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Preparation of high-performance o

manganese-based pseudocapacitor material
by using spent lithium-ion battery anode
graphite via mechanochemical pretreatment

Lujie Dai', Bang Li% Jia Li'” and Zhenming Xu?

Abstract

The potential for recycling graphitic carbon from lithium-ion battery (LIB) anodes has been overlooked due to its
relatively low economic value in applications. This study proposed to use graphene nanoplates (GNPs), which were
obtained from spent lithium battery anode graphite, treated with ball-milling method, for hydrothermal synthesis

of MnO,-supported graphene nanoplates (MnO,/GNPs) composites materials. The composites exhibited excellent
electrochemical characterization curves, indicating ideal capacitance characteristics. The analysis of MG24-20 material
showed the good impact resistance and capacity retention around 100% with capacitance of 124.6F/g at 10 mV/s,
surpassed similar samples using precious metals and high-end materials, enabling the reuse of spent graphite

in energy conversion and storage system for effective utility.
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Graphical Abstract
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1 Synopsis

In this study, we explored a new way to recover the spent
graphite of waste lithium-ion batteries with high value. It
focuses on the efficient preparation of graphene materials
with enhanced electrochemical capacity using one-step
mechanochemical methods without the use of additives.
The application and exploration of the performance of
the spent graphite supercapacitor by using potassium
permanganate hydrothermal loaded manganese diox-
ide were carried out, and its capacitance performance
reached the middle reaches of the industry.

2 Introduction

Graphite is widely used in the negative electrode of lith-
ium batteries and helps to achieve high energy storage
[28]. With the increasing attention paid to battery recy-
cling, compared with fined regeneration of heavy metal
in cathode, the graphite, which has the proportion of
12%-21% from used lithium batteries, has typically not
been properly recycled [19, 35]. Instead, they are often
incinerated, resulting in severe pollution and producing
hazardous waste like metals, binders, toxic and flamma-
ble electrolytes [15, 37]. The demand for graphite is fur-
ther compounded by the projected tenfold increase in

the use of lithium batteries in electronic devices over the
next decade [17].

Therefore, the recycling of spent graphite in waste
lithium-ion batteries is crucial to the sustainable devel-
opment of the industry [8]. In the current recycling pro-
cess, spent graphite is usually used as a reducing agent
for high-temperature smelting transition metals [23].
However, it can be effectively recycled through multi-
step process, involving pretreatment, purification, and
subsequent reuse or transformation into new materials
[8, 19, 21]. Natarajan et al. [20] have demonstrated that
anode graphite, due to the reduction of interlayer forces
during battery cycling, offers advantageous character-
istics for generating premium graphene [20]. Moreover,
when compared to commercial graphite, spent graphite
exhibits structural defects, surface functional groups, and
metal impurities that can be harnessed to synthesize and
enhance the performance of graphite-based functional
materials [1, 2].

The mechanochemical method, which is a simple and
environmentally friendly approach for producing gra-
phene materials, has garnered attention [10, 22, 27]. Pre-
viously, the research group discussed the preparation of
graphene nanosheet materials with high specific surface
area and relatively hydrophilic after dry ball milling of
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waste lithium battery negative graphite [30]. The prop-
erties of the purified material applied to the double layer
capacitance were experimentally analyzed. Despite its
mediocre performance than activated carbon, graphene
oxide and other cutting-edge materials under similar
experimental conditions, it remains a promising sub-
strate material with high specific surface area for oxide
loading. Consequently, the group has shifted its focus to
the preparation of composite metal oxide materials.

Compared with double-layer capacitors based on car-
bon materials, the transition metal oxide pseudocapaci-
tor energy storage mechanism implies a higher energy
density [3]. Manganese dioxide (MnQO,) is a resource-rich
and relatively cheap transition metal oxide with excel-
lent pseudocapacitance, which can theoretically reach
1111F/g, but the actual performance of MnO, is usu-
ally limited by its low conductivity [9, 25]. To address
this limitation, researchers have explored the strategy of
incorporating MnQO, into materials with excellent electri-
cal conductivity,, such as gold [13, 31], carbon nanotubes
[12, 26], graphene [9, 16], etc. However, it’s important to
consider that the use of precious metals, like gold, can
raise the production costs, and the preparation process
for materials like carbon nanotubes and graphene tends
to be relatively complex [24, 34].

In this study, the primary objective is to investigate
the electrochemical properties of MnO,/GNPs, where
graphene materials were first prepared through ball
milling and subsequently subjected to a hydrothermal
process with potassium permanganate, intended for use
as electrode materials in water-based electrochemical
capacitors. The research also delves into a comprehen-
sive analysis of how various electrochemical conditions
impact the capacitance behavior, with the ultimate goal
of achieving higher capacitance in manganese-based
electrodes.

3 Experimental

3.1 Preparation of GNPs

The spent graphite was obtained by disassembling used
lithium-ion battery. The battery was fully discharged in a
10% sodium chloride solution for 24 h. The positive elec-
trode, diaphragm, and coil were removed, leaving a cop-
per foil with graphite, which was then scraped to obtain
graphite powder. The powder was soaked in deionized
water for 24 h, filtered, and vacuum dried. Pyrolysis in a
tube furnace at 100 mL/min for 2 h removed the binder
and organic components, resulting in the obtained spent
graphite sample named SG. 60g of stainless-steel beads
to fabricate the GNP, dry grinding at 20Hz for 24 h. To
remove residual impurities, the prepared GNPs powder
(0.5g) was mixed with 100ml 1.0M hydrochloric acid
solution, stirred for 24 h, filtered, washed, and dried
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at 80°C for 12 h. The resulting pure milled GNPs were
named MG24.

3.2 Preparation of MnO,/GNPs composites

The MnO,/GNPs composites were synthesized using
a hydrothermal method. In a 50 mL Teflon-lined stain-
less-steel autoclave, 20 mg of MG24 was added, followed
by the addition of 30 mL of potassium permanganate
solution with varying concentrations (0, 5, 10, 15, 20,
30 mmol/L). The reaction took place at 150 °C for 4 h.
After the autoclave naturally cooled down, the remain-
ing potassium permanganate was removed by repeatedly
rinsing the sample with deionized water using centrifu-
gation. The resulting residue was then dried at 60 °C
for 12 h. It was finely ground using a quartz mortar and
named based on the concentration of potassium perman-
ganate solution used, such as MG24-0, MG24-5, MG24-
10, MG24-15, MG24-20, MG24-30, respectively (Fig. 1).

3.3 Preparation of GNPs working electrode

For the preparation of the working electrode, prepared
electrochemical active material MnO,/GNPs were mixed
with PTFE(Polytetrafluoroethylene), acetylene black at
weight ratio of 9:0.5:0.5, blending in diluted ethanol solu-
tion under ultrasound. The resulting mixture was rolled,
cut into 1x1 cm? slice, pressed onto nickel foam under
20 MPa, and dried at 60 °C for 12 h. The mass loading of
each electrode was about 1.0 mg/cm?.

3.4 Characterization methods

X-ray diffraction (XRD) analysis was performed using
a Mini Flex 600 XRD instrument from Japan, covered
the 20 range of 5-90° at 5° min~!. Raman spectra were
obtained using a Renishaw inVia Qontor Raman spec-
trometer from England, conducted in the range of 100—
3500 cm~!. X-ray photoelectron spectra (XPS) were
acquired using an AXIS UltraDLD XPS instrument to
identify the chemical components present in the sam-
ple. Scanning electron microscopy (SEM) images were
captured using a GAIA3 FIB-SEM double beam electron
microscopy system, while SEM images with energy-dis-
persive X-ray spectra (EDS) mappings of MnO,/GNPs
were obtained using a JEOL-2100F/F200 instrument.

3.5 Electrochemical measurements

All electrochemical experiments were conducted using
a CS2350H electrochemical workstation in a standard
three-electrode setup. The prepared MnO,/GNPs work-
ing electrodes, a platinum foil as the counter electrode,
and a saturated calomel electrode (SCE) as the reference
electrode, performing in 1M Na,SO, aqueous electro-
lyte solution. Electrochemical characterizations were
performed by cyclic voltammetry (CV), galvanostatic
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Fig. 1 Experiment processing flow chart of MnO,/GNPs composites

charge/discharge (GCD), cycling performance, and elec-
trochemical impedance spectroscopy (EIS).

The specific capacitance (C,) values of the electrode
can be calculated using obtained curves of CV and GCD
in following equations

1
Cs = /IdV
mvAV

IAt
mAV

where I is the discharge current (A), v is the scan rate
(V/s), At is the discharge time (s), m is the mass of active
material in the working electrode (g), and AV is the
potential window (V).

®Mn -0
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4 Results

4.1 Structure characterization of MnO,/GNPs

MnO, has many crystal forms as «, B, §, y, and its crys-
tal structure has a certain correlation with the electro-
chemical performance [5, 7]. As shown in Fig. 2, there
are two different types of MnO, crystals, each of which
has an octahedral composition of manganese oxide
(MnOy). The two different crystal types have a 2 x 2
channel for ion migration, with a size of about 4.6 x 4.6
A for the Cryptomelane type, as a-MnO,, and a layered
composition with ion migration in between the layers
for the Birnessite as §-MnO,, which the layer separa-
tion is roughly 7.14 A. Gupta et al. synthesized MnO,
nanostructures with different crystal types, found that
the activity per unit of electrochemical surface area was

Birnessite Type

Fig. 2 Schematic diagram of crystalline structure for Cryptomelane and Birnessite MnO,
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0-MnO, > a-MnO,, indicating the better crystal type in
electrochemical application [6].

The phase and crystal structure of materials were ana-
lyzed at different KMnO, solution concentrations using
X-ray diffraction. The results, shown in Fig. 3a, reveal a
stronger graphite peak for MG24 compared to Mg24-5.
The emergence of new phase peaks matching MnO,, spe-
cifically the Cryptomelane type, is observed at 2-Theta
degrees 12.8°, 18.1°, 29°, 37.5°, 42°, and 60.3°. As the
solution concentration increases from 5 to 15 mmol/L
(Fig. 3b), the graphite peak diminishes, while the pre-
pared MnO, retains the Cryptomelane type. At con-
centrations of 20 mmol/L or higher (Fig. 3c), the MnO,
phase peak shifts to a lower angle, and diffraction peaks
at 2-Theta degrees 18.1°, 42°, and 60.3° disappear, indi-
cating a different crystal type, identified as Birnessite
based on database searches and literature comparisons.
The strength of the graphite (002) crystal surface peak
decreases with increasing KMnO, concentration
(Fig. 3c), likely due to the higher crystallinity and stronger
diffraction peaks of the generated MnO, masking the
graphite peak. Additionally, the hydrothermal synthesis
process leads to the consumption of graphite in the reac-
tion, causing a gradual decline in the graphite peak as the
concentration rises, as shown in Table S1.
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4MnOj + 3C + H,0 — 4MnO, + CO3 ™ + 2HCO;

Figure 3d presents the Raman spectra analysis results
of the materials produced with varying KMnO, concen-
trations. In the experimental group with KMnO,, the gra-
phitized G peak at 1580 cm™, D peak at 1350 cm™! and
2D peak at 2700 cm ™! weakened and the degree of weak-
ening increased with concentration, comparing to MG24.
At concentration 20 mmol or more, the D and 2D peaks
nearly disappeared, while the G peak showed only a small
peak. In addition, the introduction of KMnO, resulted
in the appearance of characteristic MnO, peaks between
600 and 700 cm-1 wavenumbers. These results demon-
strate the existence of the reaction process described in
the hydrothermal process, through which different crys-
talline MnO,-supported graphene nanosheet materials
are prepared at different concentrations.

SEM and TEM were used to further examine the
microscopic morphology and crystal structure of
MG24-5 and M@G24-20, respectively, which were loaded
with various crystalline forms of MnO,. Figure 4 displays
SEM images of the minerals MG24-5 and MG24-20. A
significant number of microscopic particles can be seen
on the surface of large particles in the MG24-5 sample,
and nano-rod-like crystals can be seen to protrude from

(b) 12001
\J MG24-30
’71000-\‘,\/ peeu i ———
=] | MG24-20
S 8004 s/
> -’ o MG24-15
c \ MG24-10
~“,5’ 400 A o
200 4
o ) MG24-5
04
2'0 4'0 6‘0 8'0
2-Theta (degree)

(d) . mc2430
I T, ST . MG24-20
£ ) e ——
T i ORI MG24-15
g A / MG24-10
£ |, sk MG24-5

ﬂ A_MG24-0

T T T T
1500 2000 2500 3000

Raman Shift (cm™)

T
500 1000 3500

Fig. 3 a-c XRD pattern of MnO,/GNPs synthesized at different KMnO, concentration. (Noted as MG24-n, n refers to the solution concentration,

mmol/L); d Raman spectra of different MnO,/GNPs
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Fig. 4 SEM observation of a MG24-5, b MG24-20 and Elemental EDS mapping € MG24-5, d MG24-20, e-f MG24-0

large particles. According to the two-dimensional prop-
erties of Birnessite, MG24-20 depicts a cluster of flow-
ers. This material’s surface is noticeably rougher and has
more pore structure because to the cluster petal struc-
ture. The MnO, was consistently produced on the sur-
face of GNPs, according to the EDS data, while MG24-20
clearly generated a thicker MnO, supported layer. These
findings are best understood when compared to MG24-0
as seen in Fig. 4(e-f), where the nanorod-like and

cluster-like petal structures are grown based on the flake
graphite and many tiny plates between 0.1 and 2 pm in
size of MG24-0.

Figure 5a shows the TEM observation of MG24-5,
revealing a thin layer of graphene serving as the substrate,
with the development of surface flake and nanorod-like
crystals in zones 1 and 2, respectively. High-resolution
TEM images show clear diffraction fringes in region 1
spacing of 6.92 A corresponding to the Cryptomelane
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Fig. 5 TEM observation of a MG24-5, b MG24-20

(110) crystal face, and the measured crystal face spac-
ing of 3.09 A in region 2 matches the Cryptomelane
(310) crystal face, validating the XRD analysis. Notably,
the diffraction fringes of the thin graphene layer are not
directly observed, possibly due to the destruction of the
graphite crystal structure caused by KMnO, etching
during the hydrothermal reaction. Figure 5b shows the
TEM image of MG24-20 material, presented as displays
MG24-20 material as petal-shaped nanosheet aggregates.
Particle size differs significantly from MG24-5, likely due
to severe KMnO, etching. Limited by TEM observation,
only the nanosheets growing outside the petal-like parti-
cles were observed and analyzed. According to the high-
resolution TEM images, the measured diffraction fringe
spacing is 7.14 A, which corresponds to the (001) crystal
plane of Birnessite type. Few diffraction fringes indicate
thinner layered MnO, nanosheets with about 5~ 10 lay-
ers. Similarly, the characteristics of graphene nanosheet
materials could not be directly observed due to continu-
ously growth of thin sheet MnO, on the surface of GNP
particles, forming a thick shell layer.

4.2 Chemical properties of MnO,/GNPs

Using the thermogravimetric method, the element com-
position of MnO,/GNP materials prepared at different
concentrations was quantitatively analyzed. The results
are shown in Fig. 6 and Table 1. The weight loss curves
of all materials exhibit in two stages: the removal of
bound water in the first stage and the reaction reduction
of MnO, with graphite and air resulting in Mn,Os, in the
second stage. Higher concentrations mean larger loads of
MnO,,. It can be noted that MG24-20 and MG24-30 with
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two-dimensional characteristics have relatively more
structural water, facilitating ion migration. The molar
ratio of C to Mn remains unchanged at low concentra-
tions, with the addition of KMnQO,, a specific amount
causes partial consumption of graphite. This indicates
the distinct growth modes of MnO, under different con-
centrations. The one with relatively lower concentration
is likely heat-induced breakdown of KMnO, followed by
nucleation crystallization, while the latter involves etch-
ing reactions, leading to MnO, with different crystal
structures.

XPS was used to analyze the chemical states of ele-
ments on the surface of MG24-20 material, and the
results are shown in Fig. 7. The full spectrum shows that
MG24-0 surface only contains C and a small amount of
O elements, MG24-20 surface elements also contain
Mn and a small amount of K. Compared with MG24-0,
the peak of Cls on MG24-20 is significantly decreased,
while the peak of Ols is significantly increased. Com-
paring the Cls spectra of the two groups of materials
(Fig. 7b), it can be seen that the surface C of MG24-20
is mainly composed of oxygen-containing functional
groups and sp2 hybrid carbon atoms, which also proves
the oxidation etching of graphite materials by potas-
sium permanganate. Figure 7c shows the O1ls spectrum
of MG24-20, which can be divided into two groups of
529.9 eV and 531.9 eV peaks, corresponding to Mn-O-
Mn bond in Mangano-oxygen octahedron and Mn-OH
bond on Mangano-oxygen hydrate, respectively, prov-
ing the existence of manganese oxides and the presence
of structural water is also conducive to the migra-
tion and diffusion of electrolyte ions [33]. The Mn3s
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Fig. 6 TG curves at 20 K/min in air for MnO,/GNPs

Table 1 Component fraction in MnO,/GNPs calculated based on TG curves

Sample Component (wt.%) MnO,-nH,0 C\Mn Mole Ratio

GNP MnO, H,0 n Before reaction After reaction
MG24-5 58.11 35.78 6.11 0.82 1.1 11.77
MG24-10 40.03 52.38 7.59 0.70 5.56 5.54
MG24-15 26.26 59.96 13.79 1.1 3.70 3.17
MG24-20 14.15 63.49 22.36 1.70 2.78 161
MG24-30 6.93 69.39 23.68 1.65 1.85 072

spectrum in Fig. 7d shows two peaks, between which
the energy separation can be used to determine the
manganese valence. Energy separation of 4.84 eV indi-
cates Mn*" ions to be dominated [14], supporting the
conjecture of the formation of MnO,,.

4.3 Pseudocapacity of MnO,/GNPs

Different MnO,/GNP electrodes were tested in a three-
electrode electrolytic cell. Figure 8a shows the CV
curves of each material at a scanning speed of 50 mV/s.
MG24-0 exhibited low current response, which
increased significantly after loading MnO,, along with
increased capacitance. MG24-0 relied on double layer
capacitance electrostatic adsorption, with a specific
capacitance of 16.1F/g at this scanning speed. MnO,/
GNP electrode demonstrated Faraday reaction with
Na* ions in the electrolyte:

MnO; + Nat + e~ < MnOONa

MnO, undergoes reversible REDOX reaction of
Mn**/Mn3*, with Na™ ions’ adsorption on the surface
or embedding through channels in the lattice. This ena-
bles the MnO,/GNP electrode to exhibit higher spe-
cific capacitance, which increases with larger loads. At
50 mV/s, CV current response decreases for MG24-30,
possibly due to excessive MnO, thickness hindering
ion diffusion and migration. All MnO,/GNP electrodes
exhibit ideal rectangular CV curves, indicating good
capacitance behavior.

Specific capacitance changes were calculated for dif-
ferent MnO,/GNP electrodes at various scanning speeds
in Fig. 8b. Increasing specific capacitance exhibited
with MnO, loading increasing under lower scan speeds,
due to the effective ion migration and diffusion on the
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Fig. 7 a Full spectrum of XPS, and high resolution XPS spectrum of b C1s,c O1s, d Mn3s

electrode’s surface and within its crystal structure. When
increasing the scanning speed from 5 mV/s to 100 mV/s,
it led to decreased specific capacitance due to mass
transfer limitations. MG24-30 showed the most signifi-
cant decay, potentially caused by its thicker MnO, sur-
face impeding ion transport.

The specific capacitance values provide insights into
the impact of different MnO, crystal structures. MG24-
5, 10, and 15 (Cryptomelane type) showed a linear rela-
tionship between specific capacitance and MnO, loading.
MG24-20 and 30 (Birnessite type) exhibited a signifi-
cant capacitance increase, particularly from MG24-15 to
M@G24-20. Cryptomelane structures feature 2D particles
on graphene nanosheets and 1D nanorods with 1D chan-
nel of 4.6x4.6 A for ion migration. Birnessite type type
is petal-like cluster 2D sheet, with ions diffusing into the
crystal transported in two dimensions between the crys-
tal faces with a spacing of 7.14 A. Birnessite structures
of MG24-20 petal-like cluster structure implies a possi-
ble larger surface area, greater roughness, and more pore
structure [4], contributing to its high specific capacitance.

EIS analysis of MG24-0, MG24-5, and MG24-20 in
Fig. 8c revealed their electrochemical characteristics.
MG@G24-0 exhibited double-layer capacitor behavior, while
MnO,-loaded samples showed a complete semicircle in
the high-frequency region. The circle’s radius increased
with higher loading, indicating increased charge trans-
fer resistance. MG24-20’s relatively thick outer layer of
MnO, on graphene nanosheets hindered charge transfer.

However, in the low-frequency region, MG24-20 showed
a smaller slope, indicating lower ion transfer resistance.
This can be attributed to the different MnO, crystalline
types and the more structured water in MG24-20, facili-
tating ion diffusion and migration.

M@G24-20 exhibited higher capacitance and minimal
capacity loss at high scan rates. Its constant GCD char-
acteristics were analyzed in Fig. 8d. The GCD curves of
MG@G24-20 electrodes between 0.2A/g and 10A/g showed
symmetric triangles across current densities, indicat-
ing ideal capacitive behavior. The electrode had a voltage
drop of only 0.025 V at 1A/g.

The electrode’s cycling performance was evaluated in a
three-electrode system using the GCD method in Fig. 8e.
It underwent 100 charge—discharge cycles at various cur-
rent densities. At 0.2A/g, the electrode’s initial capac-
ity was 136.16 F/g, retaining 91.38% capacity after 100
cycles, with increased Coulomb efficiency from 91.44%
to 95.8%. At 0.5A/g, the initial specific capacitance was
119.90 F/g, with only a 0.82% loss after 100 cycles. At
10A/g, specific capacitance decreased, but cycle reten-
tion rate remained close to 100% with high Coulomb
efficiency, indicating reversible surface Faraday reaction.
Beyond 10A/g, the electrode suffered impractical capac-
ity loss. However, it still exhibited near-perfect Coulomb
efficiency at high current densities. At low current den-
sities, the electrode recovered its initial capacity and
showed stable cycling with around 100% capacity reten-
tion. Initial specific capacitance was 118.43 F/g, while at
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the end of the cycle, it was 116.81 F/g. These results dem-
onstrate the MG24-20 electrode’s exceptional resistance
to current shocks and cycling stability.

Table 2 presents summary of capacitive properties for
carbon/manganese dioxide composites found in pub-
lished literature. These methods typically involve com-
plex chemical synthesis under harsh synthesis conditions.
In contrast, this paper introduces a simpler and efficient
two-step synthesis approach using mechanical ball mill-
ing and hydrothermal reaction with low-cost waste
graphite. The performance of this material is comparable
to composites synthesized using expensive graphene and

carbon nanotubes, showcasing the valuable utilization of
waste graphite. It should be noted that this study focused
on M@G24 as the carbon substrate, limiting the material’s
potential. Further exploration of different ball milling
parameters can enhance the composite’s performance in
the future.

5 Conclusion

The article introduced a simple and efficient method to
convert waste graphite into MnO2/GNP composites,
synthesizing via hydrothermal conditions using mech-
anochemical-pretreated GNP materials. The analysis
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Table 2 Comparison of electrochemical capacitor performance of MnO,/C composites in published work and this work

Sample Preparation method Electrolyte Scan Rate/ Current density Specific Ref
Capacitance
(F/g)
3D Graphene/MnO, CVD on Nifoam+ Electrodeposition 0.5 M Na,SO, ~ 2mV/s 130 (9]
MnO,/GNP Chemical exfoliation+hydrothermal 2.0 M (NH,),SO, 10 mV/s 158 [29]
reaction
CNT/MnO, Chemical etching and deposition 2.0 MKCl 20 mV/s 144 [12]
Mesoporous carbon hollow sphere/  Templated synthesis of MCHS+Car- 1.0 M Na,SO, 0.1 A/g 116.4 (36]
MnO, bonization +Hydrothermal reaction
3D MnO,@GCs CVD on ZnO+ Microwave decom- 1.0 M Na,SO, 0.5A/g 2651 n1
@Mn0, position
3D MnO,/Graphene hydrogel Hummers method + hydrothermal 1.0 M Na,SO, 1A/g 200.6 [18]
reaction
3D Graphene aerogel/MnO, Hummers method + 3D print- 3.0 M LiCl 0.02A/g 2125 [32]
ing-+Annealing + Electrodeposition
MnO,/GNP Mechanical ball milling+Hydrother- 1.0 M Na,SO, 10 mV/s or 0.2A/g 124.6/136.16  This work

mal reaction

focused on the crystal structure of MnO, obtained
under different conditions and the principles of hydro-
thermal synthesis. The capacitance of the composites
was assessed through CV, GCD, and EIS, yielding a
capacitance value of 136.16 F/g under 0.2A/g current
density. These composites exhibited specific capaci-
tance values comparable to carbon/manganese dioxide
composites prepared using expensive graphene or car-
bon nanotubes and complex chemical synthesis pro-
cesses. This approach enables the valuable utilization of
waste graphite. Future exploration of different ball mill-
ing parameters could further enhance the composite’s
performance.
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