Journal of Colloid and Interface Science 685 (2025) 555-564

Contents lists available at ScienceDirect

OLLOID AND
INTERFACE

Journal of Colloid And Interface Science

& m_ﬂ

ELSE\/[ ER journal homepage: www.elsevier.com/locate/jcis

Regular Article ' :.) ‘
Upcycling of photovoltaic waste graphite into high performance

graphite anode

Jianjiao Xiong““’l, Yanfeng Wang ', Jijun Lu®, Fengshuo Xi®, Zhongqiu Tong®, Wenhui Ma ",
Shaoyuan Li™
2 Faculty of Metallurgical and Energy Engineering, Key Laboratory of Complex Nonferrous Metal Resources Clean Utilization, Kunming University of Science and

Technology, Kunming 650093 China
Y School of Engineering, Yunnan University, Kunming 650500 China

HIGHLIGHTS GRAPHICAL ABSTRACT

e Proposed flash joule heating method
that directly converts PV WG to FWG in

milliseconds. SNBSS
. FHPTHV 0
e Ultra-high temperature removes the CEEPEOenE00000000 TIPS O DBCOTDND
impurities and increases the graphitiza- B i ie  CENSE e T a— b — HWHHTIVI IS
tion degree. A "{:";; ':3 3PP
e Ordering structure and increasing layer ii} > Crystal structure rearrangement &,
spacing are favorable for Li* transport. i
e The FWG anode exhibited superior 600 — . " = 1008
reversible capacity (413 mAh g’l) and " 500 80 ;
long-cycle stability. 2;14()0‘ S ’ ?‘()F IR 3??%11,&.‘\, 60 :f
2 300 . ;”IVVVV(i 0 'é
5 LWG {20 2
+ WG =3
0 o
0 200 400 600 800 1000
Cycle number
ARTICLE INFO ABSTRACT
Keywords: High-value recycling of photovoltaic waste graphite (WG) is an effective path to achieve “carbon neutrality”.
Photovoltaic waste graphite However, the current most adopted methods are landfilling, incineration and leaching, which can lead to un-

Flash joule heating
Upcycling graphite anodes
High-rate performance
Targeted regeneration

desirable environmental contamination and waste of resources. Here, an energy-efficient and high-value flash
recycling strategy is developed in which photovoltaic WG is converted to high-capacity and high-rate graphite
anode for lithium-ion batteries (LIBs) in milliseconds. Ultra-high temperatures (>3000 K) were provided by flash
joule heat to remove harmful impurities in the PV waste graphite, while improving the graphitization degree of
WG and the (002) layer spacing of WG, making the upcycled graphite more suitable for lithium-ion (Li*)
intercalation and deintercalation. The upcycled graphite as a lithium-ion battery anode exhibits high reversible
capacity (~413 mAh g~!) and robust cycling stability (>90.1 % retention at 2.0C rate for 1000cycles), which is
superior to the current state-of-the-art commercial graphite anode. Overall, this work provides a feasible
approach for the sustainable management of photovoltaic waste graphite, contributing to cleaner production and
circular economy in the photovoltaic industry.
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1. Introduction

Recently, led by the global “carbon peaking and carbon neutrality”
policy, the Photovoltaic (PV) industry has become one of the important
areas of global energy transition [1]. According to the International
Energy Agency analysis, the global total installed capacity of PV reached
1552.3 GW in 2023, and is forecasted to reach 1954.6 GW in 2024 [2].
By 2025, the global annual power generation of renewable energy will
exceed that of coal, becoming the largest source of electricity in the
world [3]. The speedy development of the PV industry has driven the
continuous growth of the demand for raw materials [4]. Graphite is an
important consumable in the hot field system of monocrystalline silicon
growth and polysilicon ingot casting furnace, that relate to its good
conductivity, thermal conductivity, corrosion resistance [5]. In 2023,
the output of China’s PV monocrystalline silicon reached 478.6 GW, and
the demand for PV graphite reached about 175,000 tons (at 0.36 t/MW).
However, PV graphite is prone to cracking under the effect of alternating
thermal stresses and electromagnetic forces in the hot field system,
which need to be replaced periodically. That result in large amounts of
graphite being retired every year [6]. Currently, less attention has been
paid to those waste graphite, and most of that is directly disposed of in
landfills or simple leaching treatment, which inevitably causes problems
such as environmental and resource waste [7]. How to realize the green
and efficient recycling of PV waste graphite (WG) is a key step for the
green development of PV industry.

With the deepening of the concept of green and sustainable devel-
opment, lithium-ion batteries (LIBs) are rapidly becoming the main-
stream energy storage devices in the consumer electronics industry and
new energy vehicle market out of the high energy density and long cycle
life [8]. Graphite has been become the mainstream product of anode
materials for LIBs owing to its advantages of low voltage platforms of in-
deintercalation lithium, excellent conductivity and low price [9]. It is
estimated that 285 million tons of the battery-grade graphite will be
required by 2035 [10]. Knowing that untreated graphite-based mate-
rials cannot be directly used as anode, and impurity removal and high-
temperature graphitization are required [11,12]. Considering the non-
renewable characteristics and the current situation of high-cost graph-
itization process of graphite material, there is an urgent need for alter-
native graphite-based materials to alleviate the pressure on the supply
chain of battery-grade graphite [13]. With the isotropic and crystallinity
adjustable, the PV WG is expected to be used as graphite anode to
alleviate energy shortage [14]. However, there are still some impurities
and structural defects that hinder the intercalation and deintercalation
of lithium-ion (Li") when applied to the LIBs, which needs to be
upgraded and reconstructed.

Ultra-high temperature can effectively evaporate to remove volatile
impurities, and enlarged the (002)-layer spacing, which made the re-
generated graphite more suitable for de-embedded lithium [15,16].
Meanwhile, the ultra-high temperature (>3000 K) realizes high graph-
itization conversion of carbon-based materials. As a highly efficient
heating method, flash joule heating (FJH) technology can realize mil-
liseconds of rapid heating and cooling without the need for additional
solvents and catalysts, which has become an important means for the
preparation of energy materials, high entropy alloys, recycling solid
waste recently [17-19]. Herein, the upcycling of WG using flash joule
heating is expected to realize its value-added recycling for the prepa-
ration of high-performance graphite anodes.

Here, we propose a FJH method that directly converts cheap
photovoltaic WG to high-performance FWG anode. This method provide
a ultra-high temperature ( ~ 3500 K) less than 500 ms, which remove the
impurities effectively, such as Ca, Na, Mg et al. Moreover, profit from
that, the graphitization and layer spacing have been effectively
improved, thereby further enhancing the electrochemical properties.
Applied in the LIBs, the FWG anode exhibited an excellent reversible
capacity with 413 mAh/g at 0.5C. Even at 2.0C, it still shows a capacity
retention of 90.1 % after 1000cycles. That has certain advantages
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compared with other graphite materials. In addition, compared with the
traditional recycling method, this direct regeneration method has the
advantages of non-pollution and low energy consumption, and truly
realizes the green, low-cost and high-value utilization of photovoltaic
waste.

2. Experimental Section
2.1. The upcycling of photovoltaic waste graphite

The waste graphite comes from the waste heater of single crystal
furnace. The bulk WG was initially crushed by a crusher, and then
ground by a high-energy ball mill at 800 r/min for 6 h, and then sieved
with 200 mesh for use. Weighting 200 mg of waste graphite into a quartz
tube placed in the FJH device, the two ends of the graphite plug tightly
pressed to adjust the resistance of the system in the 1.5-2 Q, keep the
vacuum state to regulate the pulse voltage of 200 V, observed “flash”
phenomenon, cooled down and labeled as FWG. In addition, the waste
graphite was treated in mixed acid for 2 h as a control experiment and
labeled as LWG.

2.2. Characterization methods

Analysising the physical phases and crystal structures of the samples
by X-ray diffraction (XRD, TDXRD) at 10-90°. The carbon content was
analyzed by Thermogravimetric analyzer (TG, STA6000) at a heating
rate of 10 °C/min to 1000 °C. The Inductively Coupled Plasma Emission
Spectrometer ( ICP-OES, Agilent 725-ES) was used by analyze the im-
purities content of the material; Raman spectroscopy (Labrm hr evolu-
tion) was used to analyze the degree of graphitization; Scanning
Electron Microscopy (SEM, Hitanchi S-4800) and Transmission Electron
Microscopy (TEM, Fei-Talos-F200X) were used to analyze the micro-
scopic morphology; X-ray Photoelectron Spectroscopy (XPS, Thermo
Escalab 250XI) was used to analyze the elemental composition of the
material surfaces; Electron Paramagnetic Resonance (EPR, Bruke Emx)
was used to analyze the electron vacancies.

2.3. Electrochemical measurement

Utilizing the CR2032 coin cell to study the electrochemical proper-
ties of upcycling graphite. In accordance with a mass ratio of 8:1:1, the
active materials of WG, LWG, FWG and commercial graphite (CG),
conductive carbon (Super-P,Timcal) and polyvinylidene fluoride (PVDF,
>99.5 %, Aladdin) were stirred in the solvent of N-methyl-2-pyrrolidone
(NMP, >99.5 %, Aladdin) for 12 h, and then coated on a copper foil
collector and vacuum-dried for 8 h at 100 °C. Using the lithium foils as
the anode, glass microfiber filter (Whatman GF/D, Cytiva) as the dia-
phragm, 1 M LiPFg as the electrolyte, and a 2032-type coin cell was
assembled in glove box with an argon atmosphere. The full cell was
assembled according to the N/P ratio of 1.1. The commercial lithium
iron phosphate (LiFePOj4), Super-P and PVDF were mixed in the NMP
with a mass ratio of 8:1:1, and then coated uniformly on the aluminum
foil as the cathode. The WG and FWG electrode were pre-lithiation in the
half cell as the anode. Then, it was assembled in a glove box. After that,
over a voltage range of 2.4 to 4.0 V, there is a test of the full cells
electrochemical performance. Electrochemical charge/discharge mea-
surements were tested on the NEWARE (CT4008) equipment at different
current density less than 3.0 V voltage range. Princeton electrochemical
workstation was performed to test the cyclic voltammetry (CV) at
different scan rate and the electrochemical impedance spectroscopy
(EIS).

3. Results and discussion

The details of FJH process are shown in Fig. 1a-d. Generally, the
photovoltaic waste graphite mainly made up of the lumps (Fig. S1). It
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needs to be milled into micrometer-sized powders via crushing and ball
milling before the FJH process. Then, weighed a certain amount of waste
graphite powder and filled into a quartz tube reaction vessel. Through
adjusting the distance between two graphite plug spacers to control the
electric resistance of system at ~2 €. Setting the reaction voltage
parameter to 200 V, the current reached ~226 A less 500 ms (Fig. 1c).
With the speedily heating rates (~ 8.3 x 10° k/s) and cooling rates (~ 4
x 10° k/s), the peak temperature reached ~ 3500 K via the infrared
temperature sensor. By the way, the whole upcycling process must keep
an inert atmosphere refrain from high-temperature oxidation of graphite
materials.

The fast heating and cooling in seconds began to materialize via FJH
[20,21], much less than those reported of traditional heat treatment and
graphitization methods (Fig. 2a) [12,22-27]. Promising to realize the
green and efficient recycle of solid waste. Meanwhile, exploring the
effects of voltage and time for performance in Fig. 2b. As the flash
voltage increases from 100 to 200 V and the reaction time increases from
50 to 500 ms, the temperature and graphitization degree are increasing,
better result achieved at 200 V, 500 ms (Fig. S2).

Characterizing the structural characteristics by the XRD. As illus-
trated in Fig. 2c¢, all samples occur a strong and sharp diffraction peak at
26.5°, which corresponds to typical 2H graphite phase (JCPDS No.
41-1487). The peak of (002) migrate slightly to a small angle after FJH
from 26.49° (WG) to 26.43°(FWG). This shift in the angle of the
diffraction peak is usually associated with increased layer spacing [28].
In addition, the weak peak of all samples at 35.68° belong to the (111)
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crystal plane of SiC that originate in the reaction of the silicon vapor and
carbon during the pulling process of monocrystalline silicon [29]. The
XRD result of ash also further illustrates that the impurity is consist of
the SiC (Fig. S3). Base on the features of corrosion resistance and high
temperature resistance, the SiC is not easy to remove via leaching and
heating treatment [30].

The Raman spectroscopy was used to analyze the feature changes
during the FJH in Fig. 2d. Observing that the characteristic peaks at
1358, 1570 and 2700 cm ™! correspond to the D, G and 2D band. The D
peak reflects the degree of defects and structural irregularities. And the
G peak represents the in-plane stretching of sp? hybridized carbon, its
intensity reflects the orderliness of the crystalline material [31]. In
general, ID/IG is commonly used to characterize the graphitization de-
gree of carbon materials. The ID/IG values of WG, LWG, and FWG are
0.53, 0.47, and 0.14, respectively. The ID/IG value of FWG is compa-
rable to the commercial graphite (CG) (Fig. S4), which demonstrates
that the FJH process could enhance the graphitization degree [15].

In addition, studying the variation in carbon content and metal im-
purities by the TG and ICP-OES. Comparing the TG curves of all mate-
rials (Fig. S5), the weightless temperature is mainly concentrated in
700-1000 °C. The mass loss rate reached 96.09 %, 97.6 % and 98.55 %
of WG, LWG and FWG eventually, suggestes that there is an increase in
carbon content after FJH. Furthermore, the content of micro impurity is
analyzed via the ICP-OES (Fig. 2e). The WG mainly contains with Ca, Fe,
Al and Mg elements et al. These impurities can gasification off under the
high-temperature effectively, and the content of impurities decreases to
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Fig. 1. Upcycling photovoltaic waste graphite by flash joule heating. a) Schematics of the synthesis of photovoltaic waste graphite via flash joule heating. b) The
enlarged images of real Time-Temperature measurement during the FJH process. ¢) The real Time-Voltage and Time-Current measurement during the FJH process. d)

The upcycling mechanism schematic illustrations of the WG during the FJH.
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Fig. 2. Structural and compositional characterization of the samples. a) Comparison of the time-temperature of the FJH with traditional heating and graphitization.
b) ID/IG value of upcycling graphite under different FJH process. ¢) XRD patterns. d) Raman spectra. e) ICP-OES. f) XPS survey spectra. g) The high-resolution spectra

of C 1 s of FWG. h) EPR spectra of WG and FWG.

< 150 ppm. Comparing to the leaching, FJH can effectively remove
impurities. The reason of that can be elucidated as follows: On the one
hand, the isostatic pressure preparation makes the residual impurities
closely encapsulated with the graphite material, which is not easy to be
removed in acid leaching. On the other hand, graphite has good thermal
conductivity, which enables effective heat transfer to vaporize the im-
purities and remove them.

The chemical composition and changes of the elements were
employed to analyze via XPS in Fig. 2f-g. All samples exihibit the C1 s,
O 1 s and a weaker Si 2p peaks in Fig. 2f. It is consistent with the results
of XRD. The high-resolution plot of Cls of FWG material shown in
Fig. 2g, which splits into four peaks of C=C sp?, C—C sp®,C—O0 and -1
bonds at 284.8, 285.2, 286.0 and 291.01 eV. FWG mainly consists of sp>
and sp°, that represent graphitic-carbon structures and a partial defect in
the graphite structure separately [32]. Meanwhile, the content of the sp?
/ sp3 are 42.6 %/25.99 %, much better than the WG (37.61 %/31.24 %)
and LWG (38.26 %/28.17 %) (Fig. S6), indicates that the FJH processes
can reconstruct graphite structure and reduce the defects. The Fig. S6
shows the high-resolution O 1 s spectrum with two peaks located at
532.1 eV and 533.1 eV, corresponding to C—=0 and C—O bonds
respectively. The reduction in the intensity of C—=O may be related to the
removal of oxygen-containing groups. Furthermore, the decrease of the
oxygen percentage to FWG is also illustrated that. (Table S1).
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The EPR was studied to explore the structural features. Observed a
strong resonant signal at g = 2.003 of WG and FWG in Fig. 2h, these
signals are assigned to the oxygen vacancy. Owing to the oxygen-
containing impurities evaporate under the high-temperature, FWG has
stronger signal strength than WG. The presence of these oxygen va-
cancies provides additional active sites to enhanced lithium-ion transfer
between graphite sheet layers [33].

Then, the morphology characterization is revealed by the SEM
(Fig. S7a—c). The WG is mainly made of irregular flakes, and tight
stacking between layers owing to the special isostatic pressure treat-
ment. That is not conducive to the application for anode materials. After
leaching, it still exists as stacked flakes while almost no change in
morphology. Under the rapidly ultra-high temperature treatment, the
waste graphite flake layer has undergone obvious exfoliation, and the
distribution of flakes is more dispersed and uniform. Then, the
morphology and structure features are revealed by the TEM and high-
resolution transmission electron micrograph (HRTEM) in Fig. 3a-j.
The multilayered stack of WG exhibits the lattice stripe of discontinuous
and numerous of defects by its corresponding inverse Fast Fourier
Transformation (IFFT) images (Fig. 3d). During the fast high-
temperature upcycle, the lattice stripe of FWG transform to regular
and ordered gradually just as the schematic illustration of the
morphology transformation (Fig. 3j). Meanwhile, the spacing also
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Fig. 3. The morphology of the WG and FWG. a, ) TEM of WG and FWG. b, f) HRTEM diagram of WG and FWG. c, g) The interlayer spacings of WG and FWG. d, h)
The IFFT diagram of WG and FWG. i) The EDS mappings of FWG. j) Schematic illustration of the morphology transformation during the FJH process.

increased from 0.336 nm (WG) to 0.338 nm (FWG) (Fig. 3g), which
could facilitate the Li" diffusion rate, thereby enhancing the fast-
charging performance of graphite anode. The elements of WG, LWG
and FWG mainly contained C, Si and O, and the element distribution was
uniform (Fig. S8). After FJH process, the content of the C elements is
increased, corresponding to the above results (Table S2).

Further investigation of the implications of the electrochemical
characterization after FJH of waste graphite, tested a series of electro-
chemical characterizations. The initial galvanostatic charge-discharge
(GCD) curves show in Fig. 4a at 0.5C of all samples. The initial discharge
capacity of FWG is 648 mAh/g while that the CG is 466 mAh/g, the
enlarged capacity originates from the enlarged layer spacing and the
formation of oxygen vacancies in FWG, which provide more active sites
for Li*. In addition, the GCD curves of WG, LWG and FWG show smaller

slopes when the voltage exceeds 0.3 V comparing to commercial
graphite, which manifest that exist the different Li* storage mechanism
[34]. Furthermore, founding a small voltage plateau at 0.8 V that may be
related to the lithium intercalation of silicon carbide [17]. Theoretically,
SiC is an electrochemical inertia material. It was found that high-
temperature graphitization treatment of SiC surface can improve its
lithium storage properties recently [35,36]. After “activating”, Li™ will
occupy the (1/4, 1/4, 1/4) and (1/2, 1/2, 1/2) interstitial sites during
the lithium deintercalation process to form Li,SiC. With the increased
intercalation of Li* to 12, the Li,SiC will form Li,SiC and its specific
capacity reaches 1336 mAh/g [37,38]. That provides more specific ca-
pacity for the FWG anode. Besides, study the charge-discharge perfor-
mance of the FWG anode with different cycle number at 1.0C (Fig. 4b).
The initial charge-discharge capacity is 403 mAh/g/603 mAh/g. With
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electrode. e) Nyquist plots of WG, LWG and FWG electrode. f) Comparison of the capacity of the FWG electrode with those of previously reported graphite-based

anodes. g) Long-term cycling performance of WG, LWG, and FWG.

the increase in the number of cycles, the charge-discharge curves almost
coincident, which further indicates that the FWG anode has excellent
reversibility. Up to the 200th cycle, the FWG anode maintains a high
capacity of 397.4mAh/g, corresponds to the 94.1 % capacity retention
rate. (Fig. S9).

Fig. 4c shows the cycling performance at 0.5C of WG, LWG, FWG and
CG. After 100cycles, FWG anode still maintains 413 mAh/g that much
higher than WG (308 mAh/g) and LWG (312 mAh/g). Among them,
found that the slight change for the capacity performance after leaching,
that attributed to the leaching is not effectively realizing the structural
improvements [39]. Then, the rate performance was further evaluated
from 0.1C to 10.0C in Fig. 4d. The FWG demonstrates an outstanding
rate performance, it showed a specific capacity of 471 mAh/g at 0.1C.
Even at a large current of 10.0C, its capacity obviously better than those
of WG and LWG. When the current returned to 0.1C, the capacity still
recovered the initial capacity.

The electrochemical properties of the upcycling graphite anodes
were investigated by electrochemical impedance spectroscopy (EIS). In
Fig. 4e, all samples composed of semicircles and straight lines. In gen-
eral, the diameters of the semicircles in the high-frequency region
represent the charge transfer resistance (R.), and the straight lines in the
low-frequency region reflect the Warburg impedance associated with
Li" diffusion throughout the electrode [40]. Fitting by the equivalent
circuit model, the FWG showed enhanced charge and ion transport
abilities, its display a lower charge transfer resistance (Rct = 64.08 Q)
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while that the WG is 99.16 Q, indicates that the FWG exhibit the more
quickly Li* transfer ability.

The long-term cycling test was performed on Fig. 4g. The FWG
demonstrated an outstanding cycling property than WG and LWG, its
initial reversible capacity reached 578mAh/g at 2.0C. It still retained
343 mAh/g, the capacity retention reaches 90.1 % after 1000cycles.
Comparing with previous literature (Fig. 4f), the FWG still display su-
perior electrochemical properties for these recycle graphite anode
(Table S3) [15,23,26,32,41-48] and commercial graphite (Fig. S10).
This upcycling PV waste graphite is promising alternative to battery-
grade graphite.

To further explore electrochemical reaction kinetics of upcycling
graphite, the CV tests were performed with the different scanning rate of
0.1-1.0 mV/s (Fig. 5a-b). During the first scan process, observing that
the reduction peak near the 1.2 V, which is inclined towards the gen-
eration of SEL To further explore its charge storage mechanism, the
relative connection between sweep rate (v) and current (i) are calculated
by the following formulas:

i=ab

Taking the logarithm of both side:
logi = loga + blogv

where i and v represent the applied current intensity and the scan rate at
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different voltages, a and b represent the fitting parameters [49].

Theoretically, the b-value reflects the lithium storage mechanism of
pseudocapacitive reactions or diffusion control. When b = 0.5 means
that the capacity is controlled by diffusion, and b = 1 means that
controlled by pseudocapacitive [50]. In Fig. 5S¢, the fitting parameter b
value of FWG reach 0.67, which indicating that the lithium-ion transport
mechanism is dominated by diffusion control and pseudocapacitance.
Benefit from the structural advantagesthe of regular and ordered, the Li*
diffusion rate on the graphite surface of the FWG gaines effective
improvement.

Furthermore, the diffusion coefficient of lithium ions was calculated
by the galvanostatic intermittent titration technique (Fig. 5d-f).
Compared to WG, FWG own a lower irinternal (iR, 0.0024 V) (Fig. S11),
which indicate that the upcycling graphite process good conductivity
(Fig.S11), which indicate that the upcycling graphite process good
conductivity [51]. Supposing that the diffusion of lithium ions within
both WG and FWG obeys Fick’s second law of diffusion, the Li" diffusion
coefficient (Dy; ™) can be calculated by the following equation:

4

a mBVM 2 AES 2
MsS ) \AE,

™

Dy =

561

where Vy, mg and Mg are the molar volume, the active material mass
and the molecular mass respectively, and 7 is relaxation time, s is the
contact area of the electrode / electrolyte; AEg is the steady-state po-
tential change in 7 time after applying a constant current, and AE; is the
voltage change during the galvanostatic discharge and charge [52].

The Li" diffusion coefficients of WG and FWG display a trend of
decrease-increase-decrease-increase with the embedding of Lit in a
“W~-shaped curve in Fig. 5f, which is associated with the displacement
of the phase transition during interlayer diffusion. The values of Df; of
FWG range from 8.3 x 1014 — 2.49 x 107!, which higher 1-2 orders of
magnitude than that of the WG and LWG (Fig. S12), suggests that the
regularly ordered structure is more favorable to improve the lithiation
kinetics (Fig. 5g). Meanwhile, the Li* diffusion coefficients were mainly
distributed at 10! cm?/s, revels that the samples showed fast and
uniform Li* diffusion at different voltages, which exhibited good elec-
trochemical performance.

The FWG display excellent capacity and cycling stability. To further
verify the possibility of the FWG material for practical applications, it
performed a full battery test. The schematic diagram of the full cell is
shown in Fig. 6a. Among them, the commercial LiFePO,4 was used as the
cathode and the FWG (or WG) was used as the anode. Notably, the FWG
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Fig. 6. The electrochemical performance of the full cell. a) Schematic illustration of the full-cell. b) The initial charge-discharge curves of the WG||LFP and FWG||
LFP full-cell at 0.2C. c) The cycling performance of WG||LFP and FWG||LFP full-cell at 1.0C.

and WG anodes need to achieve pre-lithiation in the half-cell. There are
the GCD curves of the full-cell in Fig. 6b. During the voltage range of
2.4—4.0 V, the initial specific capacity of WG||LFP is 135 mAh/g, and
the FWG||LFP capacity is 161 mAh/g corresponding to the initial
coulombic efficiency is 88.1 %. After 300 cycles, the FWG||LFP still
shows a capacity retention of 78.8 % while that the WG| |LFP is dropping
dramatically, indicating that the FWG||LFP has good electrochemical
stability. In summary, the FWG electrode is promising to be applied
successfully in the field of high-energy-density LIBs.

4. Conclusion

In conclusion, the upcycling of photovoltaic waste graphite into high
performance graphite anode realizes by flash Joule heating effectively.
After rapid heating, the impurity content was reduced from 3.91 % to
1.45 %. The ID/IG value was reduced from 0.53 to 0.14, which effec-
tively improved its graphitization degree. Meanwhile, the enlarged layer
spacing from 0.336 to 0.338 nm provide more active sites for the
intercalation and deintercalation of Li*. Consequently, FWG maintains
an outstanding capacity of 343 mAh/g at 2.0C with a capacity retention
of 90.1 % after 1000cycles. Even at a large current of 10.0C, it still much
better than the WG and LWG. The excellent electrochemical properties
and green and efficient regeneration of FWG provide an emerging
pathway for the value-added recycling of PV waste graphite. However,
the lower initial coulombic efficiency restricts its development, and how
to improve will be the key to the commercial application of PV waste
graphite.
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