizes undergoing regenerative treatment from La, and the mean inter-defect distance LD in RG lower 

than in SG, which can improve electrochemical performance. Leq>La, which implies the presence of 

tortuosity, mainly because after concentrated acids treatment and sinter, the partial oxidation of the 

graphite layer edges destroys the van der Waals forces between the layers forming a very small 

amount of graphene [30]. The ID/IG of SG1 and SG2 are 0.066 and 0.146, respectively. After acid 

leaching and heat-treatment, the ID/IG of RG1 and RG2 rise to 0.256 and 0.839, respectively. This 

feature shows that the number of defects in RG is higher than that in SG and CG, which is due to the 

increased surface defects caused by the concentrated acid treatment. Thus, more active sites are 

exposed to provide more storage space in line with transport channels for lithium ions, improving the 

electrochemical performance of the electrode material. Meanwhile increased graphene layer spacing 

has been found, which coincides with the results obtained by XRD. 
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Table 2. The calculated in-plane crystallize size La of SG, AL, RG and CG. 

Sample 
D band area 

cm2 

G band area 

cm2 
 𝐼/ 𝐼ீ 
ratio 

La 

(nm) 

LD 

(nm) 

 Leq 

(nm) 

CG 2.77 23.30 0.119 141.46 32.57  728.08 

SG1 1.52 22.93 0.066 253.70 43.62  1280.19 

AL1 1.62 23.74 0.068 246.44 42.99  1049.41 

RG1 6.69 26.09 0.256 65.58 22.18  370.46 

SG2 3.39 23.20 0.146 115.09 29.38  451.02 

AL2 11.03 24.07 0.458 36.70 16.59  178.44 

RG2 25.56 30.46 0.839 20.04 12.26  83.28 

La denotes in-plane crystallinity size, nm; LD denotes the average inter-defect distance, nm; Leq denotes 
average continuous carbon precipitate size, nm; ID/IG denotes the intensity ratio of the D band and G band; 
I2D denotes the intensity of the 2D band; λ is the laser wavelength, 514.5 nm. 

 

 
Figure 4. Raman spectra of (a) CG, SG1, AL1, and RG1. (b) CG, SG2, AL2, and RG2. (A color version of this 
figure can be viewed online.) 

XPS measurements are performed to investigate the chemical composition of the surface of 

SG and RG. As shown in Fig. S2 (a-b), apart from common elements C and O, the XPS full spectrum 

of the SG1 and SG2 show a minor F 1s peak and a Cu 2p peak. This finding indicates that the surface 

of the SG contains residues of electrolyte decomposition products and Cu from the collector copper 

foil. In RG1 and RG2, the peaks of Cu 2p and F 1s disappear when compared to SG1 and SG2 as seen 

in Fig. 5 (a-b). The high-resolution C 1s XPS spectra of SG are displayed in Fig. S2 (c, e) and the 

details are in Table S2, and they predominantly reveal the presence of seven differently bonded forms 

of carbon, including graphitic carbon (~284.8 eV),  C-C (~284.5 eV), C-O (~286.3 eV), O-C-O 

(~287.9 eV), C=O (~288.8 eV), O-COOR (~290.2 eV), and organofluoride -(CF2CH2)n- (~291.5 eV) 

[26]. Graphitic carbon accounts for 72.9 % and 70.8 % in SG1 and SG2, respectively, which proves 

that after long-term cycling, the degree of graphitization decreases. The proportion of C-sp2 in the 

non-polar bonds formed by C atoms has increased to 79.8 % in RG1 and 79.8 % in RG2, proving that 

the degree of graphitization increased. Fig. 5 (d, f) shows that the fitting results of the high-resolution 
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O 1s XPS spectra of RG1 and RG2 mainly reveal the presence of C-O (~530.6 eV) and C=O (~532.5 

eV). New peak Fe-O is also observed in the Fig. S2 (d, g), this is mainly due to the involve of the iron 

metal shell during the disassembly of the cells, and the peak disappears in RG after acid leaching. Fig. 

S2 (e, h) exhibits the F 1s spectrum at ~686.5 eV characteristic of LiF in SG, and the organofluoride -

(CF2CH2)n- exclusively association with the removal of all the impurities from PVDF and electrolyte 

are greatly decreased from SG, which demonstrates that the contaminants in the electrolyte are 

entirely eliminated in RG. 

 

Figure 5. XPS survey spectra (a) RG1 and (b) RG2. (c) high-resolution XPS spectra of C 1s for RG1. (d) O 1s 
for RG1. (e) high-resolution XPS spectra of C 1s for RG2. (f) O 1s for RG2. (A color version of this figure can 
be viewed online.) 
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The nitrogen adsorption/desorption isotherms of SG, RG and CG are displayed in Fig. 6 and 

Fig. S3. It is found that the N2 adsorption/desorption isotherm curves of all samples are remarkably 

similar and exhibit typical type-IV isotherm with distinct H3 hysteresis loops induced by slit-shaped 

pores formed by an accumulation of flaky particles when the relative pressure approaches saturated 

vapor pressure and does not reach equilibrium [31]. The pore sizes are mostly spread in the range of 

2-50 nm agglomerates, which corresponds to mesoporous adsorption. The results of the analyzed 

specific surface area (SSA) of the samples are summarized in Table S3. It is noteworthy mentioning 

that all samples show minor N2 adsorption at a low relative pressure (P/P0 < 0.2), which is attributed 

to van der Waals interaction between adsorbent and graphite surface. The N2 adsorption capacity of 

all samples enhances considerably at high relative pressure (P/P0 > 0.9), revealing a large number of 

large pores, which can be associated with the formation of slit-shaped pores [32]. The calculated BET 

specific surface area (BET SSA) of SG1 and SG2 amounts to 26.4 m2/g and 19.8 m2/g, respectively, 

while that of RG1 and RG2 decrease to 11.7 m2/g and 12.2 m2/g, respectively, indicating that part of 

the porosity on the surface of graphite has been eliminated.  

Figure 6. Nitrogen adsorption/desorption isotherms and pore size distribution (inset) of (a) RG1, (b) RG2. (A 
color version of this figure can be viewed online.) 

SEM investigation reveals that SG1 and SG2 still retain the morphology of graphite but 

defects and impurities enhance the roughness of the graphite surface, as shown in Fig. 7 (a-b). EDS 

analysis allows for determining the elemental composition of the surface. SEI film consisting of 

inorganic and organic materials (Li2O, LiF, Li2CO3, ROCO2Li, ROLi, etc.) after long-term cycling of 

Li-ion batteries was generated on the surface of the negative electrode, and these components are 

easily soluble in acid, so these impurities can also be directly removed from the graphite surface by 

acid leaching treatment (Fig. S4 and Table S4), and then after heat-treatment, most of the impurities 

have been eliminated. Finally, the graphite surface in RG is much smoother than that of SG. Samples 

SG1 and SG2 are covered with phosphorus- and fluorine-containing impurities stemming from the 

electrolyte and from the collector [33]. After regeneration, RG1 and RG2 contain a low amount of 
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oxygen-containing functional groups, and a small amount of sulfur originate from sulfuric acid which 

is difficult to volatilize at high temperature (see Fig. S5). This finding is in accordance with the 

quantification of carbon as summarized in Table 2. 

   

Figure 7. (a) SEM images (left) and mapping (right) of RG1, (b) SEM images (left) and mapping (right) of RG2. 
(A color version of this figure can be viewed online.) 

Galvanostatic charging/discharging measurements were performed to evaluate the 

electrochemical performance of SG, RG, and CG and the results are presented in Fig. 8 (a). The cells 

were activated after the initial three cycles at 0.1 C, followed by a long cycling period at 0.5C [34]. It 

is found that SG1 (SOH=39.5 %) and SG2 (SOH=75 %) show a capacity decay/instability in the first 

30 cycles, and then it keeps stable during the subsequent cycles. After 140 cycles of repeated 

intercalation and deintercalation process, the capacity of spent graphite (SG1 274.8 mAh/g, SG2 

291.7 mAh/g) is far inferior to that of commercial regular graphite. The main reason is attributed to 

the metal impurities introduced in waste graphite, which lead to an accelerated dissolution and 

regeneration of the solid electrolyte interphase (SEI) film, resulting in reduced ionic conductivity of 

the SEI film. Further, the metal deposits catalyze the decomposition reaction of the electrolyte, 

leading to a significant increase in negative interfacial impedance, resulting in loss of battery capacity 

and risk of battery failure. The capacity of RG1 (regenerated SOH 39.5% SG1) boosts significantly to 

337.5 mAh/g on the first cycle and maintains highly reversible at 334.1 mAh/g for 120 cycles, with a 
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capacity retention rate of 99.0 % as shown in Fig. 8 (b). The electrochemical performance of RG2 

(regenerated SOH 75 % SG2) is comparable to that of CG, the first reversible capacity delivers 366.2 

mAh/g and exhibits a good cycle life and 99.3 % reversibility after long-term cycling over 100 cycles. 

The enhanced electrochemical performance of RG2 is explained by the oxidation of acids that makes 

more polar functional groups appear on the surface, thus significantly increasing its surface 

wettability. Moreover, the increase of graphitization and reduction of structural defects, facilitates the 

deintercalation and intercalation of lithium ions. With respect to the 1st cycle coulombic efficiency 

(ICE) shown in Table 3, the irreversible consumption of lithium to form SEI layer for SG is 

substantially higher than that of RG, as it is evidenced by the CV curve shown in Fig. 9. These losses 

are directly related to a higher BET SSA of the SG materials, and the lower ICE of RG in comparison 

to that of CG is attributed to the presence of defects on the graphite surface. 

High-rate tests of LiBs induce a mechanical stress field due to a gradient in lithium-ion 

concentration. It causes a gradually increasing disorder of the graphitic anode, making lithium-ion 

intercalation more difficult due to the existence of a new interface between the disordered particles, 

where lithium-ion/electrolyte reactions can occur, leading to capacity decay and lower rate 

performance. SG1 and SG2 demonstrate poor rate performance results as shown in Fig. 8 (c-d). After 

regenerating, when the rate was consecutively set at the levels of 0.1 C, 0.5 C, 1 C, 2 C, 3 C, 4 C, and 

0.1 C, RG1 recovered 340.1, 337.1, 335.8, 333.7, 327.2, 291.8, 335.6 mAh/g, respectively, whereas 

RG2 delivered 365.9, 363.3, 355.6, 353.3, 347.1, 327.4, 356.6 mAh/g, respectively, both 

outperforming SG1 and SG2. At low current densities (0.1 C and 0.5 C), it is comparable to CG. We 

rationalized this finding by shorter Li+ migration distances in the reconstructed, but still disordered 

graphite, which speeds up the charge transfer. Besides, the rate capability is improved as well since 

the removal of bulk residual Li re-opens the channels for Li transport [21]. 

Table 3. First charge specific capacity, initial coulombic efficiency and capacity after 100 cycles of 
samples. 

 

Sample 
First charge specific 

capacity 

(mAh/g) 

Initial coulombic 
efficiency 

(%) 

First irreversible 
capacity 

(mAh/g) 

100th charge 
capacity 

(mAh/g) 

SG1 266.2 67.9 126.1 276.4 

SG2 335.4 65.5 177.0 292.5 

RG1 337.5 79.8 85.4 329.6 

RG2 366.2 80.1 91.2 363.5 

CG 363.9 82.0 79.8 359.4 
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Figure 8. (a) Galvanostatic charge/discharge curves of SG1, SG2, RG1, RG2, and CG under 0.1 C for the first 
three cycles, and 0.5 C for the rest cycles. (b) first charge/discharge curves at 0.1 C for SG1, SG2, RG1, RG2, 
and CG. (c) the rate capability for SG1, SG2, RG1, RG2, and CG. (A color version of this figure can be viewed 
online.) 

 

Cyclic voltammetry (CV) measurements have been carried out to examine the 

reduction/oxidation behavior as shown in Fig. 9 (a-e). A distinct broad reduction peak is observed at 

around 0.64-0.75 V in the first cycle, and it disappears in the subsequent cycles, assigning to the 

irreversible process of the formation of SEI layer. The SEI peak of RG has a lower intensity compared 

to that of SG, further confirming that the regenerated graphites RG1 and RG2 have lower active 

surfaces available for side reactions [35]. During the reduction reaction, the cathodic peaks appeared 

at approximately 0.04 and 0.15 V. During the anodic scan, the oxidation takes place at about 0.24 and 

0.30 V. These peaks correspond to the intercalation and extraction processes of lithium ions into 

graphite. They are also attributed to the typical LiCx phase transformation [19]. On the whole, the 

oxidation peaks of RG and CG (see Fig. S6) are sharper, indicating that their reaction kinetics are 

faster. 
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Figure 9. Cyclic voltammetry for (a) SG1, (b) SG2, (c) RG1, (d) RG2. (A color version of this figure can be 
viewed online.) 
 
 

The electrochemical interface reaction of the electrodes was further elucidated by EIS. The 

obtained results approximate the lithium-ion battery to an equivalent circuit system containing 

resistance, inductance, and capacitance. Rb corresponds to the ohmic impedance in ultra-high 

frequency region, Rsei and Csei stand for solid electrolyte impedance and capacitance in high-frequency 

region, Rct and Cdl correspond to charge transfer resistance and electric double layer capacitance in 

middle-frequency region, and W represents the lithium-ion diffusion-controlled Warburg impedance 

in low-frequency region. As shown in Fig. 10 and Table S5, the merging of the surface layer and 

charge transfer process at open circuit voltage (OCV) state is responsible for the depressed nature of 

the semicircle. Clearly, samples SG1 and SG2 display higher Rsei+ct values (41.55 Ω and 26.63 Ω, 

respectively) than that of RG1 (20.90 Ω) and RG2 (18.44 Ω), indicating that the electrolyte 

decomposition residues present on the surface of SG have been eliminated, which is favorable for the 

transport of lithium ions and enhanced the conductivity. 
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Figure 10. Nyquist plots of SG1, SG2, RG1 and RG2 electrodes at OCV condition. (A color version of this 
figure can be viewed online.) 

To further examine the slow but critical solid-phase surface diffusion process of lithium-ion 

deintercalation/intercalation in the electrode materials, the GITT technique is used to record the data 

required for the calculation of the ion´s diffusion coefficients in the electrode material. The lithium 

ion diffusion coefficients are evaluated during the first cycle via GITT measurement and determined 

according to a simplified equation derived by Weppner et al. as follows [36-37]: 

𝐷 = 4/𝜋𝜏(𝑛𝑉/𝑠)ଶ(𝛥𝐸௦/𝛥𝐸௧)ଶ 

D is the lithium ion diffusion coefficient, cm2/s; 𝜏 is the relaxation time, s; 𝑛 is the number of the 

moles, mol; 𝑉  is the molar volume of the electrode material, cm3/mol; 𝑠 is the total contact area 

between the electrode and the electrolyte, cm2; 𝛥𝐸௦ is the steady-state voltage change after the 

relaxation period, V. 𝛥𝐸௧ is the transient voltage change during the single titration current flux (after 

subtracting the IR drop), V.  

Fig. 11 (a-b) shows the GITT curves of samples RG1 and RG2 at the first cycle in the voltage 

range of 0.01-2.0 V at 0.1C. The lithium-ion average apparent diffusion coefficient of RG1 and RG2 

are on the order of 1.28 × 10-10 cm2/s and 4.93 × 10-10 cm2/s as seen in Fig. 11 (c-d), respectively 

during delithiation and lithiation. Compared to samples SG1 (4.57 × 10-12 cm2/s) and SG2 (9.32 × 10-

12 cm2/s), the diffusion coefficient of RG increased by 2 orders-of-magnitude as shown in Fig. S7. It 

can be concluded that the capability of reconstructed graphite to reversible Li+ deintercalation and 

intercalation is improved [38], which agrees well as previously discussed in Fig. 7(a). 
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Figure 11. The current pulse vs. voltage profile at first cycle in the voltage range of 0.01-2.0 V with a 
schematic representation at a single step (inset shows the ‘‘pulse + galvanostatic + relaxation’’ process during 
discharging) (a) RG1, (b) RG2, the lithium diffusion coefficients determined from the GITT curves during 
charging and discharging of (c) RG1, (d) RG2. (A color version of this figure can be viewed online.) 

 

The electrochemical performance of the recovered graphitic materials reported in the 

literature are listed in Table 4 and compared to regenerated graphite RG2. RG2 recovers the highest 

initial reversible specific capacity and demonstrates exceptional good performance, with a capacity 

remaining at 353.3 mAh/g even at 4 C. The obtained performance is significantly enhanced over the 

results reported in the literature. 
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Table 4. Electrochemical performance of regenerated graphites 

 

6. Conclusions and outlook 

In conclusion, we have demonstrated a facile recycling perspective using simple acid 

treatment and thermal anneal to transform waste graphite originating from cells with two different 

SOH into high-performing recovered graphite. These regenerated graphites exhibit outstanding 

electrochemical performance in both capacity and rate performance as compared to the literature. We 

performed GITT technique to elaborate the solid-phase surface diffusion process during lithium ion 

deintercalation/intercalation in the electrode materials. We have found that the regenerated graphites 

provide superior electrochemical performance due to 2 orders-of-magnitude increase in the average 

diffusion coefficient of lithium ions.  

Recycling process Electrode information Electrolyte 
Potential 

range 
Reversible capacity 

at 1st cycle 
Cycling stability Rate capacity 

HCl leaching [16] 
90 % active material + 5 % 

AB + 5 % PVDF 
1 M LiPF6 in DMC:EC 0.01-2 V 

591 mAh/g at 

0.1 C 

97.9 % after 100 
cycles at 

0.1 C 

~ 172.6 mAh/g at 

1 C 

H2SO4+H2O2 leaching 
─coating [6] 

94.5 % active material + 
1.5 % AB + 4 % PVDF 

1 M LiPF6 in DEC:EC 0.001-1.5 V 347.2 mAh/g at 0.1 C 
98.76 % after 50 
cycles at 0.1 C 

~ 260 mAh/g at 

2 C 

Water washing [14] 
80 % active material + 

10 % AC + 10 % PVDF 
1 M LiPF6 in DEC:EC 0.005-2.5 V ~ 337 mAh/g at 0.1 C 

75 % after 100 
cycles at 0.2 C 

~ 75 mAh/g at 

2 C 

HCl+H2O2 leaching [15] leaching recovery of 99.4 wt% Li 

H2SO4+H2O2 leaching 
[38] 

80 % active material + 
10 % C65 +10 % PVDF 

/ 0.001-1.5 V 359.3 mAh/g at 0.2 C 
84.63 % after 100 

cycles at 0.2 C 

~ 9 mAh/g at 

5 C 

Thermal treatment, CO2-
assisted [9] 

90 % active material + 5 % 
SP +5 % Na-CMC 

1 M LiPF6 in DEC:EC 0.02-1.5 V 345 mAh/g at 0.1 C 
379 mAh/g after 100 

cycles at 0.5 C 
/ 

Thermal treatment 
(3000 °C) ─coating [19] 

94.5 % active material + 
1.5 % SP +1.5 % CMC + 

2 % SBR 
1 M LiPF6 in DMC:EC 0.005-2.0 V 324.58 mAh/g at 0.2 C 

348 mAh/g after 100 
cycles at 0.5 C 

~ 285 mAh/g at 

1 C 

H2SO4 curing ─leaching 
[13] 

93 % active material + 2 % 
AB + 5 % PVDF 

1 M LiPF6 in 
DMC:EC:EMC 

0.001-2.5 V 349 mAh/g at 0.1 C 
98.9 % after 50 
cycles at 0.1 C 

~ 45 mAh/g at 

2 C 

Microwave─CO2 [10] 
80 % active material + 

10 % AB + 10 % PVDF 
1 M LiPF6 0.005-2.6 V 353.5 mAh/g at 0.1 C 

320 mAh/g after 100 
cycles at 0.5 C 

~ 86 mAh/g at 

2 C 

3000 °C [11] 
85 % active material + 5 % 

AB + 10 % PVDF 
1 M LiPF6 in DMC:EC 0.01-3.5 V 351.9 mAh/g at 0.1 A/g 

97.42 % after 100 
cycles at 0.1 A/g 

/ 

Citric acid leaching [20] 
80 % active material + 

10 % AB + 10 % PVDF 
1 M LiPF6 in 

DMC:EC:EMC 
0.01-2 V 468.3 mAh/g at 0.1 C 

330 mAh/g after 80 
cycles at 0.1 C 

~ 174 mAh/g at 

2 C 

Boric acid leaching [21] 
80 % active material + 
10 % SP + 10 % PVDF 

1 M LiPF6 in DEC:EC 0.01-1.5 V 332 mAh/g at 0.1 C 
325 mAh/g after 100 

cycles at 0.1 C 
~ 140 mAh/g at   

1 C 

Commercial graphite in 
our work 

91 % active material + 
2.4 % CB +1.5 % CMC + 

5 % SBR+0.1 % CNTs 

1 M LiPF6 in DEC:EC + 
10 % FEC 

0.01-2.0 V 363.90 mAh/g at 0.1 C 
359.38 % after 100 

cycles at 0.5 C 
~ 352.46 mAh/g 

at 4 C 

Our work 

H2SO4+HNO3 leaching 

91 % active material + 
2.4 % CB +1.5 % CMC + 

5 % SBR+0.1 % CNTs 

1 M LiPF6 in DEC:EC 
+ 10 % FEC 

0.01-2.0 V 366.20 mAh/g at 0.1 C 
363.53 mAh/g after 
100 cycles at 0.5 C 

~ 353.27 mAh/g 
at 4 C 

AB, acetylene black; AC, acetylene carbon black; SP, super P; C65, a type of carbon black; DMC, dimethyl carbonate; EC, ethylene carbonate; DEC, diethyl carbonate; FEC, 
fluoroethylene carbonate; 1 C=372 mAh/g. 
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Although the performance of re-established graphite is comparable to that of commercial 

graphite in all respects, the low first coulombic efficiency (RG1 79.81 %, RG2 80.06 %) restricts its 

widespread use to some extent, which might lead to a necessity of a prelithiation which will be 

addressed in our future research. 
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Environmental Implication 

Faced with the increasing number of retired batteries, waste batteries 

discarded directly in landfills can cause heavy metal ion contamination, fluorine 

contamination and organic contamination, which in turn penetrates into soil and 

water, ultimately threatening organisms at all nutrient levels. Recycling them 

not only promotes the recycling of resources to achieve a closed loop to 

alleviate the crisis of raw material shortage. It also reduces the harm to the 

environment and realize the sustainable development of recycling. we have 

demonstrated a facile recycling perspective using simple acid-treatment and 

thermal annealing to transform waste graphite into high-performing recovered 

graphite.  
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Graphical abstracts 

Regeneration process of graphite from spent Samsung LiB pack. 
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Highlights 

 Two comparative SOH of spent cells are performed and evaluated.

 RG2 is as high as 366.20 mAh/g at initial, and maintains 99.27 % capacity (0.5 C)
after 100 cycles.

 RGs exhibit excellent output characteristics as the C rate was boosted even at 4 C.

 The diffusion coefficient of Li ions in RGs are values 2 orders-of-magnitude higher
than that of the spent counterparts.
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