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Harnessing Regenerated Graphite from Spent Lithium-Ion
Batteries to Enhance the Performance of Sulfur Cathode in
Lithium-Sulfur Batteries
Huiying Sheng,*[a] Magdalena Graczyk-Zajac,*[a, b] Honghong Tian,[a] Fangmu Qu,[a]

Yaohao Zhang,[a] Michael Dürrschnabel,[c] Anke Weidenkaff,[a, d] and Ralf Riedel[a]

In this work, a facile hydrometallurgical approach combined
with heat treatment has been adopted to recycle spent
graphite from retired lithium-ion battery cells. Graphite regen-
erated with 18 M H2SO4 leaching leads to a high specific surface
area, significant porosity and small crystallite size. The regen-
erated graphite has been infiltrated with sulfur under solvother-
mal conditions at 160 °C. The sample containing 68 wt% of
sulfur recovers a capacity of 224 mAh/g after 100 cycles.
Furthermore, the electrode with a higher sulfur content of

84 wt%, recuperates the specific discharging capacity of
207 mAh/g after 100 cycles. After the initial fading during the
first 5–10 cycles, the cathodes based on regenerated graphite
demonstrate stable cycling behavior. This research not only
offers an accessible and scalable method for regenerating
graphite from spent LIBs but also demonstrates a new
application of the regenerated graphite in LSBs, showcasing
outstanding electrochemical performance.

Introduction

Since 1991, secondary lithium-ion batteries (LIBs) have emerged
as a highly promising energy storage solution, facilitating the
load shift in a clean energy production and utilization and
playing a pivotal role in the development of portable devices
and electric vehicles.[1,2] With the widespread commercialization
of LIBs, the proper disposal of end-of-life batteries and
alleviating of the shortage of raw material resources have
become urgent and critical tasks to meet future demands.[3]

Recycling and regeneration of spent LIBs can eliminate the

landfills and incineration. Moreover, the overload mining,
extraction and refining can be reduced by reuse the elements.[4]

The influence of uneven distribution of resources can be
reduced and significant economic benefits are expected. Until
now, the recovery of LIBs has mostly been focused on the
cathode because of the valuable and scare elements, such as
Co and Ni. However, it should not be ignored that graphite
anode is an important strategic resource in LIBs, which accounts
for around 28 wt% of LIBs and experiences an exponentially
increasing depleting due to its irreplaceable outstanding
chemical and physical features in LIBs.[5,6]

The main recycling methods of graphite, as reported in the
literature, are hydrometallurgy and pyrometallurgy. Graphite
from spent LIBs is typically covered with a thick SEI layer and
lithium dendrites, and experiences structural collapse after
long-term cycling. Despite the significant energy consumption,
burning out impurities and regraphitizing spent graphite at
ultra-high temperatures (above 2600 °C) is a promising graphite
recovery method.

To treat spent graphite, leaching agents such as HCl, H2SO4,
citric acid, HNO3, and H3BO3 are used to remove impurities,
followed by low-temperature calcination to rebuild the graphite
structure.[8–15] Using the sulfate roasting method, some impur-
ities in spent graphite were removed by transformed into their
corresponding sulfate.[16] Gao et al. reported that almost all
impurities in spent graphite are reduced to varying extents after
sulfuric acid leaching, along with an enlargement of crystallite
interlayer spacing and exfoliation of graphite flakes.[17] Crystal-
linity is then recovered through subsequent heat treatment at
900 °C. This regeneration process dramatically improves the
structure and enhances the physical properties of spent graph-
ite, thus improving its electrochemical properties. However,
some thiny microcrystallites of graphite are unavoidable after
acid leaching.
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The initial coulombic efficiency of regenerated graphite in
LIBs is comparably lower than the one of the pristine graphite
due to structural defects induced by the regeneration even
with a cost-intensive treatment.[18] This can be avoided if
alternative applications of recovered graphite in energy storage
would be found. Using recovered graphite as a matrix for
encapsulating sulfur cathodes in lithium-sulfur battery (LSB)
represents such an option. LSBs are considered as a potential
candidate to replace LIBs in the future due to several
advantages: i. high theoretical energy density of up to
2600 Wh/kg. The future demand for the power battery in the
future automotive industry is targeted as over 500 Wh/kg; ii.
Sulfur is a cheap, non-toxic, and earth-abundant material; iii.
LSBs have a different operating mechanism which diminishes
the risk of a thermal runaway and thus makes this technology
potentially safer.[6,19] However, the electrically insulating nature
of sulfur and lithium sulfide, its poor cycling performance
caused by the “shuttle effect” leaded by the high solubility of
polysulfides and the large volume changes (80%) during the
redox reaction impede the use of sulfur as the cathode
material.[20] Regenerated graphite, possessing a unique combi-
nation of excellent electronic conductivity and a robust, stress-
accommodating mechanical stability, represents a highly prom-
ising matrix material for sulfur cathodes. The random pore
structures of regenerated graphite provide free space to
decrease the load pressure caused by the volume changes
during cycling. The shuttle effect caused by the dissoluble
polysulfides can also be retarded by a physical encapsulation in
pore structures leading to a significant improvement of
coulombic efficiency and cycling stability of batteries.[21] In
addition, graphite offers a facile ion transportation related to
the reaction of sulfur and polysulfides with lithium ions and
compensates for poor electrical conductivity of the sulfur
cathode.[19,22–25]

In this work, spent graphite was collected from discarded
21700 cylindrical lithium-ion batteries from Samsung SDI.
Sulfuric acid solutions (5 M and 18 M) were used as leaching/
intercalation agents to remove the impurities and pore forming
agents. Spent graphite was leached in the acid solutions and
heated to 900 °C at argon atmosphere to acquire a stable
structure. Initial sulfur contents of 50, 67, and 85 wt% have
been encapsulated into the treated graphite for electrochemical

test as the cathode of the lithium sulfur batteries The effect of
leaching with different sulfuric acid concentrations on the
crystallite structure, morphology, pore size, specific surface area
has been investigated. Electrochemical tests (cycling stability,
rate performance, and cyclic voltammetry) have been per-
formed to figure out the influences of the reclaimed graphite
properties and sulfur contents on the electrochemical perform-
ance of the cathode material.

Results and Discussion

The carbon content quantified by elemental analysis as well as
the sulfur content measured by ICP-OES are shown in Table 1.
The carbon content of the RGC is higher due to the removal of
impurities from spent graphite after repeated charging and
discharging processes. It is notable that the sulfur loading
capacity of RGC is higher than that of RG, indicating that the
graphite leached in higher acid concentration results in high
amount of spaces to accommodate sulfur, which is further
supported by the subsequent BET results.

The XRD analysis reveals the presence of a P63/mmc
hexagonal structure in the samples SG, RG and RGC (96-101-
1061). The most intensive reflection is the (002) plane located at
2θ=12.1 for all the samples as depicted in Figure 1(a). A slight
shift of the (002) reflex from 2θ=12.10 to 2θ=12.12 after acid
treatment is found (see Figure 1(b)), which is caused by the
reduction of crystallite size (Lc) and number of crystallite layers
(n) as calculated in Table 2.[18] The results indicate that the
crystallite structure of spent graphite is still stable. The
reduction of Lc and n of RG and RGC suggests some exfoliation
of graphite after acid leaching and heat treatment, which can
be proofed by subsequent tests. The interplanar spacing of all
the samples are 0.337 nm, which is in agreement with the TEM
analysis revealing 0.327�0.013 nm, 0.329�0.019 nm, and
0.328�0.011 nm of SG, RG, and RGC, respectively as shown in
Figure S1.

Raman spectroscopy measurements were performed in the
range from 0~4000 cm� 1. Three characteristic peaks, namely the
D band (1353 cm� 1, A1 g symmetry), G band (1577 cm� 1, E2 g
vibration symmetry), and 2D band (2722 cm� 1, second-order
peak of D band) are found in the recorded spectra as shown in

Table 1. Sample notation, carbon content, and sulfur content of the prepared samples.

Sample notation Carbon content (wt%) Sulfur content (wt%) Remark

SG 86.1 – spent graphite

RG 86.3 – spent graphite leached in 5 M H2SO4

RGC 89.8 – spent graphite leached in 18 M H2SO4

RG-50S 44.4 50.3 spent graphite leached in 5 M H2SO4 with 50 wt% initial sulfur

RGC-50S 43.2 52.0 spent graphite leached in 18 M H2SO4 with 50 wt% initial sulfur

RG-66S 28.7 66.9 spent graphite leached in 5 M H2SO4 with 67 wt% initial sulfur

RGC-66S 27.7 68.1 spent graphite leached in 18 M H2SO4 with 67 wt% initial sulfur

RG-85S 16.5 81.9 spent graphite leached in 5 M H2SO4 with 85 wt% initial sulfur

RGC-85S 12.9 83.9 spent graphite leached in 18 M H2SO4 with 85 wt% initial sulfur
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Figure 2. After high-concentration acid leaching, the intensity of
D band remarkably increased which is caused by arising from
aromatic six-fold rings. The ID/IG ratio of SG, RG and RGC
increased with increasing disorder of the graphite due to
surface defects originating from the strong acid leaching
procedure as shown in Table 3. The crystallite size (La) and inter-

defect distance (LD), calculated from Equation (1) and (2),
decreased as a result of small proportion of cluster formation
and crystallite structure distortion after the stronger acid
leaching, which demonstrated the exfoliation of graphite during
acid leaching, respectively.[26–28]

La ðnmÞ ¼ ð2:4� 10� 10Þl1
4ðID=IGÞ� 1 (1)

LD
2 ðnm2Þ ¼ ð1:8� 10� 9Þl1

4ðID=IGÞ
� 1 (2)

La denotes in-plane crystallite size, nm; LD denotes the
average inter-defect distance, nm; ID/IG denotes the intensity
ratio of the D band and G band; λ1 is the laser wavelength,
514.5 nm.

SEM images illustrating the morphology of SG, RG, and RGC
are shown in Figure 3. After the acid treatment, flakes and
fragments (marked with red circles) are found within the
samples of reclaimed graphite RG and RGC as compared to that
of the spent graphite SG. These graphs show the exfoliation of
graphite during the acid treatment, which aligns with the
findings from the XRD and Raman data. The surface of the
graphite particles appears smoother indicating the removal of
the impurities after treatment with a high concentration of acid.
From the EDS data (Table S1), fluorine on the surface of
graphite is eliminated, while the amount oxygen is reduced due
to the graphite oxidation in air. Subsequently, after sulfur
infiltration, the surfaces of the graphite exhibit uniform cover-
age with sulfur, as illustrated in Figure S1.

The nitrogen adsorption and desorption tests of SG, RG,
RGC exhibit typical type-IV isotherms indicating the presence of
mesopores in all samples, as shown in Figure 4.[29] The specific
surface area, total pore voulume, and average pore size of the
samples slightly increase from 12.7 m2/g to 14.7 m2/g,
0.025 cm3/g to 0.03 cm3/g, and 7.8 nm to 8.0 nm, listed in
Table 4, originating from the 5 M and 18 M sulfric acid leaching,
respectively. These results are in good agreement with the
findings of the Raman spectroscopy and SEM study. The BJH
method is applied to characterize the pore size distribution of

Figure 1. XRD characterization of (a) SG, RG, and RGC. (b) comparison of the
(002) peak of all samples.

Table 2. Characteristics of the (002) reflex of graphite related to samples
SG, RG, and RGC.

Sample 2θ FWHM d (nm) Lc (nm) n

SG 12.104 0.132 0.337 0.540 1.601

RG 12.113 0.136 0.337 0.527 1.563

RGC 12.117 0.141 0.337 0.507 1.504

2 d sin θ=λ; θ is the Bragg angle; d represents the interplanar spacing; λ
is the wavelength of Mo target (0.0711 nm). Lc=K λ/β cos θ; Lc is the
vertical crystallite size of interlayer plane; K refers to the shape factor; β is
the full width at half maximum (FWHM, in radian). n=Lc/d; n is the
number of crystallite layers.

Figure 2. Raman spectra of SG, RG, RGC.

Table 3. ID/IG ratio, in-plane crystallite size (La) and inter-defect distance
(LD) of SG, RG and RGC.

Parameter SG RG RGC

ID/IG ratio 0.24 0.51 0.65

La (nm) 70.07 32.97 25.87

LD (nm) 22.92 15.73 13.93

Table 4. Specific surface area, total pore voulume, and average pore size
of SG, RG, and RGC.

Parameter SG RG RGC

Specific surface area (m2/g) 12.7 14.5 14.7

Total pore volume (cm3/g) 2.5E-2 2.8E-2 3.0E-2

Average pore size (nm) 7.8 7.7 8.0
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samples. A combination of meso- and micropores is detected,
with pore sizes measuring below 35 nm.

After sulfur incorporation, the amount of sulfur on the
surface has been quantified by means of EDS analysis. The
content of the infiltrated sulfur has been calculated from the
difference between the total sulfur and surface sulfur (see in
Table 5). Graphite leached with a higher acid concentration
reveals the highest pore volume and thus can embed more
amount of sulfur. Accordingly, the sample RGC-85S provides the
highest encapsulated sulfur content of 55.1 wt%.

Galvanostatic charging/discharging measurements were
performed to evaluate the capacity and cycling stability of
samples. The tests were carried out at 0.1 C of a theoretical
current density of 1670 mAh/g for 100 cycles. Figure 5(a)
displays the first charge/discharge transients recorded for all
the investigated materials, whereas Figure 5 (b,c) depict the
long cycling stability of the RG and RGC samples. Two voltage
plateaus are found in the initial lithiation curve at 2.3 and 2.1 V,
representing the reduction of cyclo-S8 to Li2Sn (4�n�8) which
is subsequently reduced to Li2S2 and Li2S (Figure 5(a)). The
delithiation reactions are represented in the charging curve
with two potential plateaus at around 2.3 and 2.4 V, which are
attributed to the following reactions:[30]

2Li2S! Li2S2 þ 2Liþ þ 2e

2Li2S2 ! Li2S4 þ 2Liþ þ 2e

2Li2S4 ! Li2S8 þ 2Liþ þ 2e

Li2S8 ! S8 þ 2Liþ þ 2e

There is a fast fading of the specific capacity of all the
samples recorded in the first 10 cycles, originating from the
formation of solid electrolyte interphase (SEI) and polysulfides
dissolution. However, after the following cycles the capacity
remains stable as shown in Figure 5(b,c). The RGC/S sample
exhibits improved cycling stability and capacity compared to
that of RG/S after 100 cycles, when the same amount of sulfur is
added initially. This improvement is attributed to the high
surface capacity, abundant pore structure and high defect
concentration of the reclaimed RGC, as already indicated by
nitrogen adsorption and Raman spectroscopy results. These
characteristics provide more space for sulfur loading and create

Figure 3. SEM images of (a) spent graphite; (b) reclaimed graphite leached
by 5 M H2SO4; (c) reclaimed graphite leached by 18 M H2SO4.

Figure 4. Nitrogen adsorption-desorption isotherms (a) and pore size
distribution (b) of SG, RG, RGC.

Table 5. Summary of surface, total and infiltrated sulfur contents.

Sample Surface S
(wt%)

Total S
(wt%)

Infiltrated S
(wt%)

RG-50S 23.1 50.3 27.2

RG-66S 30.4 66.9 36.5

RG-85S 41.7 81.9 40.2

RGC-50S 18.0 52.0 34.0

RGC-66S 25.7 68.1 42.4

RGC-85S 28.8 83.9 55.1

Remark Detected by EDS Detected by ICP-OES Calculated
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additional barriers that hinder the diffusion of polysulfides into
the electrolyte. Highest sulfur loading leads to the lowest
recovered capacity for RG and RGC. This is due to the excess of
sulfur resulting in isolated sulfur particles, leading to the lack of
electrical contact with the graphite. Therefore, these isolated
sulfur particles remain inactive during the electrochemical
reaction. This feature is more visible for a less porosity and
lower total pore volume of RG sample. In contrast for the low
sulfur loading, the initial capacity is high, however it tends to
fade. Again, this feature is more pronounced for the sample RG

(see electrochemical results summarized in Table 6). Regener-
ated graphite with the sulfur content of 68.1 wt% shows the
highest specific discharging capacity (224 mAh/g) after 100
cycles. RGC-85S with up to 83.9 wt% of sulfur content still
shows a good discharging capacity (207 mAh/g) and high
capacity retention (46 %) after 100 cycles which is much higher
than that of RG-85S. This result suggests that graphite leached
in high acid concentration is beneficial to achieve high sulfur
loadings.

The resistance of the interphases and the bulk cathode
material in the investigated Li� S half cells have been deter-
mined by means of Electrochemical Impedance Spectroscopy
(EIS). Figure 6 shows the corresponding Nyquist plots recorded
in the frequency range from 100 kHz to 0.01 Hz. The obtained
results have been listed in Table 7. Re is attributed to the
electrolyte and electrical connection resistances in the high
frequency region. RSEI+ct corresponds to the electrolyte/elec-
trode interphase resistance and charge transfer resistance in the
middle frequency region.[31] In general, increasing sulfur load
leads to a higher resistance of the material. RGC samples show
the lower charge transfer resistances than RG samples because
RGC reveals a higher specific surface area providing more place
for sulfur infiltration and thus faster charge transfer. The loop in
middle frequency region shifts to lower value, as shown in
Figure 6, which was attributed to the increase of passivation
electrode/electrolyte layers, together with the active lithium
polysulfides reactions. Similar trends of the semicircles and RSEI+
ct of samples with 67 wt% and 85 wt% of initial sulfur content
are found.

Figure 7(a,b) show the rate performance of RG and RGC
graphite infiltrated with 67 wt% and 85 wt% sulfur at the
current range of 0.1 C to 1 C. The capacity gradually decreased
with increasing current density, nevertheless a high capacity is
recovered after returning to 0.1 C rate. RG and RGC with
67 wt% sulfur are more stable than samples containing 85 wt%
sulfur. The average reversible specific capacity at 0.1 C, 0.2 C,
0.5 C,1 C, and returned to 0.1 C of RGC-66S are 308, 179, 95, 36,
237 mAh/g, while those of RG-66S are 284, 173, 114, 67,
226 mAh/g, respectively, which both of them recovered their
capacity after high current density. The sample RGC-66S
performed slightly better than RG-66S at low current densities,
except the current density rose to 0.5 C, especially 1 C. The
capacity of RGC-85S is higher than that of RG-85S at each
current density. This result is rationalized by the fact that a
larger amount of sulfur could be infiltrated into the structure of

Figure 5. (a) Initial discharging and charging curve of RG-50S, RGC-50S, RG-
66S, RGC-66S, RG-85S, and RGC-85S at 0.1 C. (b) Galvanostatic charge/
discharge curves of RG-50S, RG-66S, and RG-85S under 0.1 C for 100 cycles.
(c) Galvanostatic charge/discharge curves of RGC-50S, RGC-66S, and RGC-85S
under 0.1 C for 100 cycles.

Table 6. Electrochemical parameters of the RG-50S, RG-66S, RG-85S, RGC-50S, RGC-66S, and RGC-85S.

Parameter RG-85S RG-66S RG-50S RGC-85S RGC-66S RGC-50S

Cycling number 1 100 1 100 1 100 1 100 1 100 1 100

Specific charge capacity (mAh/g) 354 152 441 238 586 160 419 228 490 240 598 209

Specific discharge capacity (mAh/g) 430 142 474 216 697 156 448 207 564 224 666 201

CE (%) 88 93 79 91 84 96 85 91 82 93 82 96

Capacity retention (%) 33 46 22 46 40 36
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graphite enhancing the electronic and ionic conductivity and
minimizing the shuttle effect of polysulfide.

Figure 8 shows the cyclic voltammograms recorded to get
an insight about the occurring redox reactions. Figure 8(a)

shows the first 5 cycles recorded for RGC-66S. In the first cycle,
the cathodic peak at 2.37 V is related to the reduction of sulfur
to soluble lithium polysulfides (Li2Sn (4�n�8)), followed by a
second cathodic peak at 2.05 V due to the further reduction of
soluble Li2Sn (4�n�8) to solid Li2S2 and Li2S. Two anodic peaks
are found at 2.36 and 2.40 V corresponding to the reverse
reactions, respectively.[32] In the second cycle, two anodic peaks
overlapped into one peak. The first cathodic peak and anodic
peak shift negative, along with the decreasing intensity of the
cathodic peak, indicating the capacity decay and polarization of
the cell.[33–35] However, from the third cycle, no significant
change of the intensity and position of the peaks is found,
except a slight left move of the anodic peak, which implies a
small decay of the cell during charging. Figure 8(b,c) present
the comparison of the first and fifth cycles recorded for RG-85S
and RGC-85S. The intensity of each peaks of RG-85S is lower
than that of RGC-85S, which again explains the advanced
electrochemical performance of RGC-85S. After 5 cycles, the
intensity of all peaks drops down, especially the first cathodic
peak. This phenomenon is also found in RGC-66S. The anodic

Figure 6. Nyquist plots of RG-50S, RG-66S, RG-85S, RGC-50S, RGC-66S and
RGC-85S.

Table 7. Resistance results of EIS spectra at OCV state

Open circuit voltage (OCV) state

Re (Ω) RSEI+ct (Ω)

RG-50S 9.67 100.71

RG-66S 10.49 130.87

RG-85S 15.59 131.87

RGC-50S 7.73 79.69

RGC-66S 8.14 106.97

RGC-85S 9.95 105.26

Resistance at
high frequency

Resistance at
median frequency

Figure 7. Rate capability of (a) RG-66S and RGC-66S. and (b) RG-85S and
RGC-85S.

Figure 8. Cyclic voltammetry of (a) RGC-66S and the comparison of RG-85S
and RGC-85S at (b) the first cycle and (c) the fifth cycle at a scan rate of
0.02 mV/s.
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peak of RGC-85S is shifted to less negative potential, under-
lining the better electrochemical performance during cycling.

Conclusions

This work provides a facile and up-scalable way for graphite
reclamation from spent LIBs and its further application as a host
matrix for sulfur in lithium sulfur batteries.

Sulfuric acid leaching effectively removes impurities but
also leads to the formation of a well-developed porosity
capable to encapsulate significant amount of sulfur. Simulta-
neously, an exfoliation of graphite occurs, reducing the
crystallite size and providing more defect sites. Increasing the
acid concentration during the leaching process results in a
higher surface area, total pore volume, and average pore size,
facilitating an advanced sulfur infiltration. Among all the
samples, RGC-66S displays the highest capacity retention of
224 mAh/g after 100 cycles.

This study represents a practical approach to efficiently use
reclaimed graphite in LSB application other than re-utilization
in LIBs.

Experimental Section

Pretreatment of Spent Graphite

The discarded lithium-ion batteries were fully discharged in a 5 %
NaCl solution for 24 h and dried at room temperature before
dismantling. The cells were disassembled in a glove box. Spent
graphite was directly scratched from the anode current collector.
The collected material was heated to 650 °C for 5 h in a muffle oven
to remove the residual binder, electrolyte, and other by-products
and subsequently cooled down with a cooling rate of 100 °C/h. The
product was denoted spent graphite, SG.

Reclamation of Spent Graphite

The spent graphite was ground in a ball mill (MM 400, Retsch
GmbH, Germany) for 5 min at a frequency of 30 Hz/s and sieved
with a mesh size of 40 μm. Then, SG was immersed into the 5 M
and 18 M sulfuric acid (H2SO4, AR grade 96 %) solution at room
temperature for 24 h with a solid-liquid ratio of 1 :20. After leaching,
the residues were filtered and washed with deionized water until
the filtrate became a neutral pH. The leached graphite was
subsequently dried overnight at 80 °C. The reclamation of graphite
was carried out in a tubular resistance furnace at 900 °C for 3 h in
argon atmosphere with the heating and cooling rate of 100 °C/h.
Graphite leached in 5 M and 18 M sulfuric acid were denoted as
reclaimed graphite RG and RGC, respectively.

Fabrication of Graphite-S Composite

Reclaimed graphite was mixed with sulfur powder (Alfa Aesar,
Germany) by the mass ratio 15 :85 (85 wt% of sulfur), 33 : 67
(67 wt% of sulfur), 50 : 50 (50 wt% of sulfur) via ball milling. The
mixtures were then heated to 160 °C for 24 h in teflon inlets which
were sealed in autoclaves. The graphite-S composites were then
ground using a mortar. The sample denotations and compositions

are listed in Table 1. For example: RG-50S means reclaimed graphite
leached in 5 M sulfuric acid loaded with 50 wt% sulfur.

Characterization of the Materials

The carbon content of the different samples was determined using
a LECO C-200 (LECO Instrumente GmbH, Mönchengladbach,
Germany). The content of sulfur was measured by inductively
coupled plasma optical emission spectrometry (ICP-OES). The
crystalline phases of the samples were identified via X-ray powder
diffractometry (XRD, STOE STADIP, Darmstadt, Germany) at the 2θ
range of 5~45°, with monochromatic MoKα radiation (λ=

0.0711 nm). Raman spectra were acquired at ambient temperature
with a micro-Raman spectrometer (Horiba HR800, Kyoto, Japan)
with an argon ion laser (wavelength of 514.5 nm) as the source of
excitation in air. N2 adsorption/desorption isotherms at 77 K
(Quantachrome Autosorb-3B, Boynton Beach, FL, USA) were
analyzed by means of the Brunauer-Emmett-Teller method (BET)
and the Barrett-Joyner-Halenda algorithm (BJH) was employed to
determine the specific surface area and pore size distribution.
Scanning electron microscopy was performed with a JEOL JSM
7600 F (SEM, JEOL Ltd., Chiyoda, Tokyo, Japan) with an accelerating
voltage of 30 kV coupled with EDS for elemental analysis of the
materials. Tranmission Electron Microscopy (TEM) was carried out
using a Thermofisher Talos F200X. The microscope was operated at
200 kV acceleration voltage. For TEM imaging a Thermo Scientific
Ceta camera was used. Diffraction pattern and FFT images were
indexed using the SingleCrystal software.[36]

Electrochemical Measurements

The graphite-S composites were mixed with 5 wt% carbon black
(TIMCAL Super P Conductive Carbon Black), 5 wt% carboxymethyl-
cellulose (CMC, Sigma-Aldrich, UK), and 5 wt% styrene-butadiene
rubber (SBR, ZEON, Japan) in water to increase the adhesion and
mechanical stability of the slurry. The compound was printed on an
aluminium foil coated with carbon, setting a thickness of 120 μm
with a doctor blade. After drying of the printed electrode at 40 °C
for overnight, the electrodes were cut into discs with a diameter of
10 mm. The electrodes were further dried in a vacuum oven (Büchi
B-580 Glass Oven, Labortechnik AG, Germany) at 60 °C for 24 h to
completely remove the humidity. The Swagelok-type cell was
assembled in a glove box under argon atmosphere with the
electrode, a separator QMA (Whatman GE Healthcare, Maidstone,
UK), a 10 mm diameter metallic lithium foil (0.75 mm thickness, Alfa
Aesar GmbH & Co KG, Karlsruhe, Germany), and 180 mL electrolyte
comprised of 1 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)
in a mixture of 1,3-dioxolane (DOL)/dimethoxymethane (DME) (v/
v=1 :1) with 0.1 M LiNO3 as additive. All electrochemical tests were
done at 25 °C. Galvanostatic cycling was performed on a Neware
multichannel battery tester using the BTSDA software version
7.6.0.443 with potential limitation (GCPL) performed under a
constant current value of 167 mA/g (0.1 C) in a voltage range
between 1 V and 3 V for 100 cycles. EIS was measured for
electrodes in the open circuit voltage (OCV) condition in the
frequency range of 100 kHz to 0.01 Hz. Cyclic voltammetry (CV) was
carried out on a Bio-Logic SP-150 cycler using the EC-Lab software
version 10.12 at a scan rate of 0.02 mV/s for 5 cycles.
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