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HIGHLIGHTS

o Refurbishment of spent graphite for reuse in lithium-ion batteries.

e Impurities in recycled graphite promote soft short circuits.

o Acid leaching and thermal treatment remove impurities without structural changes.
o Purified graphite improves reversible capacity and ICE.

o Capacity retention of >80% after 500 cycles in graphite| NMC622 full-cells.

ARTICLE INFO ABSTRACT

Keywords: To achieve more sustainable lithium-ion batteries (LIBs), it is crucial to minimize the dependence on critical
Recycling resources by maximizing their successful recovery. This study focuses on the treatment of graphite extracted from
Sustair.lability used commercial LIBs, which is commonly simply burnt off or used as fuel for the recycling of the comprised
i;i[:j}:te metals, to enable its reuse in the production of new LIBs. After physical separation, however, graphite contains

various impurities originating from the electrolyte, separator, and cathode. Subsequent acid and heat treatments
effectively reduce the amount of these impurities without causing significant structural changes to the graphite
itself. As a result, the developed process leads to a noteworthy enhancement in cycling stability. The thus treated
reused graphite provides a reversible capacity of 358 mAh g~!, along with an initial Coulombic efficiency (CE) of
nearly 90%, i.e.,, values that are very well competitive with pristine graphite. When used in
graphite|NMCepg2 cells, it delivers very good cycling performance with a capacity retention of 80% after more
than 500 cycles. These findings highlight the potential of reusing graphite as a viable pathway for more sus-
tainable LIBs.

Lithium-ion battery

1. Introduction

Since their introduction by Sony in 1991, lithium-ion batteries (LIBs)
have been primarily used in mobile devices like cameras, power tools,
and mobile phones [1]. However, with advancements in power and
energy density, cost reductions, and a growing demand for renewable
energy integration, LIBs are now also being employed in larger scale
applications such as electric cars, trucks, and stationary energy storage,
where much larger batteries are required [2-6]. As a result, the annual

* Corresponding author. Helmholtz Institute Ulm (HIU), Ulm, 89081, Germany.

E-mail address: dominic.bresser@kit.edu (D. Bresser).

https://doi.org/10.1016/j.jpowsour.2026.240933

production of LIBs has seen a significant increase, and is projected to
reach around 3 TWh by 2030, a sixfold increase from 0.5 TWh recorded
in 2020 [7]. This trend highlights the growing need for recycling, given
the mounting waste generated during the manufacturing process and the
growing number of batteries reaching their end-of-life [8]. By estab-
lishing recycling facilities, preferentially close to the LIB production
sites, costs and raw material shortages can be reduced while simulta-
neously obtaining a more sustainable battery production [9,10].

It is worth noting that graphite, which is the most widely used anode
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material, is not recycled in significant quantities today [11]. In fact,
graphite was classified as a critical raw material by the EU as early as
2011 [12]. This is particularly significant given China's dominance in
production, accounting for 69% of the global output [13]. Despite this,
recycling nowadays still prioritizes the recovery of valuable metals like
Li, Co, Ni, Mn, Al, and Cu from the cathode and the current collectors [4,
11,14,15]. There are three primary methods for recycling spent LIBs.

(i) The pyrometallurgical process, where the battery is stripped, and
the inner components are placed in a smelter at temperatures of
around 1450 °C. This process burns organic materials, including
solvents, electrolytes, and plastics. Graphite serves as a reducing
agent or heat source, i.e., is destroyed entirely in this process. Pre-
sorting of components is possible, but this mainly applies to the Al
and Cu foil, as well as plastic and steel components [10,14,16,
171.

The hydrometallurgical process, where the battery materials are
dissolved by acid or base leaching, followed by various purifi-
cation steps. However, due to the strong chemicals used in this
process, recycling graphite in sufficient quality and quantity is
not possible. Only filtration can be used to recover lower-quality
graphite from the remains, which is unsuitable for the application
in new LIBs [11,18,19].

Direct recycling, which is the only approach that preserves the
functional structure of cathode and anode active materials for
potential reuse. One approach involves the flotation method,
which leverages the varying hydrophobic properties of the
cathode active material and graphite to facilitate their separation
[10,11,14,15,20-22]. Efforts to improve this process such as
cryogenic grinding [23] or the incorporation of the Fenton re-
agent [24] have yet to yield sufficient purity or recovery rates as
the graphite used in LIBs has a purity level of 99.9%, which is
consequently the benchmark for recycled graphite [14].

(i)

(iii)

The main objective of the present work was the extraction of graphite
from spent smartphone LIBs through physical separation, followed by
purification via acid and heat treatment. Electrochemical characteriza-
tion was performed after each step. The results indicate that the
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aforementioned treatments greatly improve the cycling stability and
Coulombic efficiency. As a result, the purified graphite presents a
comparably good and ecologically more sustainable alternative to pri-
mary graphite sources for the production of LIBs.

2. Experimental
2.1. The recycling process

In this study, graphite was extracted from spent LIBs obtained from
Apple iPhones (series APN: 616-00036) using the multi-step process
illustrated in Fig. 1. The initial stages of battery recycling were per-
formed according to the procedure outlined by Liivand et al. [25]. To
ensure safe disassembly, the batteries underwent a discharge process
utilizing a 20% NaCl (Lachner, Neratovice, Czech Republic) solution.
The batteries were manually disassembled and separated into anodes,
cathodes, separators, and outer shells. The anodes were then immersed
in N-methyl-2-pyrrolidone (NMP, Sigma Aldrich, Germany, 99%) to
separate the graphite from the binder and copper current collector. This
step was accelerated by heating the mixture to 90 °C for 30 min and
applying sonication for 60 min. Finally, the graphite was filtered,
washed with ethanol and de-ionized water, and dried at 75 °C.

The graphite recovered from the recycling process (rGr) was used for
morphological and electrochemical characterization. Subsequently it
was immersed in a 2M sulfuric acid (H2SO4) solution for 24 h, followed
by washing with demineralized water to remove acid residues, and
centrifugation. This process was repeated five times until a neutral pH
(~7) was reached. In the final washing step, ethanol was used instead of
water. Following this procedure, the graphite was air-dried at 80 °C for
48 h. The acid-treated graphite (rGr-AT) was subjected to the same
morphological and electrochemical analyses as rGr. In the final step,
rGr-AT was subjected to a heat treatment in a furnace (SAFTherm, single
zone tube furnace) under an inert argon atmosphere at 850 °C for 10 h,
with a constant gas flow and a ramp-up time of 3 h (4.6 °C per minute).
The heat-treated graphite (rGr-HT) was then analyzed and compared to
the previous results.

Spent Li-ion battery
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Fig. 1. Schematic illustration of the recycling process, highlighting the intermediate products rGr and rGr-AT obtained after filtration and sulfuric acid treatment,
respectively. The final product (rGr-HT) shows high potential for reuse in new LIB cells.
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2.2. Physiochemical characterization

The morphological analysis was carried out using a scanning electron
microscope (SEM, Zeiss LEO 1550VP or Zeiss Crossbeam 340) at an
accelerating voltage of 5 kV. The surface chemical composition of the
samples was examined via energy-dispersive X-ray spectroscopy (EDX).
The crystal structure information was obtained via powder X-ray
diffraction (XRD) using a Bruker D8 Advance diffractometer (Cu Kal
radiation, A = 0.154 nm). The diffractograms were acquired over a 20
range from 10° to 80°, with 0.03° step size and a step time of 9.5 s. The
specific surface area was determined via nitrogen adsorption using an
Autosorb-iQ (Quantachrome), following the Brunauer-Emmett-Teller
method (BET) for the linear adsorption regime. The composition of
the samples with regard to certain elements (Al, Cu, Co, Fe, Li, Na, and S)
was analyzed using inductively coupled plasma optical emission spec-
troscopy (ICP-OES, Spectro Arcos). To determine the concentrations of
these elements, 20 mg of the sample was dissolved in 25 mL aqua regia
(HNOgs:HCl in a 3:1 ratio), filtered, and appropriately diluted to match
the calibration and detection range of the elements.

X-ray photoelectron spectroscopy (XPS) was performed with mono-
chromatic Al-Ka radiation (300 W, 13 kV) on a Specs XPS system. The
survey scans were recorded with a pass energy of 90 eV. For the detail
measurements, the pass energy was either set to 30 eV for the Cls and
Ols region or to 60 eV for the other elements with lower concentration
(in order to increase the intensity). The obtained results were analyzed
using CasaXPS software. In the Cls region, an asymmetric peak shape
was used for the fit of the sp-C contribution, which was adopted from an
additional experiment with a pure graphite powder sample where C-H,
C-0, or C=O0 species should have only a negligible concentration.

2.3. Electrode preparation

To fabricate the anode electrode sheets, the recycled graphite sam-
ples (rGr, rGr-AT or rGr-HT), styrene-butadiene rubber (SBR, TRD102A,
JSR Micro), conductive carbon (C-NERGY Super C45, Imerys), and so-
dium carboxymethyl cellulose (CMC, Walocel CRT 2000 GA 07, degree
of substitution 0.7, Dow Wolff Cellulosics) were mixed with a weight
ratio of 95:3:1:1 using a planetary mixer (Thinky ARE-250). To attain a
homogeneous and viscous slurry, the mixture was supplemented with
deionized water, yielding a slurry composed of 40 wt% solids and 60 wt
% water. The slurry was then cast on copper foil (Schlenk) using a doctor
blade and subsequently dried at 80 °C. Circular electrodes with a
diameter of 12 mm were punched from the coated foil and further dried
under vacuum (~10_3 Pa) at 110 °C for 20 h. The electrodes exhibited
an average active material mass loading of about 3 mg cm™2, corre-
sponding to an areal capacity of 1 mAh ecm 2. The average electrode
density was 0.75 g cm ™3,

For manufacturing of the cathode, Li[Nip ¢Mng 2C0¢ 2102 (NMCg22)
with an average particle size of 10 pm (BASF) was mixed with conduc-
tive carbon (C-NERGY Super C65, Imerys) and polyvinylidene fluoride
(PVdF 6020, Solvay) with a weight ratio of 92:4:4 in N-methyl-2-pyr-
rolidone (NMP, Sigma-Aldrich). The resulting slurry was cast on an
aluminum foil using a doctor blade and dried at 80 °C. Electrodes with a
diameter of 12 mm were punched out of the coated aluminum foil and
then dried under vacuum (~10~2 Pa) at 110 °C for 20 h.

2.4. Electrochemical characterization

The electrochemical characterization in half-cells was performed
using Swagelok T-cells with a three-electrode setup. The working elec-
trodes consisted of the respective recycled graphite active material, the
counter and reference electrodes were fabricated using lithium metal
foils (Honjo, thickness 500 pm, lithium battery grade). The three elec-
trodes were physically separated by a GF/D glass fiber filter from
Whatman (thickness 0.67 mm, pore size 2.7 pm). The battery cells
contained 300 pL of electrolyte (Solvionic), composed of 1M LiPF¢ in
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ethylene carbonate and diethyl carbonate (EC:DEC = 1:1 v/v), with
10 wt% fluoroethylene carbonate (FEC) and 2 wt% vinylene carbonate
(VC) as additives to enhance the formation of a favorable solid elec-
trolyte interphase (SEI) and, consequently, the cycling performance
[26-29].

For the evaluation in full-cells, CR2032 coin cells (Hohsen) were
used. The anode consisted of rGr-HT with an areal capacity of 1.3 mAh
cm ™2, paired with a NMCgyy cathode at an N:P ratio of 1.15. The sepa-
rator, supplied by Asahi Kasei, was made of polyethylene with a thick-
ness of 10 pm. We used 180 pL of LP30 (Solvionic, 1M LiPFg in 1:1 v/v
EC:DMC) with 2 wt% VC as electrolyte.

All cells were assembled in an argon-filled glove box (MB200B ECO,
MBraun, O3 < 0.1 ppm and H20 < 0.1 ppm) to prevent any exposure to
air or moisture. A 12 h rest period was applied prior to testing to ensure
thorough electrolyte wetting. Half-cell cycling followed a standardized
protocol: The first cycle at C/20, the second at C/10, followed by five
cycles at C/5 (cycles 3-7), then five cycles at C/2 (cycles 8-12), and from
cycle 13 onward, cycling at 1C. The lower and upper cut-off voltages
were set to 0.01 V and 1.0 V, respectively. The charging process
employed a constant current (CC) step, while the discharge process
utilized a constant current followed by a constant voltage (CCCV) step
(except for the 1st discharge). The constant voltage step was maintained
until the current decreased to one-tenth of the CC for the individual step.
For the full-cells, the initial cycle was performed at C/20, with subse-
quent cycling conducted at C/2. Charging involved a constant current
step until reaching an upper cut-off voltage of 4.2 V followed by a
constant voltage step until the current dropped to one-tenth of the
current specified for the step (CCCV charge), while discharging utilized
a constant current (CC) step to a lower cut-off voltage of 2.5 V. A charge/
discharge rate of 1C corresponds to 350 mA g ! for graphite in half-cells
and 170 mA g~! for NMCgy; in full-cells. Long-term cycling was con-
ducted at 20 + 2 °C using a Maccor Series 4300 Battery Tester.

Electrochemical impedance spectroscopy (EIS) measurements were
performed during the first discharge cycle at 50 mV after a 1 h relaxation
period. The measurements were carried out in a three-electrode setup
over a frequency range from 100 kHz to 10 Hz using a sinusoidal voltage
amplitude of +10 mV.

3. Results and discussion
3.1. Physiochemical characterization of rGr, rGr-AT, and rGr-HT

The SEM micrographs in Fig. 2a and b show the recovered graphite
particles (rGr) prior to the sulfuric acid and heat treatments. The
graphite particles exhibit a flake-like morphology with angular features,
ranging from approximately 5 to 40 pm in size. The specific BET surface
area of this graphite was measured to be 4.5 m? g~!. The SEM and EDX
analysis reveals the presence of impurities. These impurities vary in
chemical composition and morphology. Some appear as agglomerates of
fine particles forming large, flake-like structures with a rough surface
and a size of about 10 to 50 pm, as shown in Fig. 2c. EDX analysis in-
dicates that they are composed primarily of carbon and oxygen. Their
surface texture and composition suggest that they are agglomerates of
conductive carbon. Fig. 2d-f depict the other types of impurities. These
include impurities present as smaller particles attached to the surface of
the graphite particles, composed of aluminum and oxygen or rich in
fluorine. The impurities composed of aluminum and oxygen likely
originate from the separator's ceramic coating (Aly03). Ceramic coatings
are commonly employed to enhance thermal stability and wettability
[30]. The fluorine-rich impurities are likely fluoride salts such as, e.g.,
LiF. As described by Andersson and Edstrom [31], these can arise from
the decomposition reaction of the electrolyte conductive salt, presum-
ably LiPF¢. Especially trace water can promote the formation of LiF. In
addition, ICP-OES analysis confirmed the presence of further trace im-
purities. Table 1 shows the presence of metals such as Na, Co, Al, and Li,
together accounting for 0.17 wt.%. Li and Co are presumably originating
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Fig. 2. Morphological characterization of rGr: (a, b) SEM micrographs at different magnifications, showing particles ranging from approximately 5 to 40 pm in size.
(c) High-magnification micrograph of a flake-like impurity, with the EDX mapping as inset, showing a homogeneous distribution of oxygen (yellow) and carbon (red).
(d) SEM micrograph and (e, f) the corresponding EDX maps, highlighting impurities composed of aluminum (turquoise) and oxygen (yellow) or fluoride (green). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Quantification of the impurities for rGr, rGr-AT, and rGr-HT using ICP-OES.
Values below the detection limit are designated as n.d. (<0.001).

Element  Concentration rGr Concentration rGr-AT Concentration rGr-HT
[wt.%] [wt.%] [wt.%]

Na 0.042 0.023 0.014

Co 0.040 n.d. n.d.

Al 0.035 n.d. 0.003

Li 0.033 n.d. n.d.

S 0.012 0.023 0.012

Cu 0.005 n.d. n.d.

Fe 0.002 n.d. 0.010

z 0.169 0.046 0.039

from the cathode active material, and the absence of manganese and
nickel suggests that LiCoO; has been used as the cathode active material
for these LIBs. Finding them attached as small particles to graphite in-
dicates that they either stem from cross-talk phenomena occurring
during cycling or the recycling process [32].

After sulfuric acid treatment, the SEM micrographs (Fig. 3a and b)
show a clear reduction in impurities. Before the acid treatment (rGr),
nearly all graphite particles contained impurities. In contrast, after
treatment (rGr-AT) most particles were free of surface deposits. Only a
small fraction of graphite particles displayed a high concentration of
impurities as shown in Fig. 3c and d. Importantly, such deposits were not

observed on rGr, i.e., prior to the acid treatment. Hence, it is reasonable
to attribute these to reaction products of the sulfuric acid, which is in
line with a relatively higher sulfur concentration detected for these
samples via ICP-OES (Table 1). Besides, the ICP-OES analysis confirmed
a significant reduction of undesirable elements, with concentrations
below the detection limit. This observation is consistent with the SEM
results. Additionally, a slight decrease of the BET surface area was
observed, viz., from 4.5 to 4.2 m?> g’1 (—5.5%). This reduction is likely
due to the effective removal of surface impurities. After the subsequent
heat treatment, the remaining impurities were further removed, as
clearly visible from the corresponding SEM and ICP-OES results (Fig. S1
and Table 1). The heat treatment in an argon atmosphere resulted in a
substantial increase of the BET surface area, reaching 11.4 m? g~. This
increase presumably originates from the decomposition of residual
binder during the heat treatment, which unblocks previously obstructed
pores and decreases the overall particle agglomeration [33-37].

Despite these changes, no significant structural alterations were
observed, as evident from the XRD analysis of rGr, rGr-AT, and rGr-HT
(Fig. S2a). The diffractograms for all three samples exhibit no signifi-
cant disparities in the position and intensity of the reflections. The main
feature at 26.5° corresponds to an interlayer distance of 3.37 A, which is
slightly higher than the typical distance of around 3.35 A reported for
graphite [38]. This observation indicates an increase of the interlayer
distance owing to the repeated galvanostatic cycling of the battery cells
[32,39].
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Fig. 3. SEM micrographs of graphite particles before and after H,SO,4 treatment: (a) Close-up SEM micrograph of a graphite particle prior to the treatment, and (b)
after the treatment, showcasing the removal of fine impurities. (c) SEM micrograph of an area on the treated graphite particles with a localized accumulation of

impurities and (d) close-up of these rare impurity clusters observed for rGr-AT.

Notably, the interlayer spacing remains essentially unchanged across
the three samples, with only a slight decrease (i.e., a subtle shift to
higher diffraction angles) observed after heat treatment (Fig. S2b).
Overall, these results suggest that neither sulfuric acid treatment nor the
subsequent thermal treatment lead to significant structural changes of
the graphite framework.

Further chemical analysis of the different graphite samples was
conducted using XPS to investigate the impact of acid and heat treat-
ments on the surface composition. The C 1s spectra (Fig. 4a,c,e) display
the characteristic graphite signal, with a dominant asymmetric peak at
284.5 eV, corresponding to sp?-hybridized carbon. The peaks at higher
energies indicate heteroatom-containing species, viz., C-O at 286.5 eV
and carbonyl groups (C=0) at 288.8 eV. Additionally, the n-n* satellite
peak, which is commonly observed in XPS measurements of conductive
carbon samples, was found at 290.9 eV [40,41]. The peaks at 531.9 and
533.5 eV in the O 1s spectra (Fig. 4b,d,f) correspond to the presence of
C=0 and C-O species, respectively. The O 1s spectrum of rGr generally
displays a higher intensity compared to rGr-AT and rGr-HT, indicating a
significantly higher content of oxygen-containing species on the surface
with a total of 4.0 at.%, in comparison to 2.8 at.% and 1.3 at.% for
rGr-AT and rGr-HT, respectively (Table S1). Furthermore, the O 1s
spectrum of rGr also shows a significantly stronger intensity of the peak
at 531.9 eV. This can partly be explained by a higher number of impu-
rities in addition to carbon-oxygen compounds within the sample. Im-
purities like metal hydroxides, aluminum oxide, or sulfates exhibit
binding energies of around 531.5 eV [41-45]. This creates a spectral
overlap with carbonyl groups, preventing a definitive differentiation
between the surface functional groups and residual contaminants.
Furthermore, signal intensity at lower binding energy (530.0 eV) is
attributed in the case of r-Gr to cobalt oxide [46]. The sulfuric acid
treatment markedly reduced the intensity of the carbonyl (C=0) peak.
This effect can mostly be related to the removal of impurities, since
dilute sulfuric acid is not strongly oxidizing. It may still induce minor
oxygen functionalization and can, under certain conditions, promote
weak intercalation and slight lattice expansion, but it is generally
insufficient to cause substantial oxidation or full exfoliation of the

graphite structure alone as seen by the overall net removal of oxygen
species in XPS (Fig. 4d and Table S1) and the absence of any significant
change in the XRD pattern (Fig. S2a) [47].

The subsequent heat treatment leads to a further reduction of the
oxygen content to 1.3 at.%. For comparison, we carried out an XPS
analysis also for a pristine commercial graphite material (Fig. S3,
Table S2). The same heat treatment as for the recovered graphite ma-
terials yielded a reduction of the surface oxygen groups from 2.6 at.% to
0.8 at.%. This observation suggests that the primary impact of the heat
treatment is the reduction of oxygen groups on the graphite surface, as
opposed to a primarily reduction in oxygen containing impurities. It is
well established in the literature that heat treatments at around 850 °C,
as applied in this study, lead to the removal of surface oxygen species. In
particular, surface groups such as carboxyl (-COOH), observed at around
~531.7 eV (C-0) and ~533.1 eV (C=0), anhydrides (-CO-O-CO-) at
~532.4-532.6 eV, and epoxides (C-O-C) at ~533.1 eV, are thermally less
stable and are released predominantly as CO,, with smaller amounts of
CO [48-51]. This process generally transforms pre-existing oxygen
induced defects into vacancies, i.e., Stone-Wales defects, since a tem-
perature of 850 °C is generally insufficient to induce significant
recrystallization of the sp? graphitic lattice. Such recrystallization
typically would require temperatures of 1600 °C or higher [52,53]. The
removal of heteroatoms is critical, as it lowers the catalytic activity to-
wards SEI formation [50]. In particular, C=0O groups are known to
promote excessive SEI formation, as shown in simulations by Leung and
Budzien [54].

3.2. Electrochemical characterization in half-cells

The electrochemical performance of electrodes based on the three
different graphite materials was first studied in half-cells with a lithium-
metal counter electrode. In all cases, three cells were cycled to ensure
reproducibility of the data. Fig. 5 displays the specific capacity, capacity
retention, and Coulombic efficiencies (CEs) over the first 140 cycles for
the rGr, rGr-AT, and rGr-HT half-cells. The corresponding charge/
discharge profiles are provided in Fig. S4. For rGr (Fig. 5a), an average
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the formation cycles (including a CCCV step upon lithiation after the first cycle; see the Experimental section for more details).

initial reversible specific capacity of 324 mAh g~! was obtained, as
detailed in Table 2. The values show a considerable variability con-
cerning the standard deviation (SD), and are significantly lower than
those typically achieved with commercial graphite [55,56]. Together
with a high initial discharge capacity, this results in a relatively low and
inconsistent initial CE (ICE) of about 78%. During the long-term cycling
test, the discharge capacities and CEs remain relatively stable up to
approximately the 60th cycle. However, beyond this point, a substantial
fluctuation of the charge capacity emerges, rendering the plots very
“noisy” and resulting in CEs surpassing 100%. rGr-AT (Fig. 5b) shows a
significant improvement over rGr with an average reversible capacity of

366 mAh g™, an average ICE of 87%, and substantially reduced capacity
fluctuations. Nevertheless, fluctuations persist beyond cycle 50 for all
cells, though to a lower extent. The subsequent heat treatment under
argon atmosphere (rGr-HT, Fig. 5¢) results in the complete elimination
of the charge potential fluctuations and a further increase of the ICE to
an average of 89%. This effect is primarily attributed to a reduction of
the first-cycle discharge capacity, which drops by 20 mAh g~ from 421
mAh g1 (rGr-AT) to 401 mAh g~! (r-Gr-HT), while the average charge
capacity only decreases from 366 to 358 mAh g~! (—8 mAh g™!) (see
Table 2). These observations correlate with the EIS results presented in
Fig. S5 and Table S3. The high irreversible capacity loss of untreated rGr
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Table 2

Comparison of the first-cycle specific discharge capacities, the reversible specific
capacities obtained upon the first charge, i.e., delithiation, the initial Coulombic
efficiencies (ICEs), and discharge capacity at the 100th cycle for rGr, rGr-AT, and
rGr-HT half-cells tested at C/20. The reported values represent averages from
three independent cells per sample and include the standard deviation (SD).

Sample  1st cycle specific 1st cycle ICE [%] 100th cycle
discharge reversible specific discharge
capacity [mAh specific capacity capacity [mAh
g [mAh g™'] g

rGr 417 (£29) 324 (+18) 78 (£9) 327 (+4)

rGr-AT 421 (£3) 366 (£2) 87 (£1) 363 (£2)

rGr- 401 (£1) 358 (£1) 89 (1) 353 (£1)

HT

is in line with its elevated SEI layer resistance (R1 = 26 Q) and charger
transfer resistance (61 Q), reflecting a thicker and less conductive
interphase. In contrast, due to the purification process rGr-AT and
rGr-HT allows for a more efficient and conductive SEI being formed
during the first cycle, achieving lower interphase resistances (R1 = 16 Q
for rGr-AT and R1 = 14 Q for rGr-HT), as well as reduced charge transfer
resistances (R2 = 24 Q for rGr-AT and R1 = 29 Q for rGr-HT).
Notably, the reduction of the first-cycle discharge capacity occurred
despite a significant increase of the BET surface area. These findings
suggest that the BET surface area plays a less dominant role in this case
compared to previous studies by Olivier et al. [57] and Winter et al. [58]
when comparing different pristine graphite materials. These studies
proposed a linear relationship between BET surface area and the
first-cycle irreversible capacity. Our results for the recycled graphite,
though, indicate that in this case other factors influence the discharge
capacity of recycled graphite more strongly. One potential explanation
for the lower discharge capacity for rGr-HT is the reduction in side re-
actions between the anode and the electrolyte owing to the presence of
oxygen-containing surface species, as well as the removal of the
sulfur-containing impurities that were deposited during the HySO4
treatment. This cleaning process is crucial in minimizing the occurrence
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of side reactions at the electrodelelectrolyte interface. Consequently,
this leads to a noticeable decrease of the initial discharge capacity. We
may also note that the first-cycle reversible specific capacity upon
delithiation experiences a decrease to an average of 358 mAh g ™!, which
still remains comparable to pristine commercial graphite (cf. Fig. 6a),
though. At least as important, the SD is gradually decreasing from rGr
over rGr-AT to rGr-HT, further underlining how the applied treatments
lead to a homogeneously cleaned-up active material. After 100 cycles,
rGr-HT still retains 99.6% (353 mAh g~!) of its original capacity
compared to the 13th cycle (i.e., the first cycle at 1C). This capacity
retention is well above that observed for rGr (97.6%) and somewhat
higher than for rGr-AT (99.3%). It should be noted in case that this
comparatively high capacities at 1C arise from the use of a CCCV pro-
tocol, in which a constant-voltage step supplements the constant-current
discharge at 1C.

For further investigating the origin of the charge capacity fluctua-
tions which are particularly present for rGr and to a lesser extent for rGr-
AT, we carried out additional electrochemical tests in half-cells with the
pristine commercial graphite material (SLP30) studied already via XPS
(Fig. S3). The results are shown in Fig. 6. We employed two different
glass fiber separators with a compressed thickness of 150 pm (GF/A) and
300 pm (GF/D) to test the hypothesis that this charge capacity fluctu-
ations with capacities well exceeding the theoretical limit, resulting in
CEs beyond the theoretical maximum of 100%, originates from the
formation of so-called soft short-circuits, i.e., the detachment of lithium
from the lithium-metal counter electrode surface, and subsequent
diffusion to the graphite electrode surface, where these lithium-metal
fragments “react” with graphite, enter into the graphite host structure,
and get reoxidized to lithium ions, which are subsequently migrating
back to the lithium-metal electrode. As apparent from the comparison of
the specific capacity and CE plots in Fig. 6a, a charge capacity well
exceeding the theoretical maximum appears already after 60 cycles in
the case of the thinner separator (GF/A), while it takes around 200 cy-
cles for the thicker separator (GF/D). This finding indicates that the
diffusion of such soft-short-circuit-originating lithium fragments to the
graphite electrode takes substantially longer for the thicker separator, as
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Fig. 6. (a) Galvanostatic cycling of graphite half-cells with GF/A and GF/D separators. (b) Schematic representation of dendrite formation in graphite half-cells with
the two different glass fiber separators GF/A and GF/D. (c) Selected voltage profiles for the 60th and 100th cycle when using GF/A and the 100th and 216th cycle
when using GF/D as separator. (d) Photographs of the separators extracted from the cycled cells, highlighting the formation of dendrites, piercing the separator.
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schematically illustrated in Fig. 6b, thus, corroborating our hypothesis.
Further confirmation is provided by the plot of the galvanostatic cycling
profiles for which such elevated charge capacities are observed, depicted
in Fig. 6¢, revealing the characteristic profile for graphite — only with an
“elongated” delithiation process. This observation supports the hy-
pothesis that these lithium fragments are “reacting” with graphite,
resulting in lithiated graphite, and the subsequent reoxidation and
deintercalation of the lithium ions from the graphite structure and their
migration back to the lithium counter electrode. In fact, when dis-
assembling these cells, we found black spots on the separators (Fig. 6d):
a very large and intense one in the case of GF/A, in line with the large
excess in charge capacity observed for cycle 60, and a few smaller and
less intense ones in the case of GF/D, in line with the charge potential
fluctuations observed for several cycles after about 200 cycles.

For the recycled graphite materials, we may assume that the pres-
ence of impurities triggers the formation of soft short circuits as a result
of a destabilized SEI, favoring a less uniform lithium-ion flux and, thus,
the formation of dendritic lithium structures. In fact, it has been re-
ported that the presence of transition metals at the graphite surface leads
to a degradation of the SEI, promoting a locally increased electrolyte
decomposition and, as a result, a less uniform lithium-ion flux [59-61].
By reducing the impurities, especially through the sulfuric acid treat-
ment, and further by the subsequent heat treatment, this phenomenon
can be suppressed, which is reflected in the significant reduction of the
charge potential fluctuations observed in Fig. 5.

3.3. Evaluation in graphite|| NMCezz full-cells

Motivated by the excellent half-cell performance of rGr-HT, we
finally assembled full-cells with a Li[NiggMng 2C0g 2102 (NMCg22)
cathode and an N:P ratio of 1.15 based on their capacities determined
experimentally at C/20. Fig. 7 shows the cycling performance of these
graphite|[NMCegg2 full-cells. The first charge capacities (lithium ions
being intercalated into the graphite negative electrode) were 194 and
192 mAh g’1 (referring to the cathode active material mass) and the first
discharge capacities (lithium ions being reinserted into the NMCg22

2 500{2)
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positive electrode) were 164 and 167 mAh g™, resulting in ICEs of
84.5% and 87.2% at C/20. Both full-cells exhibit highly stable cycling
for more than 1000 cycles with an average CE of 99.9% and a capacity
retention above 80% until the 530th cycle, thus, further corroborating
our hypothesis that the charge capacity fluctuations are related to re-
actions occurring at the lithium-metal counter electrode for the half-
cells.

4. Conclusions

The successful recycling of graphite through physical separation and
subsequent acid and heat treatment has been demonstrated. The step-
wise removal of impurities results in higher ICEs and the suppression of
the capacity fluctuations during delithiation observed for the as-
recycled graphite. The finally obtained graphite material shows a high
and very stable cycling performance, enabling the realization of long-
term stable graphite|[NMCggy full-cells with a capacity retention of
above 80% after more than 500 cycles and high CE of more than 99.9%.
Accordingly, these results render the reuse of recycled (and properly
cleaned) graphite in new LIB cells very well feasible, thus, providing a
suitable path towards the development of more sustainable LIBs, while
also ensuring an efficient use of the critical component graphite.
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