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10 Abstract: Direct regeneration of spent graphite is a crucial strategy for utilizing spent lithium-
11 ion batteries, conserving natural resources and reducing waste, providing significant economic 
12 and environmental benefits. The main challenges in this process include low adaptability 
13 methods to recycle different types of spent graphite and high energy consumption. In this study, 
14 we successfully converted scrap graphite, disassembled anode graphite, and graphite from 
15 hydrometallurgical slag into graphite uniform properties using flash Joule heating. This flash 
16 upcycling process allows for rapid regeneration only within seconds. The regenerated graphite 
17 demonstrated excellent performance, exhibiting 358 mAh/g specific capacity at 0.1C and 94.83% 
18 capacity retention after 100 cycles. Economic and environmental assessments of the three 
19 methods showed this flash recycling significantly increases profitability to $7.75/kg and 
20 reduces greenhouse gas emissions and total energy consumption. The underlying mechanism 
21 involves flash Joule heating, which generates a large current in graphite for defect healing and 
22 crystalline structure restoration and removes coating impurities through rapid annealing. This 
23 technique efficiently regenerates various types of spent anode graphite with low energy 
24 consumption, providing valuable insights into large-scale spent graphite recycling.

25 Keywords: spent lithium-ion batteries, various spent graphite, flash joule heating, upcycling, 
26 uniformity property
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34 1. Introduction

35 The accelerating growth of electric vehicles and energy storage facilities, propelled by the 
36 increasing emphasis on achieving carbon neutrality, has led to a rise in significant need of 
37 lithium-ion batteries (LIBs). [1] However, service life of lithium-ion batteries (LIBs), which 
38 ranges from 5 to 10 years depending on usage, presents a complex challenge. It is projected that 
39 by 2024, spent LIBs will reach 1.08 million tons, posing a significant environmental threat.[2] 
40 Conversely, spent batteries, often referred to as “ urban mines”, contain valuable elements such 
41 as manganese (Mn), cobalt (Co), nickel (Ni), and lithium (Li) in the cathodes, as well as graphite 
42 in the anodes, offering substantial recycling opportunities. [3] Reclaiming these materials holds 
43 immense significance, transforming waste into valuable resources, and offering both economic 
44 and environmental advantages. Existing traditional recycling methods, such as pyrometallurgy 
45 and hydrometallurgy, involve high-temperature roasting or acid/alkaline leaching. The primary 
46 focus concentrates on valuable precious metals in the cathodes, whereas the anodes, typically 
47 made of graphite, are often overlooked in spent LIBs. [4, 5]

48 In pyrometallurgy, graphite is employed as an in situ reducing agent to lower the valence 
49 of transition metals, thereby ensuring that metal elements in lower valence states remain stable 
50 in solution. However, the spent graphite is often left in the slag with high-content impurities 
51 after traditional hydrometallurgy methods. Even several research groups have been working on 
52 the design of recycling graphite, the spent graphite could produce other functional materials, 
53 including graphite based adsorbents/ capacitors/ graphene/polymer composite materials, [6] the 
54 increasing demand for regenerated graphite for LIB production exceeds the demand for these 
55 materials. Despite morphological and slight structural changes, spent graphite particles retain 
56 their bulk graphite structure, a spherical shape offering advantages for direct reuse as battery-
57 grade material compared to raw graphite materials.[7] Given the substantial demand for 
58 graphite in LIBs and the significant quantity of spent graphite, repurposing spent graphite into 
59 battery-grade material could increase the supply of battery anode graphite and reduce potential 
60 hazards from solid waste.

61 Regenerating spent graphite faces a considerable obstacle due to variations among 
62 different spent graphite sources, production processes, and separation methods, leading to 
63 difficulties in a unified regeneration process.[8] The failure mechanisms of graphite anode 
64 materials encompass several issues: degeneration of solid electrolyte interphase (SEI), 
65 formation of lithium metal dendrites, co-intercalation of solvents, exfoliation of graphite, and 
66 cracking of particles. [9, 10] The impurities, excessive SEI formation, and structural 
67 degradation in spent graphite anodes diminish battery performance. To repurpose spent graphite 
68 into battery-grade material, an effective recycling method must address impurity removal and 
69 structural/surface film restoration. Acid leaching treatments effectively eliminate impurities but 
70 are limited in their ability to recover the crystalline structure of graphite. [11] Traditional 
71 structural reconstruction demands high energy (~3000 K, lasting several days) to meet anode 
72 graphite requirements.[12] Although surface film reconditioning (metal-based or carbon-based 
73 coating) enhances conductivity, it still encounters issues with disordered graphite. Existing 
74 traditional methods, high-temperature sintering, acid leaching, and surface film reconditioning 
75 are hindered by their lengthy processing times, precise control needs, high costs, and difficulties 
76 in handling diverse spent graphite, posing a substantial gap in large-scale production. Therefore, 
77 developing a rapid, cost-effective, adaptable process for recycling various spent graphite from 
78 LIBs is imperative. 

79 Herein, we present a novel, super-fast modified flash joule heating (FJH) technique to treat 
80 various anode graphite wastes from spent LIBs, converting them into battery-grade graphite 
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81 with uniform properties within seconds (Fig 1). By leveraging extreme temperatures for short 
82 durations, this technique decomposes the solid electrolyte interphase (SEI), binder, and 
83 intercalated molecules, and restores the layered structure of graphite, preserving the new 
84 morphology of the graphite particles. We meticulously explored disparities between spent and 
85 recovered graphite in terms of structure, surface properties, and electrochemical performance 
86 to substantiate our findings. With good performance of regenerated graphite, this work might 
87 make a step to fulfill the gap in recycling spent graphite anodes for large-scale battery-grade 
88 material production.

89

90 Fig. 1. Schematic of flash upcycling of various spent graphite into a uniform energy-
91 storage property via flash heating

92 2. Experimental Section

93 2.1. Materials

94 Different spent anode materials were obtained from Shenzhen Xinmao Co., Ltd. (graphite 
95 scrap), CALB Group Co., Ltd. (graphite from disassembled anodes), and Huayou Cobalt Co., 
96 Ltd. (graphite from hydrometallurgical slag). The spent graphite was sieved using stainless steel 
97 (400 mesh) to remove impurities such as plastic and metal pieces. Subsequently, after being 
98 cleaned with deionized water, the sample was vacuum-dried for 12 hours at 100°C.

99 Three types of spent graphite were mixed in specific ratios: all graphite from scrap was 
100 labeled as sample SG, all graphite from disassembled anodes as sample DG, and all graphite 
101 from hydrometallurgical slag as sample HG. A mixture of these graphite in a 1:1:1 ratio. The 
102 mixed spent graphite was placed in a quartz tube reaction chamber. The treatment process 
103 consisted of two stages. In the first stage, a light electrical flash served as a pretreatment, where 
104 the samples, placed in a vacuum tube, were subjected to a 10A electric current after charging 
105 several parallel capacitors to 36V. In the second stage, a pulse was applied, releasing a large 
106 electric current within a few milliseconds (5ms) after charging several parallel capacitors to 
107 180V. During this process, a “spark” phenomenon was observed. The final product was 
108 naturally cooled to room temperature and labeled as sample FG, which was collected as new 
109 graphite for lithium-ion batteries (LIBs).

110 2.2. Characterization of Material
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111 Surface morphology was examined using scanning electron microscopy (SEM, JSM-
112 7610F, JEOL) and transmission electron microscopy (TEM, JEOL 2011). The metal element 
113 content was quantified with inductively coupled plasma atomic emission spectrometry (ICP-
114 OES, iCAP 6300, Thermo Scientific). Fourier-transform infrared spectroscopy (FTIR) spectra 
115 of this graphite were recorded through a Nexus 670 FTIR spectrometer. Specific surface area 
116 and pore size distribution were assessed through Brunauer–Emmett–Teller (BET) and Barrett–
117 Joyner–Halenda (BJH) models using a Micro TriStar II Plus 2.02 analyzer. X-ray diffraction 
118 (XRD) with a Bruker D8 was used to investigate the crystal structure of spanning a 5–90° range. 
119 Raman spectroscopy was utilized to analyze defects in F-RG and spent graphite performed with 
120 a Horiba Jobin-Yvon LabRAM HR800c. Surface characterization was carried out using X-ray 
121 photoelectron spectroscopy (XPS) with a Thermo Fisher Escalab Xi+ (Al Kα).

122 2.3 Electrochemical measurements

123 The slurry was prepared from graphite, Super-P, and polyvinylidene fluoride (PVDF) in a 
124 weight ratio of 8:1:1 and mixed under magnetic stirring until a homogeneous distribution was 
125 achieved. It was then coated onto copper foil to a thickness of 300 μm, vacuum-dried at 120°C, 
126 and subsequently cut to the required dimensions. Lithium metal served as the reference 
127 electrode, with the two electrodes separated by a Celgard 2400 membrane. The electrolyte used 
128 was a 1 M LiPF6 solution mixed in a volumetric ratio of 1:1:1 of ethylene carbonate (EC) and 
129 dimethyl carbonate (DMC). CR2032 coin-type half-cells were assembled in an argon-filled 
130 glove box.

131 To assess the Electrochemical performance of the batteries, galvanostatic charge/discharge 
132 tests were conducted over a voltage span of 0.01 to 3.0 V using a multichannel battery testing 
133 system (CT2001A, China). Cyclic Voltammetry (CV) measurements were performed with an 
134 electrochemical workstation (CHI 760E, China), scanning from 0.5 mV/s to 2.0 V within the 
135 designated potential range. Electrochemical Impedance Spectroscopy (EIS) was executed at 
136 open circuit potential, covering a frequency range from 100 kHz to 0.01 Hz.

137 2.4 Computational method

138 For all computations in this study, we employed the density functional theory (DFT) 
139 method B3LYP with the D3(BJ) dispersion correction.[13] The 6-31G(d) basis set was used for 
140 geometry optimizations of the atoms.[14] Vibrational frequency analyses, conducted at the 
141 same theoretical level, confirmed that the stationary points were local minima, as evidenced by 
142 the absence of imaginary frequencies. Single-point energy calculations were performed with 
143 the 6-311+G(d,p) basis set to obtain more accurate energy corrections.[15] All theoretical DFT 
144 calculations were executed using the Gaussian 16 software suite.

145 3. Results and Discussion

146 3.1 Materials Characterization 

147

148
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149

150 Fig 2. SEM and TEM of various graphite samples at multiple resolutions: (a, a1, a2) 
151 flashed mixture graphite (FG); (b, b1,b2) graphite from scrap (SG); (c, c1, c2) graphite 
152 from disassembled anode (DG); (d, d1, d2) graphite from hydrometallurgical slag (HG).

153 Scanning electron microscope (SEM) was used to investigate the morphological 
154 characteristics of all the samples. Fig 2a- Fig 2d presents the SEM images of the SG, DG, HG, 
155 and FG samples. All samples exhibited spherical structures, indicating that all types of spent 
156 graphite are suitable for regeneration into battery-grade material.[9, 16] Unlike FG, which 
157 presented a smooth surface, the different spent graphite samples exhibited rough surfaces and 
158 significant white substances. As reported in other literature, the structure of graphite from scrap 
159 (SG) remains well-preserved despite some impurities coated on, which mainly originate from 
160 the employed binder.[16] The well-maintained structure of the graphite from scrap (SG) can be 
161 attributed to its lack of participation in the charge and discharge process. Disassembled anode 
162 (DG) graphite exhibited various surface imperfections, primarily from conductive agents or 
163 binders and participation in the charge and discharge process. Conversely, graphite derived 
164 from hydrometallurgical slag (HG) exhibited cracked and partially damaged surface coating 
165 layers due to internal stresses within the graphite. This damage allowed Li⁺ ions and organic 
166 solvents to co-intercalate into the graphite structure. Moreover, the strong acids used in the 
167 hydrometallurgical process caused severe degradation of the graphite's surface and structure. In 
168 summary, SEM characterization and analysis revealed that HG graphite-layered structure was 
169 the most severely compromised, primarily due to high impurity content and significant 
170 structural damage. Additionally, the elemental mapping of (HG) graphite derived from 
171 hydrometallurgical slag and the (FG) flash-regenerated graphite is presented in Fig S1. Detailed 
172 elemental content of various graphite samples is provided in Table S1. These data indicated that 
173 the regenerated graphite exhibits an almost complete absence of impurity elements. 

174 For a detailed analysis, TEM characterization was performed on these graphite samples,
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175 demonstrating that an amorphous carbon structure with uneven thickness dominated the 
176 surfaces of all spent graphite samples. (Fig 2a1- Fig 2d2). This is ascribed to the organic binders 
177 or generated solid electrolyte interface (SEI) during cycling. In contrast, the surface of the flash-
178 regenerated graphite (FG) displayed a distinct bulk graphite layered structure[4, 17]. The image 
179 at high-magnification clearly show that interlayer spacing, which consisted with graphite (002) 
180 crystal plane. Notably, the interlayer spacing is widened or warped in some samples. The 
181 increased interlayer spacing in graphite samples from disassembled anodes is due to the 
182 accumulated intermolecular interactions from the repeated embedding and de-embedding of 
183 lithium ions during their application period. The warped interlayer spacing observed in graphite 
184 from hydrometallurgical slag is attributed to the continuous and harsh separation and 
185 purification processes, especially the sulfuric acid treatment in traditional hydrometallurgical 
186 methods. [11] While after being repaired by flash Joule heating (FJH) treatment, the image of 
187 FG in Fig 2a1 and Fig 2a2 presented bulk graphite without amorphous carbon, and well-aligned 
188 interlayers and narrow spacing, which is consistent with XRD and Raman results. These 
189 morphological studies suggest that flash recycling process effectively preserves the bulk 
190 structure and quality of graphite while preventing the formation of new defects.

191

192 Fig 3. Characterization of various graphite samples: (a) full XRD spectrum; (b) 
193 enlargement of XRD spectrum at 2θ = 26-27°; (c) Raman spectroscopy; (d) FTIR 
194 spectrum;(e-h) XPS spectra; (i-l) Nitrogen adsorption-desorption isotherms and pore 
195 width for various graphite

196 The physical phases of the spent and regenerated graphite was analyzed using X-ray 
197 diffraction (XRD). As illustrated in Fig. 3a and Fig 3b, XRD spectrum for all samples show a 
198 strong diffraction peak around 26.6°, according to the (002) crystal plane diffraction of graphite. 
199 This peak is consistent with 2H graphite phase, belong to P63/mmc space group (PDF card 41–
200 1487) .[18] Notably, organic contaminants decreases the intensity of the reflection at the (002) 
201 plane following rapid high-temperature processing. Fig 3b provides an enlarged view of the 
202 (002) peaks, enabling a detailed assessment of differences in interplanar spacing among the 
203 samples. The interlayer spacing d (nm) was calculated using Bragg's law: (2dsinθ= nλ, θ is the 
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204 diffraction angle, λ(nm) is the wavelength, and n is the reflective series) .[19] An increase in 
205 graphite interplanar spacing is indicated by the slight shift in the diffraction peaks observed in 
206 the results: the 2θ angle changed from 26.53° of HG, 26.56°of DG 26.59° of SG compared to 
207 26.60° for FG. This phenomenon suggests that a wider interplanar gap between HG and DG 
208 caused by insertion and removal of lithium ions in the galvanostatic charge/discharge process. 
209 Additionally, a slight shift in the 2θ peak for HG was observed, attributed to extensive acid 
210 treatments, which reflect the phenomenon of extra layer expansion.[20] Overall, despite 
211 significant damage during the charge-discharge process or hydrometallurgical stage, the flash 
212 Joule heating (FJH) method successfully restored all three types of spent graphite into a uniform 
213 interlayer spacing of approximately 0.3350 nm, similar to commercial layered graphite 
214 structure.[21] This uniform interlayer spacing enhances the immobilization of lithium ions, 
215 providing a significant advantage over spent graphite.[22, 23]

216 To investigate alterations in the functional groups in the materials, FTIR spectroscopy was 
217 also performed at 4000-500 cm⁻¹ (Fig 3c). Across all samples, an obvious peak corresponding 
218 to the -OH stretching vibration was observed at 3430 cm⁻¹, indicating the hygroscopic nature 
219 of the graphite samples.[24] The stretching vibrations of the C=C groups within the aromatic 
220 ring, which are characteristic of the graphite structure, are represented by prominent and distinct 
221 peaks observed at 1632 cm⁻¹.[25] The spectra of graphite from hydrometallurgical slag (HG) 
222 and scrap graphite (SG) reveal peaks at 1376 and 1080 cm⁻¹, associated with the presence of 
223 polymerized styrene-butadiene rubber (SBR) binder in the spent anode materials.[26] 
224 Furthermore, the peaks observed at 877 cm⁻¹ in the graphite derived from disassembled anodes 
225 (DG) are associated with the presence of CO₃²⁻ in the solid electrolyte interface (SEI). 
226 Following the flash Joule heating (FJH) treatment, these peaks diminish or vanish, signifying 
227 the elimination of organic molecules.[27]

228 The effects of flash joule heating (FJH) treatment on graphite regeneration were evaluated 
229 using raman spectroscopy at frequencies between 0 and 4000 cm⁻¹ (Fig. 3d). The D and G bands 
230 were found to be prominently positioned at roughly 1350 and 1570 cm⁻¹, respectively. [19, 28] 
231 The G band corresponds to the plane stretching vibration of sp² carbon bonds, while the D band 
232 is typically associated with structural defects within the carbon structure. The intensity ratio 
233 (ID/IG) can be ascertained to determine the degree of graphitization.[29] Due to repeated 
234 insertion and extraction of lithium ions, the ID/IG values for HG and DG are 0.71 and 0.78, 
235 respectively, reflecting significant disorder in the carbon structure in the spent graphite. SG 
236 processes an ID/IG ratio of 0.21, suggesting that the initial graphite structure remains relatively 
237 intact.[30] After FJH treatment, the ID/IG ratios of various spent graphites converted into 0.18 
238 in FG, indicating that surface carbon disorder has been effectively removed and interlayer 
239 defects have been filled and restored, leading to a ordered and uniform graphite structure. 

240 The surface chemical composition of the graphite samples are analyzed with the help of 

241 X-ray photoelectron spectroscopy (XPS). As illustrated in Fig. 3e-Fig. 3h, all samples revealed 
242 the presence of carbon (C) and oxygen (O), while a distinct F 1s peak were detected in graphite 
243 from the disassembled anode (DG) XPS survey spectrum. The absence of the F 1s peak after 
244 flash joule heating (FJH) treatment is owing to the decomposition and volatilization of solid 
245 electrolyte interface (SEI), electrolyte, and organic binder. Additionally, the flashed mixture 
246 graphite (FG) displayed a pronounced increase in the carbon peak intensity, indicating a 
247 significant enrichment of carbon following FJH treatment, the high-resolution C 1s spectra 
248 further elucidate the structural changes. For the spent graphite, characteristic peaks are observed 
249 at C=C bonds (C=C sp², 284.8 eV), C-C bonds (C-C sp³, 285.1 eV), C-O single bonds (C-O, 
250 285.9 eV), C=O double bonds (C=O, 291.4 eV), and organofluoride groups (CF₂CH₂, 291.66 
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251 eV) (Fig. S2).[31] After FJH treatment, the peaks corresponding to carbon-oxygen functional 
252 groups and organofluoride components decrease or disappear, while the intensity of the carbon 
253 peak in graphite significantly increases. This change is further corroborated by a marked 
254 reduction in oxygen content in Table S2, indicating the removal of electrolyte contaminants and 
255 residual binder from the surface. Moreover, the C=C sp² peak constitutes the predominant 
256 carbon species in FG, accounting for 88.44% of the total carbon content, reflecting a higher 
257 degree of carbon ordering and a substantial reduction in disordered carbon species. The finding 
258 also matches conclusions obtained from XRD and Raman spectroscopy. The O 1s peak analysis 
259 reveals two peaks at 532.4 eV and 534.3 eV, the peak shape and peak position of the 
260 characteristic peak corresponding to O-C and O=C, respectively.[32] A notable shift in relative 
261 proportions was also observed. After FJH treatment, the intensity of the O=C component in DG 
262 decreased markedly from 55.79% to that in FG of 33.97%, indicating the decomposition and 
263 removal of oxygen-containing functional groups from the SEI, aligning with FTIR analyses. 
264 These results indicates that the rapid high-temperature treatment decreases oxygen-related 
265 defects and simultaneously improving the ordering of carbon atoms.

266 Additionally, the nitrogen adsorption-desorption isotherms for all samples are presented 
267 in Fig. 3i- Fig. 3l. Specific surface area was derived by the N₂ adsorption data using the 
268 multipoint Brunauer-Emmett-Teller (BET) method. The pore width was assessed using the 
269 Barrett-Joyner-Halenda (BJH) method. The N₂ adsorption-desorption isotherm curves of the 
270 samples exhibit similar profiles, all demonstrating type IV isotherms along with characteristic 
271 hysteresis loops.[33] Moreover, the pore sizes of HG are predominantly distributed between 2 
272 and 50 nm, categorizing them as mesoporous materials. In contrast, FG displays a significantly 
273 larger surface area of 12.6 m²/g compared to the spent graphite samples, which include SG 
274 (3.27 m²/g), DG (2.79 m²/g), and HG (4.84 m²/g). This increased surface area is owing to the 
275 removal of smaller particles and the exfoliation of graphite during the flash joule heating (FJH) 
276 process. The enhanced surface area facilitates construct of surface defects, potentially 
277 improving the initial coulombic efficiency.[34, 35]

278 3.2. Electrochemical performance

279

280 Fig. 4. (a) The rate performance of different materials v at current densities at a current 
281 density of 0.1C /0.2C/0.5C/1C/2C/0.1C; (b) First cycle of HG, RG, DG and HG at current 
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282 density of 0.1C; (c) first 3 cycles of RG-1000 at the current density of 0.1C; (d) cycle 
283 property of HG, RG, DG and HG at the current density of 0.1C; (e) cyclic voltammetry 
284 curves of different electrodes;(f) Nyquist plots of different electrodes.

285 To evaluate the effects of this flash recycling method, the electrochemical properties of 
286 different graphite materials were tested using half-cells, focusing on rate performance, initial 
287 coulombic efficiency, and electrochemical stability. Rate performance of HG, RG, DG, and FG 
288 was tested with a range current densities from 0.1C to 2C are illustrated in Fig. 4a. The charge-
289 specific capacities of FG is 358 mAh/g, 351 mAh/g, 348 mAh/g, 340 mAh/g, and 302 mAh/g 
290 at 0.1C, 0.2C, 0.5C, 1C, and 2C current densities. FG demonstrates markedly superior rate 
291 performance compared to SG, DG, and HG. In contrast, the HG electrode exhibited the poorest 
292 performance, with a 192 mAh/g at 0.1C stable capacity, which decreased significantly to 51 
293 mAh/g at a 2C current density. 

294 Fig. 4b shows the first charge/discharge cycle of the FG electrode, discharge curve depicts 
295 a potential plateau with a changing slope as the voltage reduced to about 1.4 V, which implies 
296 the solid electrolyte interphase (SEI) film formation. Additionally, a secondary potential plateau 
297 emerges as the voltage decreases below 0.4 V, which is associated with the gradual insertion 
298 and extraction of solvated lithium ions within the graphite layers. Fig. 4b also demonstrates that 
299 the initial coulombic efficiency of FG increases to 87.8%. This improvement is attributed to the 
300 removal of surface impurities, which exposes more active sites for lithium-ion interaction and 
301 enhances graphite performance [36]. Fig. 4c illustrates that FG maintains improved 
302 electrochemical stability after the first cycle, with the structured SEI layer facilitating better 
303 lithium-ion transfer [37]. Fig. 4d illustrates the long-term cycling performance of HG, RG, DG, 
304 and FG. It showed that after 100 cycles at 0.1C, FG obtains a specific capacity of about 340 
305 mAh/g with a capacity retention of 94.83 %. [38] 

306 To further evaluate and compare the impact of flash heat treatment on its performance, 
307 cyclic voltammetry (CV) curves at a scan rate of 0.5 mV/s were conducted on FG, SG, DG, and 
308 CG. Fig. 4e presents the CV curves for lithium ion intercalation and deintercalation processes 
309 between 0 and 2 V. CV curves for spent and flash-recycled graphite are generally similar, with 
310 the oxidation peak of the flash-treated graphite shifting slightly to the left, indicating preserved 
311 structural integrity. The reduction peaks and oxidation peaks are at around 0.16 Vand 0.25 V 
312 corresponding to the lithiation and deintercalation processes of lithium ion in the graphite 
313 intercalation sites, respectively.[18, 39] Among all samples, FG exhibits the highest induced 
314 current, highlighting the enhanced electrochemical reactivity of the regenerated graphite. Fig. 
315 4f displays the results of electrochemical impedance spectroscopy (EIS) of all sample. The EIS 
316 spectra of the different samples exhibit similar characteristics, featuring semicircle in mid-
317 frequency range and a sloping line in low-frequency range.[40]  Typically, semicircle diameter 
318 in high-frequency range reflects the charge transfer resistance (RCT), while the slope at low 
319 frequencies is closely relationship with the Warburg impedance associated with lithium ion 
320 diffusion within the electrode.[41, 42] This findings indicate that the flash-recycled graphite 
321 exhibits a lower RCT value compared to all the spent graphite samples. This decrease in charge 
322 transfer resistance signifies an improvement in the transport of lithium ions between the phase 
323 interfaces, facilitated by the elimination of coating impurities and enhanced interaction between 
324 the electrode and electrolyte.

325 3.3. Economic and Environmental analyses
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326

327 Fig. 5. Economic and environmental analysis: (a) Schematic diagram showing the 
328 manufacturing of graphite anodes produced artificial graphite, recycling via calcination 
329 and flash upcycling of various graphite; (b) energy consumption; (c) CO2 emissions; (d) 
330 water consumption; (e) value; (f) profit for manufacturing 1 kg graphite and (g) spider 
331 chart of these three processes.

332 The economic and environmental merits of the proposed direct recycling approach were 
333 further evaluated by employing the Everbatt 2020 model.[43] Per the schematic delineated in 
334 Fig. 5a, the production of artificial graphite and recycling via calcination involve entailing 
335 elevated temperature smelting and unnecessary chemical consumption, renowned for their 
336 energy-intensive and ecologically injurious attributes. In sharp contrast, our upcycling process 
337 not only generated various graphite into uniform properties, but also could take the best 
338 advantages of joule heat produced during the flash upcycling process, which could have a direct 
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339 effect on the spent graphite.[28] The detailed parameters of total energy consumption, CO2 
340 emissions, water consumption, and cost of manufacturing 1 kg graphite are delineated in Fig. 
341 5b–f. 

342 In comparison to artificial graphite production, this flash upcycling of various graphite 
343 methods could reduce approximately 82.0% energy consumption, and 95.8% CO2 emissions, 
344 slash water usage by 100% and curtail the recycling expenditure by around 67.1%. And 
345 comparison to recycling via the calcination process, the decreased energy consumption number 
346 was 70.8%, 66.1% CO2 emissions, and save cost of 41.8%. Furthermore, the profit of produced 
347 artificial graphite is 4.2/kg, while the recycling via calcination is nearly zero (0.35), which could 
348 be attributed to the rebuilt collapse of the graphite structures and the hydrometallurgy 
349 process.[29] Notably, the flash upcycling method of various graphite can achieve a profit of 
350 7.75$/kg, which is significantly higher than the method of producing graphite (4.2$/kg) and 
351 recycling via calcination (0.35$/kg). The spider chart of Fig.5g provides a comprehensive 
352 comparison of three graphite production and recycling methods—artificial graphite production, 
353 traditional calcination recycling, and flash upcycling. These methods are evaluated based on 
354 several criteria, including high profitability, low energy consumption, low greenhouse gas 
355 (GHG) emissions, simplicity, and high efficiency. Inspiringly, this method behaved a rapid 
356 upcycling time and the regenerated graphite exhibited an attractive lithium-storage capability. 
357 On the other hand, flash upcycling demonstrates the capability to process a diverse range of 
358 graphite materials, offering a simplified procedure and high efficiency. To a clear understanding, 
359 the comparson of  these recycling method are presented in Table 1. The calculated profit also 
360 supports its economic viability. Collectively, these results suggest that the proposed flash 
361 upcycling method holds substantial potential for large-scale industrial application in the 
362 recovery of various spent graphite anodes.

363

364

365

366

367

368

369

370

371
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372 Table 1. The feature of regenerated graphite using different repair methods

Raw materials Method Temperature
Cycling

 time
Rate 

performance Ref

Mixed spent 
graphite

Flash joule 
heating 3000°C ＜1s

358 mAh/g 

at 0.1C
This 
work

Black powder
H2SO4 curing-

anaerobic 
calcination 

1500 °C 2 h
349 mAh/g 

at 0.1 C 
[19]

Black powder H2SO4 leaching-
NaOH fusion 500 °C

NaOH 
fusion 40 

min

377.3 mAh/g 

at 0.1 C
[44]

Black powder
H2SO4 leaching-
calcination-pitch 

coating
3000 °C

leaching 
4h

+ coating 
2h

344 mAh/g 

at 0.2C
[45]

Black powder Roasting 1600 °C 1h
235.0 mAh/g 

at 1 C 
[46]

Black powder Synthesis of nano-
Sn/G@C 1000 °C 2 h

650.9 mAh/g 

at 100 mA/g
[47]

Black powder H2SO4 leaching-
pitch coating 1100 °C 2h

338.2 mAh/g 

at 0.1C
[20]

Black powder Carbon coating 800 °C 1h 384.9 mAh/g 
after 100 cycles [48]

Disassembled 
anode

H2SO4 leaching-
heat- 900 °C 2h

 358.1 mAh/g 

at 0.1C
[31]

Disassembled 
anode 

Anaerobic 
calcination 1340°C 4h

360.8 mAh/g 

at 1C 
[49]

Disassembled 
anode

Microwave-
irradiation / 15 s

400 mAh/g 

at 0.1 Ah/g 
[50]
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Scrap Calcination 800°C 2h
362.4 mAh/g 

at 0.1C 
[51]

373

374

375

376

377 3.4. Analysis of various spent graphite regeneration mechanism

378

379 Fig. 6. The mechanism of graphite regeneration by flash joule heating treatment:(a) 
380 Simulation results of graphite intercalation layer degradation,(b) the reconstruction of 
381 spent graphite structure by traditional calcination process (c) reconstruction of spent 
382 graphite structure by flash upcycling process.
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383 Fig.6 illustrates the mechanism of graphite regeneration through flash Joule heating 
384 treatment. As shown in Fig. 6a, the graphite layers undergo expansion or deformation due to 
385 the insertion and removal of lithium ions, which indicates that lithium ions can easily intercalate 
386 into the graphite layers, leading to structural deformation. Fig. 6b shows that graphitizing spent 
387 graphite into a stable, ordered layered structure requires an energy of 241.7 kcal/mol. The 
388 primary process can be clarified as follows: this suggests that the transformation of a defective 
389 graphite structure, with defects introduced by oxygen, occurs as carbon atoms, initially isolated 
390 with high freedom, gradually align themselves. Eventually, these randomly distributed carbon 
391 atoms in the spent graphite form a stable graphite structure. This result also supports the 
392 thermodynamic feasibility of using traditional calcination processes for graphite recycling, 
393 although these processes require several hours to achieve optimal repair results.[19] Fig. 6c 
394 illustrates the reconstruction of the spent graphite structure through flash upcycling processes. 
395 Unlike the traditional calcination process, the flash upcycling process protects carbon atoms 
396 from being isolated. As an electric current passes through the carbon atoms, a high current 
397 density and a consequently high localized electric field are generated on the surface of the 
398 carbon atoms. This electric current energetically favors the reorientation of the graphene layers 
399 along the direction of the electric field and the ordering of the graphitic lattice, reducing 
400 interlayer spacing. [44] Remarkably, this process consumes much less energy, requiring only 
401 35.8 kcal/mol (based on the energy input needed to generate 1 kg of graphite) .[45]

402 In summary, our method significantly accelerates the reaction rate, regenerating graphite 
403 within seconds. The current in flash Joule heating follows the path of least resistance, rapidly 
404 concentrating heat. This intense and localized heating creates optimal thermal conditions for 
405 graphite.[28] Consequently, under extreme temperatures and efficient heat utilization, defects 
406 caused by oxygen are replaced by free carbon atoms, facilitating the rapid conversion of a 
407 disordered structure into an ordered layered structure.

408 4. Conclusions

409 In summary, we have proposed an ultrafast and cost-effective method for upcycling 
410 various spent graphite materials using flash Joule heating. This method achieves a 358 mAh/g 
411 specific capacity and exhibits outstanding cycle stability. Characterization and electrochemical 
412 performance analyses reveal that the method effectively removes coated impurities, realigns 
413 warped or enlarged graphite layers, and fills defects within the carbon network surface. 
414 Environmental and economic impact assessments by the EverBatt model highlight that this 
415 method consumes the least energy and material, generates the lowest greenhouse gas emissions, 
416 and offers the highest profitability compared to traditional hydrometallurgical recycling 
417 processes. Consequently, this study presents a viable technical process for the direct recycling 
418 of diverse spent graphite materials, with substantial potential for large-scale industrial 
419 implementation.
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581 ➢ This recycling method can significantly increase profitability, reduce total energy 
582 consumption with a less greenhouse gas emission

583 ➢ The mechanism of flash joule heating transforms various spent graphite into uniformity 
584 property are revealed and verified.

585 ➢ Density Functional Theory (DFT) calculations confirm that flash joule heating enables 
586 direct regeneration at a high reaction rate
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