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Recycling the degraded graphite is becoming increasingly important, which
can helped conserve natural resources, reduce waste, and provide economic
and environmental benefits. However, current regeneration methods usually
suffer from the use of harmful chemicals, high energy and time consumption,
and poor scalability. Herein, we report a continuously high-temperature
heating (≈2000 K) process to directly and rapidly upcycle degraded graphite
containing impurities. A sloped carbon heater is designed to provide the
continuous heating source, which enables robust control over the temperature
profile, eliminating thermal barrier for heat transfer compared to conventional
furnace heating. The upcycling process can be completed within 0.1 s when
the degraded graphite rolls down the sloped heater, allowing us to produce
the upcycled graphite on a large scale. High-temperature heating removes
impurities and enhances the graphitization degree and (002) interlayer
spacing, making the upcycled graphite more suitable for lithium intercalation
and deintercalation. The assembled upcycled graphite||Li cell displays a high
reversible capacity of ≈320 mAh g−1 at 1 C with a capacity retention of 96%
after 500 cycles, comparable to current state-of-the-art recycled graphite. The
method is a chemical-free, rapid, and scalable way to upcycle degraded
graphite, and is adaptable to recycle other electrode materials.
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1. Introduction

Lithium-ion batteries (LIBs) are widely used
as the power source for various applica-
tions such as consumer electronics, medi-
cal devices, and electric vehicles (EVs).[1,2]

Recently, the demand for LIBs has sky-
rocketed in the EV market with hopes that
EVs will mitigate the impacts of climate
change, compared to traditional gasoline-
powered vehicles.[3,4] Owing to LIBs lim-
ited lifespan, there will be numerous de-
graded electrode materials (e.g., graphite
anode and LiNixMnyCozO2 cathode) and
spent accessory parts (e.g., Al and Cu
current collectors) when LIBs reach their
end of life.[5–9] Recycling these materi-
als is thus becoming increasingly impor-
tant, which can help conserve natural re-
sources, reduce waste, and provide eco-
nomic and environmental benefits.[10–13]

Currently, graphite is the most widely
used anode material for LIBs.[14,15] Graphite
anodes can suffer from excessive solid
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Figure 1. Direct and rapid high-temperature upcycling of graphite anodes.
Schematic of the sloped carbon paper heater, in which degraded graphite
powder rapidly rolls down from top to bottom of the heated carbon pa-
per under an inert atmosphere. The degraded graphite contains impuri-
ties such as SEI, binder, and residual electrolyte, while the sample after
high-temperature upcycling shows pure graphite without impurities.

electrolyte interphase (SEI) formation and structural dam-
age (e.g., loss of graphitization) upon long-term cycling, which
reduces battery performance.[14–16] Several methods have been
demonstrated to recycle used or degraded graphite (DG), in-
cluding chemical and thermal treatments.[17–20] Acid leaching
treatment is commonly used to remove impurities (e.g., SEI,
binder, and residual electrolyte) from DG.[21,22] However, this
kind of chemical processes is tedious and yields acidic wastew-
ater, causing severe pollution. [14,15,23] Additionally, chemical
treatments are limited when the goal is to recover the crys-
talline structure of graphite. [14,15] As for thermal treatments,
furnace heating has been explored to simultaneously remove
impurities and recover the crystalline structure of DG, while it is
time-consuming (on the order of h) and energy-consuming.[24]

Recently, a flash high-temperature recycling method has been
applied to regenerate DG powders, which can greatly shorten the
heating time within seconds.[25,26] However, the process is carried
out in a closed environment inside a quartz tube reactor,[25,26]

limiting its potential for continuous large-scale production.
Therefore, there is a need to develop a fast, energy-efficient and
scalable process to recycle DG from LIBs.

Herein, we report an electrified carbon heater-based process
which provides continuous high-temperature heating (≈2000 K)
capable of direct and rapid upcycling of DG containing impurities
(e.g., SEI and binder), as shown in Figure 1. DG powders were
poured on the top of the sloped carbon heater, and then rolled
down from top to bottom during heating. The process only takes
≈0.1 s, which enables continuous, rapid and large-scale produc-
tion of upcycled graphite (UG). As a result of this process, the
impurities are effectively removed from DG, and both the car-
bon’s degree of graphitization and the interlayer spacing of (002)
are enhanced in the UG. Such a carbon structure is more favor-
able for lithium intercalation and deintercalation. As a demon-
stration, a graphite anode made of UG was fabricated and assem-
bled into an UG||Li battery, exhibiting a high reversible capacity

of ≈320 mAh g−1 at 1 C with a capacity retention of 96% after 500
cycles. Our strategy does not require the use of chemicals nor wa-
ter washing and is a simple and time-saving option for upcycling
DG compared to reported regeneration methods.[14,15]

2. Results and Discussion

We designed a continuous high-temperature setup to directly and
rapidly upcycle DG from LIBs (see the Experimental Section and
Figure 2a). The setup features a simple design of a sloped car-
bon paper film (thickness: 190 μm; length: 5 cm; width: 2 cm;
angle: 50 o between the sloped film and the horizontal plane),
which can generate ultra-high temperatures with a stable, uni-
form and controlled temperature distribution by Joule heating
and enable ultrafast decomposition of impurities. By pouring DG
at the top of the heater, graphite powders roll down from top to
bottom along the heater under gravity (no applied force) during
heating. The Joule-heated carbon paper can reach a temperature
as high as ≈3000 K. As a result, the decomposition of impurities
occurs at a much faster rate and is completed within the 0.1 s
it takes the graphite particles to roll down the electrified heater
(overall reducing energy consumption). Afterward, the UG pow-
ders can be collected at the bottom of the sloped heater. In this
way, we have the ability to continuously upcycle DG on a large
scale. As a proof-of-concept demonstration, we successfully up-
cycled DG via this continuous high-temperature setup at a con-
stant temperature of ≈1970 K. The spatial temperature distribu-
tions of the heater and graphite during upcycling were recorded
using an infrared camera every 1/30 s (see the Experimental Sec-
tion). The upcycling process was completed in a short time of
0.1 s (Figure 2b). The maximum temperatures of the electrified
heater and graphite were ≈1970 K and ≈1530 K, respectively
(Figure 2c), both of which are higher than the temperature re-
quired for complete decomposition of impurities (≈873 K, Figure
S1, Supporting Information). Such high temperatures ensure the
rapid decomposition/removal of impurities. The heating temper-
ature can be adjusted up to 3000 K to further optimize the prop-
erties of the UG.

Here we used DG collected from spent 18650-type cells (see the
Experimental Section). The as-obtained DG (Figure 2d, f) shows
particle agglomeration due to binder use, while no particle ag-
glomeration was observed in the UG, implying the successful re-
moval of the binder (Figure 2e, g). We performed scanning elec-
tron microscopy-energy dispersive spectroscopy (SEM-EDS) to
further reveal the elemental components of the two samples. As
shown in Figure 3a, b, impurities were attached onto the surface
of the DG, while the UG shows a smooth surface without impu-
rities. The DG contains C, O, F, and P elements with an atomic
percentage of 92.71 at%, 3.71 at%, 3.04 at%, and 0.54 at%, re-
spectively (Figure 3c). After upcycling, the UG contains C, less O
(only 0.1 at%) and nearly zero percent F and P (Figure 3d), similar
to fresh graphite (Figure S2, Supporting Information). Fourier-
transform infrared spectroscopy (FTIR) results also suggest the
successful removal of O due to the disappearance of C=O vibra-
tions (i.e., 1093 cm−1 and 1049 cm−1)[27] in the UG (Figure 3e
and Figure S3, Supporting Information). In addition, we per-
formed Inductively Coupled Plasma Mass Spectrometry and de-
termined that the DG contained ≈0.90 wt.% Li, whereas the UG
included less than 0.01 wt.% Li. This discrepancy suggests that
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Figure 2. Process of high-temperature upcycling and morphology of the degraded and upcycled graphite. a) Digital images of the sloped carbon paper
heater, in which degraded graphite powder rapidly rolls down from the top to bottom of the heated carbon paper. b) Temperature distributions for the
heated carbon heater and graphite during upcycling, collected by an infrared camera every 1/30 s. c) Temperatures of the heated carbon heater and
graphite, compared to the temperature needed for complete decomposition of impurities. d, e) Digital images of d) the degraded and e) upcycled
graphite. f, g) Corresponding SEM images of f) the degraded and g) upcycled graphite.

the Li ions were vaporized during the high-temperature heating
process. Microscopically, the SEI layer (≈40 nm) was clearly ob-
served in the DG (Figure 3f and Figure S4, Supporting Informa-
tion). In contrast, no SEI layer was found in the UG (Figure 3g),
and the SEI layer (or the impurity) underwent transformation
into carbon as a result of high-temperature heating (Figure
S5, Supporting Information). Therefore, our high-temperature
upcycling effectively promotes the carbonization and gasifica-
tion of these impurities in the DG, achieving an impurity-free
UG.

In addition to the successful removal of impurities, the upcy-
cling process also recovers and improves the crystalline structure
of carbon by increasing the graphitization degree and interlayer

spacing of the (002) plane. As shown in Figure 4a–b, the DG ex-
hibits a discontinuous graphite layer and numerous defects, as
evidenced by the split spots in the Fast Fourier Transform (FFT)
and its corresponding inverse FFT images. The intercalation and
deintercalation of lithium lead to the deterioration of the graphite
structure. In contrast to the DG, the UG displays a continuous
graphite layer and fewer defects, as demonstrated by the FFT and
inverse FFT results (clear (002) plane). Figure 4c depicts the Ra-
man results of the DG and UG. A fluorescence bump was found
in the DG due to the existence of impurities, while the bump dis-
appears in the UG. Typically, the D and G bands are attributed
to the breathing and stretching modes of sp2 hybridized carbon,
and their intensity ratio (i.e., ID/IG) indicates the graphitization

Adv. Funct. Mater. 2023, 2302951 2302951 (3 of 8) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Morphologies, elemental mappings and contents of the degraded and upcycled graphite. SEM images and elemental mappings of the a)
degraded and b) upcycled graphite. Elemental contents of the c) degraded and d) upcycled graphite. e) FTIR spectra of the degraded and upcycled
graphite. TEM images of the f) degraded (containing the SEI layer) and g) upcycled graphite.

degree of carbon, in which a high graphitization degree leads to
a small ID/IG ratio.[28] The DG shows an ID/IG ratio of 0.25. In
contrast, after upcycling, the ID/IG ratio decreased to 0.09, com-
parable to that of fresh graphite (ID/IG = 0.10, Figure S6, Support-
ing Information). Raman results show that the high-temperature
treatment removes the impurities and increases the graphitiza-
tion degree of carbon. In addition, compared to the DG, an in-
creased interlayer spacing at (002) was also found in the UG.
Figures 4d,e display the XRD results of DG and UG; both demon-
strate typical peaks of the hexagonal phase. The (002) diffraction
peak (≈26o) of the UG visibly shifts to a smaller angle when com-
pared to DG. The Rietveld refinement for the two samples was
performed using the GSAS-EXPGUI program[28] to reveal the
carbon structure (Figure S7 and Table S1, Supporting Informa-
tion). A hexagonal phase with a space group P63/mmc was used

as an initial model.[29] The refinement results calculate the inter-
layer spacing at (002) of the UG as 3.370 Å, which is larger than
that of the DG (3.352 Å). The increased interlayer spacing makes
the UG more suitable for lithium intercalation and deintercala-
tion.

We further investigated the electrochemical performance of
the UG to highlight the effectiveness of our upcycling method.
UG||Li cells were assembled with LiPF6-based electrolyte and
a mass loading of 2 mg cm−2 (see the Experimental Section).
Charge/discharge profiles of UG||Li at a rate of 0.2 C (Figure 5a)
and 1.0 C (Figure 5b and Figure S8, Supporting Information)
show comparable voltage plateaus as fresh graphite (Figure S9,
Supporting Information), demonstrating that our process suc-
cessfully recovers the structure of DG. The removal of SEI layer
was confirmed by the initial cycle performance (Figure S10,

Adv. Funct. Mater. 2023, 2302951 2302951 (4 of 8) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Structural evolutions of degraded and upcycled graphite. HRTEM, FFT, and inverse FFT images for the a) degraded and b) upcycled graphite.
The FFT and inverse FFT images were derived from the region marked by the blue dashed box in their corresponding HRTEM image. c) Raman spectra
with an ID/IG ratio of the degraded and upcycled graphite. d, e) X-ray diffraction patterns of the degraded and upcycled graphite, showing their interlayer
spacing at (002).

Supporting Information). As shown in Figure 5c, the UG||Li
cell delivers an initial Coulombic efficiency of 90% at 0.2 C
rather than 100%. This indicates the formation of a new SEI
layer on the surface of UG, and validates that our upcycling
strategy has removed the SEI layer on the surface of DG. The
assembled UG||Li cells were also subjected to long-term cy-
cling tests at different currents. After 200 cycles, the UG main-
tains a reversible capacity of ≈350 mAh g−1 at 0.2 C with-
out capacity fading, significantly surpassing the DG (Figure
S11, Supporting Information). At a higher rate of 1 C, the UG
displays a high reversible capacity of ≈320 mAh g−1 with a
capacity retention of 96% after 500 cycles (Figure 5d). Such
long-term cycling stability of the UG is almost indistinguish-
able from that of fresh graphite and is comparable with that
of the state-of-the-art recycled graphite reported in literature

(Figure 5e and Table S2, Supporting Information).[30–32] Battery
performance results suggest that our rapid high-temperature
heating successfully upcycled the DG. It is worth noting
that our work significantly decreases the processing time to
≈0.1 s, and the continuous heating setup is advantageous for
large-scale production of UG, compared to other fast heating
methods.[25,26,33]

3. Conclusion

In summary, we developed a continuous high-temperature heat-
ing method to upcycle DG, capable of removing impurities such
as SEI layers and binders, and recovering the graphite crystalline
structure. A sloped carbon heater was used to provide a con-
tinuous heating source, which can be easily adjusted to achieve

Adv. Funct. Mater. 2023, 2302951 2302951 (5 of 8) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Battery performance of the upcycled graphite. Voltage profiles of the UG||Li cell at current densities of a) 0.2 C and b) 1 C. Long-term cycling
performance of the UG||Li cell at current densities of c) 0.2 C and d) 1 C. e) Comparison of the specific capacity and capacity retention of the recy-
cled graphite achieved by several representative methods including our rapid upcycling, flash Joule heating,[30] electrolysis,[31] and acid leaching and
sintering,[32] and their processing time for recycling the degraded graphite.

different temperatures. By pouring the DG at the top of the
sloped heater, the powders roll down from the top to bottom
of the heater during heating at ≈2000 K. The upcycling pro-
cess is fast (only ≈0.1 s) and enables the DG to be heated con-
tinuously. The resulting UG displays no residual impurities, a
high-degree graphitization and an increased interlayer spacing
at (002), compared to the DG, which is more suitable for lithium
intercalation and deintercalation. When using UG in an assem-
bled UG||Li cell, the battery demonstrates a high reversible ca-
pacity of ≈320 mAh g−1 at 1 C with a capacity retention of 96%
after 500 cycles. This work presents a promising scalable method
to directly and rapidly upcycle the DG from spent LIBs and can
potentially be applied to other cathode/anode materials, signif-
icantly reducing time consumption and enhancing production
rate.

4. Experimental Section
Materials: Natural graphite (i.e., fresh graphite) was provided by the

Cell Analysis, Modeling, and Prototyping (CAMP) Facility in Argonne Na-
tional Lab. The degraded graphite was collected from the spent 18650-type
cells. We mechanically scraped the degraded graphite off the Cu current
collector. Then, the degraded graphite was directly upcycled by rapid high-
temperature heating, as described in the following.

Rapid and Direct High-Temperature Upcycling: The upcycling setup fea-
tures a simple design of a sloped carbon paper film (AvCarb MGL190,
FuelCellStore) which was clamped using two graphite plates at the top
and bottom sides. The two sides were connected to a DC power source
(MP10050D, StarPower). The carbon paper heater was continuously Joule-
heated at a constant temperature under an Ar-filled glovebox to provide the
heating source for upcycling the degraded graphite. The heater was able
to achieve different temperatures by tuning the voltage applies to the car-
bon film. The degraded graphite powders were poured on the top of the

Adv. Funct. Mater. 2023, 2302951 2302951 (6 of 8) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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heated heater and allowed to roll down from top to bottom under gravity
during heating. This process was completed within 0.1 sec. The degraded
graphite was continuously poured on the top of the heated heater and up-
cycled to achieve the upcycled graphite at the bottom of the heater.

Characterization: We used an infrared camera VarioCAM HDx head
600 (7.5-14 μm) with a resolution of 640× 480 IR pixels and an infrared im-
age rate of 30 Hz to collect the temperature mapping of the heated heater
and graphite, in which the IR camera was placed 20 cm away from the heat-
ing setup. Thermal gravimetric analysis (TGA, Discovery SDT 650, TA In-
struments) was performed to investigate the decomposition temperature
of the impurities in the degraded graphite, in which we loaded 20–30 mg
degraded graphite into the TGA instrument in Argon atmosphere with a
heating rate of 5 °C/min to 1173 K. The morphologies and elemental map-
pings of the fresh, degraded, and upcycled graphite were revealed using
scanning electron microscopy (SEM) and energy dispersive spectroscopy
(EDS) equipped on a Hitachi SU-70 Schottky field-emission gun (SU-70,
Hitachi, Tokyo, Japan). The microstructure of the degraded and upcycled
graphite was studied by using high-resolution transmission electron mi-
croscopy (HRTEM, JEM 2100F). Fourier-transform infrared spectroscopy
(FTIR) spectra of the fresh, degraded, and upcycled graphite were recorded
using a Nexus 670 FTIR spectrometer. Raman measurements of the fresh,
degraded, and upcycled graphite were performed on a Horiba Jobin-Yvon
using a 532 nm laser. X-ray diffraction (XRD) spectra of the fresh, de-
graded, and upcycled graphite were collected from 20° to 90° using an
automated diffractometer (D8 Advance, Bruker, Karlsruhe, Germany) with
Cu K𝛼 radiation at room temperature. Elemental quantitation for the de-
graded and upcycled graphite was conducted by using inductively coupled
plasma mass spectrometry (ICP-MS, PerkinElmer NexION 300D). The two
samples were digested in concentrated nitric acid for 24 h at a concentra-
tion of 1 mg/mL, and diluted 20-fold in high-purity water to reach a con-
centration of 5% nitric acid, ready to be tested by ICP-MS. The degraded
graphite contained ≈0.90 wt.% Li and ≈0.59 wt.% Cu, whereas the upcy-
cled graphite included less than 0.01 wt.% of both Li and Cu.

Graphite||Li Cell Assembly and Testing: The fresh, degraded, and upcy-
cled graphite anodes were prepared by mixing fresh graphite, degraded, or
upcycled graphite, carbon black, and PDVF (at a mass ratio of 92:3:5) in the
NMP solution, stirring to form a homogenous slurry and then casting on
Cu foil. The prepared graphite anode was punched into 𝜑12 mm disks and
dried overnight in a vacuum oven at 393 K. The mass loading of the active
material is close to 2.0 mg/cm−2. The electrolyte is 1 M LiPF6 dissolved
into a mixture of ethylene carbonate and ethyl methyl carbonate at a ratio
of 3/7 by weight. The fresh graphite||Li or UG||Li cell was assembled from
the fresh graphite or UG anode, 60 μL electrolyte, Celgrad 2325 separator,
and fresh Li foil in an Ar-filled glovebox with H2O and O2 level≤1 ppm. The
cell was tested at room temperature using a LAND battery test system (CT
2001A) in a voltage range of 0.005–3 V (vs Li+/Li).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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