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Abstract: A closed-loop regeneration process for spent LiCoO, has been successfully designed
with prior synthesis of LiNixCoyMn,O,, by the authors. This research applies the methodology to
lithium-ion battery anodes, using spent graphite from a decommissioned battery in a leaching process
with 1.5 mol-L ™! malic acid and 3% H,O, alongside LiCoO,. The filtered graphite was separated,
annealed in an argon atmosphere, and the filtrate was used to synthesize NCM cathode material.
Characterization involved X-ray diffraction, EDX, and SEM techniques. The regenerated graphite
(RG) showed a specific discharge capacity of 340.4 mAh/g at a 0.1C rate in the first cycle, dropping to
338.4 mAh/g after 55 cycles, with a Coulombic efficiency of 99.9%. CV and EIS methods provided
further material assessment. In a related study, the SNCM111 synthesized from the leaching solution
showed a specific discharge capacity of 131.68 mAh/g initially, decreasing to 115.71 mAh/g after
22 cycles.

Keywords: spent graphite anode; regeneration; LiCoO,; NCM cathode; retired lithium-ion batteries;
recycling

1. Introduction

Over the past two decades, the proliferation of lithium-ion batteries (LIBs) has surged,
driven by their diverse applications. However, the typical lifecycle of these batteries is
approximately 3 to 5 years [1], which forecasts an exponential increase in retired LIBs.
Some researchers estimate that global LIB waste may exceed 460,000 tons by 2025 and
approximately 11 million tons by 2030 [2].

Historically, research on lithium-ion recycling has predominantly concentrated on
cathode material regeneration and metal recovery, as the most valuable and precious
components (e.g., lithium, copper, aluminum, manganese, and nickel) are contained in
it [3,4].

Graphite is a carbon-based mineral distinguished by its hexagonal layered structure,
which exhibits weak van der Waals interactions that promote the embedding and removal
of lithium ions, resulting in the formation of graphite intercalation compounds (GICs).
Graphitic materials have low working potential plateaus (approximately 0.15 V vs. Li+/Li),
a theoretical capacity of up to 372 mAh-g~!, thermal and mechanical stability, low expan-
sion value, and highly crystalline structure; consequently, they are extensively employed as
anode materials in commercial lithium-ion batteries [5-7]. However, the crystal structure
of graphite can deteriorate with repeated charging and discharging cycles, compounded
by impurities such as PVDF binder and solid electrolyte interphase film, which primarily
consist of various lithium compounds [8,9]. This degradation can lead to a significant
decline in graphite capacity, necessitating appropriate treatment or regeneration processes
for effective reuse [10].
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The lack of established graphite recovery technologies has resulted in the disposal of spent
graphite as waste, thus leading to resource loss and environmental contamination [11,12].
However, it is crucial to emphasize that the quantity of graphite utilized in lithium-ion
batteries (LIBs) typically ranges from 10% to 20%, significantly higher than the lithium
content by a factor of eleven. This disparity underscores the economic and environmental
imperative for developing graphite recycling strategies. Although various studies have
investigated this area [13], the global emphasis on graphite recycling remains considerably
less pronounced than that on cathode material processing, highlighting the need for further
research and development in this domain.

In our early studies of such an essential topic in the field of LIB recycling, we have ear-
lier published a review on the newly investigated methods of graphite recovery, recycling,
and reuse [14]. In Table 1, the mainly interesting references are listed.

Table 1. The list of newly investigated methods of graphite anode post-processing.

Process Description Ref.
1. 5mol/L HzSO4] 3Bbw/w 0/0H202

2. Annealing: 500 °C, 40 min with NaOH additive [15]
0.2 mol-L~! solution of citric acid, 90 °C, 50 min [9]
2600 °C, Ar atmosphere [16]
H,SO4 + 1500 °C for 2 h [17]
1.H804 ) (18]
2. Sintering with Co(NO3); at 900 °C for 4 h under N,

Electrolysis: 30 V, 1.5 g/L NapSOy, 25 min [19]
1. Le'aching sulfur.ic 'acid H,SOy4, 200 g~L*1, 90°C,4h [20]
2. Microwave radiation 800 W, 15 s

1. Leaching process with HyO,. Microwave radiation 800 W 20-30 s [21]

1. Leaching with acid usage, annealing at N, atmosphere

2. PEG 400 monooleate acid—200 mL,

Graphite—1 g [7]
Zinc chloride—2 g

1000 °C, 2 h at N atmosphere

1. Leaching process using acid followed by air annealing.

2. Materials:
- Graphite: 10 g [22]
- Phenolic resin-ethanol solution: 0.02 L
- Solidification: 1 h at 120 °C, followed by 1 h at 950 °C in a nitrogen atmosphere.

1. N-Methyl-pyrrolidone + scrapping 23]
2. Ball milling with nanosized silicon, 800 °C, 3 h with Ar

1. Acid leaching for the oxidation of the positive electrode and intercalation in the negative electrode. [24]
2. Solvothermal synthesis at 160 °C for 12 h.

1. Intercalation process+ scrap [25]
2. Gas sulfidation at 600 °C for 2 h under an Ar/N; atmosphere.

Application in rechargeable batteries:

1. Application in LIB/SIB—Cu-BTC MOF [26]
2. Application in DIB—joint cation-anion RLFPG [27]
3. Application in SIB/KIB—HT spent graphite [28]
Application in catalysts:

1. Catalytic redox degradation of organic compounds utilizing spent graphite. [29]
2. Photodegradation of methylene blue—GO/Cuo [30]

3. Heterogeneous Fenton reaction for 4-chlorophenol removal—ZVI-EG [31]
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Table 1. Cont.

Process Description Ref.
Application in capacitors:
1. Supercapacitor featuring cobalt-copper nanowire as the positive electrode and graphite as the negative electrode. [32]
2. Glyme-based Li-ion capacitor with LiCg [33]
3. Glyme-based Na-ion capacitor with NaCg [34]
4. Li-ion capacitor with LiCq [35]
Graphene applications:
1. Decrease in H;SO4 and KMnOy consumption in graphene synthesis [36]
2. Decreasing the cost for production of graphene (540$ per ton graphene)
Li recovery from spent graphite anode [37]

Based on our previous research on triple-lithiated transition metal cathode material
synthesis, it was determined that the methodology should be extended to include anode
regeneration. The spent graphite anode contains various compositions, such as LiCy, LiF,
Li;CO;3, or lithium alkyl carbonates ROCO;Li. Therefore, using acid leaching with 1.5 M
malic acid and 3 vol.% H,O, enables the extraction of Li* ions into the leachate. Besides
the lithium extraction from damaged graphite structure, in order to aim for the exceptional
electrochemical characteristics of material after regeneration processes, it is necessary to
use high-temperature treatment, which allows for the restoration of the layered crystal
structure and enlarges the layer spacing between graphite layers [38,39].

Graphitization is a specific type of solid-phase reaction in which an amorphous ma-
terial transforms into a crystalline structure. This transformation can be challenging to
achieve and often requires elevated temperatures. However, by incorporating certain
metals or their compounds, or non-metals and their compounds, graphitization can occur
at lower temperatures, a process referred to as catalytic graphitization [40]. In this research,
it was decided to conduct the experiment with cobalt malate from cathode material extrac-
tion, and to use this salt as a catalyst for graphite regeneration. This approach allows for
the separation of black mass—the mix of cathode and anode powders, which is the key
problem of any existing industrial recycling technology. To sum up, this study explores the
simultaneous leaching of spent anodes and cathodes from retired lithium-ion batteries to
establish a closed-loop regeneration process, and the regenerated graphite material and
synthesized NCM material from obtained precursors are investigated.

2. Materials and Methods

The initial materials utilized were the anode with a copper current collector and the
cathode, along with the aluminum current collector, which has been extracted from a
retired lithium-ion battery. The positive electrode served as the primary source of cobalt
and lithium, while the negative electrode served as the source of spent graphite. The
discharged battery underwent a complete discharge in a 5% NaCl solution for a duration
of 24 h, after which it was dismantled, and the electrodes were separated from the other
components of the battery.

The electrodes underwent a leaching process in a solution of 1.5 mol/L malic acid
with 3 vol.% HyO; at 90 °C while being stirred for 1 h. The role of the malic acid was to
transfer the lithium and cobalt ions from the spent electrodes to the water-soluble cobalt
and lithium malate. The malic acid was chosen due to its environmentally friendly nature,
effectiveness in enhancing target component extraction, and its ability to minimize harmful
byproducts. Additionally, malic acid is a biodegradable compound, making it a sustainable
alternative to harsher chemical methods, such as inorganic acids. Hydrogen peroxide is the
reducing agent in this process. After that, any residue (aluminum and copper foils, PVDF,
black carbon) and graphite powder were separated from the solution through filtration,
resulting in a solution containing Li* and Co?* ions. The further synthesis of regenerated
cathode material of NCM type was conducted utilizing the previously mentioned solution,
while the filtered graphite powder underwent heat treatment in a tube furnace (Richmond,
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CA, USA), at 1100 °C for 4 h in an argon atmosphere to restore its crystalline structure. The
choice of annealing conditions was based on a previously carried experiment [41]. The
heating speed was 10 °C/min, the gas flow was 20 mL/min, and passive cooling with
the furnace.

The NCM synthesis involved several stages. Nickel, manganese, and lithium acetates
were mixed into the leachate solution in precise stoichiometric ratios to produce the NCM
material. The calculations were performed as follows: after the leaching was completed,
the filtered residue was dried for 24 h and weighed. The weight of the residue was
then subtracted from the initial mass of the cathode, yielding the theoretical mass of
the solubilized cathode material. The value was adjusted by multiplying it by 0.92 to
calculate the active mass in the solution. A typical coating ratio of 92:5:3, reflecting the
proportions of cathode material, binder (PVDEF), and conductive additive, was applied to
the current collector. The active mass was multiplied by 0.59 to estimate the theoretical
cobalt mass in the solution. This value was then divided by the molar mass of cobalt
(59 g/mol) to determine the concentration of Co?* ions. To find the quantity of NCM111,
the cobalt amount was tripled. The required masses of nickel (II) acetate tetrahydrate
(NiAc), manganese (II) acetate tetrahydrate (MnAc), and lithium acetate dihydrate (LiAc)
were calculated based on these amounts, with NiAc and MnAc matching the cobalt mass,
while LiAc corresponded to the NCM111 quantity, using their respective molar masses.
Lastly, water evaporated from the solution, along with the removal of gas. The precipitate
obtained was utilized as a precursor for the subsequent synthesis of SNCM (synthesized
NCM) cathode material through the annealing process. The annealing process in more
detail is described in Supplementary Materials. A schematic overview of this process is

presented in Figure 1.
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Figure 1. The scheme of closed-loop regeneration process.

A Mira 3 Tescan scanning electron microscope (TESCAN, Brno, Czech Republic) was
used to analyze the microstructure and morphology of the obtained powders in secondary
electron (SE) mode. The compositional analysis of the samples was assessed via energy-
dispersive X-ray spectroscopy EDX Oxford Instruments X-Max 80 (Oxford Instruments,
Thane, India). A Bruker D8 Advance diffractometer (Bruker, Billerica, MA, USA), with a
CuK« wavelength of 1.5406 A, scanning in an angle range of 15 to 85 degrees with a step
size of 0.030, and an exposure time of 0.8 s per step was utilized to perform X-ray phase
analysis of the samples. The composition of the phases was identified with DIFFRAC.EVA
V5.0 software, while structural parameters were refined through the Rietveld method using
TOPASS software.
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The testing electrodes were prepared to analyze the electrochemical performance of
the materials. The anode slurry consisted of 80% cathode material, 10% Carbon black
SuperP, and 10% PVDF binder (Solef 5130, Syensqo, Panoli, India), while the cathode
suspension comprised 92% cathode material, 5% Carbon black SuperP, and 3% PVDF
binder (Solef 5130). N-Methyl pyrrolidone served as the solvent in this process. The
resulting slurry was applied to copper and aluminum foils utilizing the MSK-AFA-III
film coater from MTI Corp. (Richmond, CA, USA), with a clearance height of 200 pm.
The electrodes were subsequently dried, rolled, and subjected to electrochemical testing
in CR-2032-coin cells (Mouser Electronics India, Bengaluru, India) in a glove box filled
with dry argon. Lithium foil was utilized as the anode, and a TC-E918 (Tinci, Guangzhou,
China) electrolyte and two layers of Celgard 2325 separators (Celgard LLC, Charlotte, NC,
USA) were employed. To determine the electrochemical characteristics of the synthesized
material, the material was assembled into CR2032 layouts and evaluated using a Neware
coin cell-5V 10 mA Battery Test System (Neware Technology Limited, Shenzhen, China)
during charging/discharging processes. The cyclic voltammetry analysis was performed
at a scan rate of 0.5 mV /s over a potential range of 0 to 2.5 V. Electrochemical impedance
spectroscopy (EIS) was performed on a potentiostat Corrtest CS310 (Wuhan Corrtest
Instruments Corp., Ltd., Wuhan, China) in a frequency range from 10° to 10~2 Hz. The
amplitude of the voltage deviation was 5 mV. The measuring cell was a semi-element with
an antielectrode in the form of lithium metal. The measurement was carried out using a
two-electrode circuit at a SOC of 100%. The spectra were modeled using ZView 2 software.

3. Results
3.1. Description of the Initial Material

Figure 2 presents a diffraction pattern illustrating the preliminary cathode and anode
electrodes extracted from the end-of-life lithium-ion battery. Notable peaks corresponding
to lithium cobalt oxide, categorized under the space group R3-m, as well as peaks associated
with graphite, classified under the space group P63/mmc, are distinctly observable.

§ —— Spent cathode material
.= —— Spent anode material
o @® LiCoO,-R-3m
2000 @® Graphite - P63/mmc
) £ 5
B 1500+ g & 2 %
= £ o8 g8
8 N ° s o ®
= 1000 s
S g
< o
500 .
B
e
®
0 4
! I ' I ! I ' I i I ! I i 1
10 20 30 40 50 60 70 80

2Theta (degree)
Figure 2. The diffraction pattern of the preliminary electrodes.

Table 2 presents the compositional analysis of the starting materials obtained by
the EDS.
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Table 2. Compositional analysis of the starting materials in atomic percent.
C (0] F Al P S Ti Fe Co Cu
Cathode 33.67 34.76 14.61 5.72 1.72 0.12 0.05 1.14 8.21 -
Anode 62.27 21.21 15.80 - 0.40 0.16 - - - 0.16

The EDX analysis of the cathode material revealed not only cobalt (Co), lithium (Li),
and oxygen (O) from the composition of LiCoO,, but also traces of aluminum (Al), carbon
(©), fluorine (F), phosphorus (P), sulfur (S), titanium (Ti), and iron (Fe). These additional
elements are likely associated with the presence of binder materials, electrolyte salts, and
aluminum foil. Furthermore, the results of analyses indicate a significant concentration
of oxygen (O), fluorine (F), phosphorus (P), and copper (Cu) on the surface of the spent
graphite (SG) from the anode material. This presence is predominantly associated with the
residual electrolyte, binders, organic compounds, and copper powder introduced during
the liberation of active substances.

The scanning electron microscopy images of the initial materials are shown in Figure 3.
Figure 3a demonstrates the spent graphite surface in secondary electron (SE) mode. Obvi-
ously, in Figure 3a, there is a presence of white substances on the graphite surface, which
could be associated with metal impurities and organic residuals from PVDF or electrolyte
salts. SG maintains its graphite structure despite extended charge/discharge cycles. The
powder has flaky particles with an average particle size of 10-25 microns; it exhibits a
uniform particle size distribution.

Figure 3. The SEM images of the spent materials in SE mode: (a)—spent anode material, (b)—spent
cathode material.

Simultaneously in Figure 3b, the morphology of spent cathode material is illustrated.
There is an obvious presence of a large number of agglomerates. The powder has rounded
particles with a range of sizes from 3 mkm to 30 mkm.

3.2. Analysis of the Regenerated Graphite Material

The diffraction patterns of spent graphite (SG), leached graphite (LG), and regenerated
graphite (RG) are shown in Figure 4.

Figure 4a presents the X-ray diffraction patterns of both regenerated and spent graphite
within the angular range of 15-80°. The results of the magnification at the (002) plane are
illustrated in Figure 4b, while the physical parameters corresponding to the detailed (002)
crystal plane are provided in Table 3.
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Table 3. Structural parameters of SG, LG, and RG materials at (002) peak.
a(A) c(A) d(A) FWHM (°)

SG 2.460 6.713 3.356 0.571

LG 2.459 6.718 3.358 0.169

RG 2.469 6.709 3.354 0.210

(a) — i (b) -
100’000- i sgerence graphite (002) peak 100 VOOO— — RG
: Coze Pt (PO 00044 coa) | |- Reference (002) peak

@ C050, - Fd-3m (PDF 00-042-1467) |
80,000 @ LiCoO, - R-3m (PDF 01-070-6668) 80,000 |
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> > i
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S 40,000 . & 40:0007 j
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|
|
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Figure 4. The diffraction patterns: (a) of spent graphite (SG), leached graphite (LG), and regenerated
graphite (RG); (b) the same patterns with a large magnification in the angles 26.

The presence of the second peak is probably due to the presence of lithium in some
parts of the anode material remaining after the intercalation of ions during the charging
process. Lithium, by embedding, increases the parameter from the hexagonal structure
and, thereby, shifts the peak position for a part of the material to the left. For this rea-
son, we observe a bifurcation of peaks in the area of 26 degrees. The standard XRD
patterns of LiCyx compounds and graphite, cobalt carbide, and cobalt are demonstrated in
Supplementary Materials.

The characteristic interplanar spacing (d002) was approved as 3.354 A for RG material
corresponding to the complete three-dimensional ordering of the perfect graphite crystal
lattice [42]. Except for these peaks, on this XRD pattern, there were additionally found
peaks of cobalt and Co,C, which are attributed to the presence of spent cathode material
while joint leaching. The presence of metallic cobalt is a key factor in graphitization degree
increase. The appearance of dicobalt carbide is explained by the decomposition of cobalt
malate in an oxygen-free environment (Equation (1)):

2C4HgCo0s5 (400 °C, Ar) — Co,C + 3C + 4CO, + 6H,O (1)
The resulting dicobalt carbide decomposes to metallic cobalt and carbon black
(Equation (2)):

Co,C (400 °C, COy) —+ 2Co + C (2)

The mixed cobalt oxide 2, 3 in the sample decomposed in an oxygen-free environment
in the presence of carbon to form metallic cobalt (Equation (3)):

Co0304 +2C =3Co + 2CO, 3)

As illustrated in Figure 4b, the distinctive peaks corresponding to various graphite
(002) surfaces exhibit notable differences. The leached graphite peak is displaced to the left
in comparison to that of spent graphite, indicating that the leaching process using malic
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acid results in an increase in graphite layer spacing, attributed to the intercalation of malic
acid ions [43]. Following annealing, the graphite layer spacing progressively reduces due to
the elimination of internal impurities and the rectification of internal defects. Consequently,
the diffraction of graphite displaces to the right in the (002) plane, indicating a reduction in
layer spacing as evidenced by the interplanar spacing diffraction peak.

The chemical composition of the leached and regenerated graphite is presented in the
Table 4.

Table 4. Chemical composition of the leached and regenerated graphite materials in at.%.

C F Al Co Cu Total
LG 97.10 1.65 0.12 1.14 - 100.00
RG 99.15 - 0.27 0.37 0.21 100.00

Furthermore, it is evident that the graphite surface depicted in Figure 5a is significantly
smoother than that presented in Figure 3a. The size of the graphite particles ranges from
10 to 25 um, exhibiting a uniform size distribution, and the particles are characterized
by a flaky morphology. Additionally, the presence of round particles on the surface is
notable, with a size range of 300 to 1000 nanometers, which are presumably cobalt metal
particles. Collectively, these scanning electron microscopy photographs indicate that
high temperature annealing efficiently eliminates organic compounds, including residual
binders and metal impurities, while promoting the formation of amorphous carbon and
the development of new graphite microcrystals on the surface of graphite.

Figure 5. The SEM images of the recovered graphite material. (a)—LG, (b—d)—RG.

3.3. Electrochemical Performance of Graphite Material

The electrochemical features of the recovered graphite samples are presented in
Figure 6. Figure 6a depicts the curve of the charge/discharge process for the first and
tenth cycles at 0.1C current rate and within a voltage range of 0.01-2 V. The synthesized
material exhibited a specific capacity at a charge of 447.12 mAh/g and a specific capacity
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(a)

2.0
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at a discharge of 364.93 mAh/g during the first cycle, resulting in a Coulombic efficiency
of 81.6%. For the tenth cycle, the specific capacities were recorded at 371.9 mAh/g and
371.7 mAh/g. The Coulombic efficiency remaining close to 100% at the tenth cycle indicates
the reversible intercalation/deintercalation of lithium. Additionally, a slight increase in
discharge capacity during the cycling process suggests the enhancement of the active mass.
The shape of the charge/discharge curves is characteristic of graphite materials.
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Figure 6. The analysis of the RG electrochemical performance includes (a) charge/discharge curves
for the first and tenth cycles, (b) cyclic testing, and (c) a study on varying current loads.

The cyclic behavior of the material’s resources was also examined, with results de-
picted in Figure 6b. In the first cycle, the discharge capacity measured 340.4 mAh/g, while
in the 55th cycle, the discharge capacity was recorded at 338.4 mAh/g. The capacity loss
over the course of 60 cycles amounted to 0.59%. These findings indicate the stability of the
regenerated graphite structure.

Furthermore, for the regenerated materials, a current load study was conducted fol-
lowed by a relaxation phase to evaluate the structural stability of the material. Results from
this investigation are shown in Figure 6c. The material was tested with discharge currents
corresponding to two-hour, one-hour, and thirty-minute cycles. The initial discharge was
performed at a current of 0.5C for the first five cycles. Compared to the two-hour discharge
cycle, capacity decreased by 0.7% at 1C and by 1.8% at 2C. Following 24 cycles of current
load, when discharged at a current of 0.5C, the material exhibited capacity values approach-
ing the initial levels, indicating that the material demonstrates considerable stability.

Figure 7 demonstrates the polarization curves of the regenerated graphite and com-
mercial graphite (CG) obtained by cyclic voltammogram. In the cyclic voltammetry (CV)
curve of the initial cycle, the reduction peak observed in Figure 7b at 0.5 V indicates the
irreversible process of solid electrolyte interphase (SEI) film formation [44]. In the detailed
cycle CV curve, the reduction peak near 0.2 V indicates the intercalation of lithium ions,
while the oxidation peak around 0.4 V signifies the extraction of lithium ions [45,46]. In
turn, RG polarization curves in Figure 7a demonstrate only the reduction peak around
0.1 V, which is the sign of lithium intercalation, and an oxidation peak in the region of
0.4V, signifying the process of lithium deintercalation. Moreover, the reduction peak of RG
closely matches that of CG, suggesting that the graphite defects were effectively restored
after purification and regeneration.

The impedance spectrum of the graphite layout, as well as its equivalent circuit, is
presented in Figure 8.

In the presented spectrum, two semicircles are obvious, which are modeled by ele-
ments R2/C1 and R3/CPU 2, corresponding to the SEI characteristic responses and charge
transfer, as well as a straight section associated with diffusion processes. The resistance R1
simulates the internal resistance of the cell. The parameters of the equivalent scheme are
shown in Table 5.
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Figure 8. The impedance spectrum of the graphite layout and its equivalent circuit.
Table 5. The parameters of equivalent scheme.
R1, O R2, O CLF R3, O C2,F
9.05 4.04 140 x 1073 531 400 x 1074
3.4. Analysis of Synthesized NCM Material
The elemental composition of the synthesized triple-lithiated cathode material was
analyzed utilizing energy-dispersive X-ray spectroscopy. The results are shown in Table 6.
Table 6. The elemental composition of synthesized NCM material in at. %.
Element Ni Co Mn (0] P Al Total
at. % 19.25 18.16 21.87 35.36 0.23 5.11 100
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The atomic ratio of transition metals in the synthesized material, Li(Nig3; Cogs1
Mnyg 37)O;, is closely aligned with the theoretically calculated composition of NCM111.
However, the concentrations of cobalt and nickel in the synthesized material are slightly
lower than those predicted theoretically, resulting in an altered atomic ratio that favors
the addition of manganese. In NCM-type materials, manganese contributes to stabil-
ity by promoting the formation of a spinel structure, which facilitates low internal re-
sistance but is associated with reduced specific energy; this characteristic is beneficial
when combined with nickel, which is characterized by high specific energy but relatively
poor stability. Conversely, a lower content of nickel and cobalt may compromise these
desirable characteristics.

Figure 9 presents the findings of the morphological analysis of the synthesized NCM
sample, which was conducted using SEM in SE mode. It is evident that the agglomeration
of particles within the sample is significant, with the agglomerates exhibiting an average
size ranging from 20 to 50 microns and demonstrating a uniform particle size distribution.
At an increased magnification, it is evident that the agglomerates are made up of rounded
particles averaging between 0.25 and 0.45 microns in size. This small particle size and
uniform distribution promote the rapid migration of Li* ions, which may enhance the
electrochemical properties [47].

Figure 9. SEM photographs of SNCM. (a) at magnification x1.5 K; (b) at magnification x5 K.

Figure 10 presents the diffraction pattern of an obtained cathode material designated
as NCM111, which is indexed to a layered oxide exhibiting an R-3m space group, with
no observable peaks associated with impurity phases. The peaks align with the stan-
dard card for Li(Ni; /3Coj /3Mny /3)O, (PDF#01-075-9200). The pronounced peak splitting
corresponding to the (006)/(102) planes indicates the presence of a well-ordered layered
structure.

Also, it is extremely recommended for such type of materials to analyze the following
parameters [48-50]:

1. The separation of the peaks 1006/1102 (around 20~36°) indicates a favorable ordering
of the hexagonal lattice, with peak separation evident in the synthesized NCM.

2. The R-factor, defined as R = (1006 + 1102) /1101, reflects structural ordering; a lower
value indicates better ordering, with values below 0.5 suggesting high-quality materi-
als. For the synthesized sample, this value is 0.929, exceeding the desirable threshold.
The R-factor is notably high for this type of material, likely due to the influence of
sol-gel synthesis on powder morphology. The ratio of the 003 and 104 peaks indicates
that the crystal lattice of the SNCM is hexagonal.

3. The ratio 1003 /1104 (with 26 003~20° and 26 104~45°) assesses the cubic nature of
the lattice, where a smaller ratio implies a closer alignment with a cubic structure. In
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Figure 10. XRD pattern of SNCM material.

3.5. Electrochemical Performance of SNCM

The electrochemical behavior of SNCM material is demonstrated in Figure 11.
Figure 11a shows the curve of the charge/discharge process on the 1st and 10th cycles at
0.1C and in the voltage range 2.8-4.3 V. The obtained material demonstrated a specific
charge capacity of 155.71 mAh/g, and a capacity at discharge of 131.69 mAh/g, for the 10th
cycle—124.13 and 121.61, respectively. The Coulomb efficiency on the first cycle of the ma-
terial was 84.5%, and on the 10th cycle—98.0%. The low value on the 1st cycle is explained
by the CEI formation, as there is probably a large specific surface area and a lot of carbon
black; these factors perhaps may be an explanation for low material efficiency—a large
surface for the formation of the CEI layer. The rise in the value to nearly 100% during the
next charge/discharge cycles indicates reversible intercalation/deintercalation of lithium.
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Figure 11. The electrochemical behavior of the SNCM. (a)—charge/discharge curves on 1st and 10th
cycles, (b)—cyclic test, (c)—t current load study.
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The cyclic behavior of the material was also examined, as illustrated in Figure 11b. In
the first cycle, the discharge capacities were recorded at 130.73 mAh/g and 115.74 mAh/g
on the twenty-second cycle. The capacity degradation observed over the course of 60 cycles
amounted to 11.5%. This decline in capacity during cycling can be attributed to a relatively
high R-factor value of 0.929, indicating that the structure of the sample is not well-ordered.

Additionally, a study on current loading was performed on the synthesized material,
followed by a relaxation phase to evaluate its structural stability; the findings are shown
in Figure 11c. The material was evaluated with discharge currents corresponding to
durations of twenty hours, three hours, one hour, and thirty minutes. The first four cycles
were conducted at a current of 0.05C. Capacity reductions compared to the twenty-hour
discharge cycle were observed as 11.2% at 0.3C, 19.9% at 1C, and 29.6% at 1.5C. After
18 cycles of current loading, discharging at 0.05C resulted in capacity values similar to the
initial measurements, indicating a strong level of stability.

4. Conclusions

This paper outlines the process of graphite regeneration from spent anodes and the si-
multaneous synthesis of triple-lithiated transition metal oxide NCM111 from spent LiCoO,,
utilizing previously developed methodologies for the extraction of valuable metals from
spent anodes and cathodes derived from end-of-life lithium-ion batteries, followed by heat
treatment processes for graphite in an argon atmosphere and for NCM in an air atmo-
sphere. The resulting graphite material was examined using various methods, including
X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDS), charge/discharge tests, cyclic voltammetry (CVA), and electrochemical
impedance spectroscopy (EIS). The initial capacity of the regenerated graphite (RG) was
measured at 340.4 mAh/g, maintaining a capacity of 338.4 mAh/g after 55 cycles at a
current rate of 0.1C. These results align with the specifications for commercial materials of
the same type. The cycle life assessment of the material indicates a reduction of only 0.6%
after 55 cycles, demonstrating the stability of the graphite structure, as corroborated by the
current load study. The polarization curves of RG exhibited symmetric peaks indicative
of reversible redox reactions within the voltage range of 0 to 2.5 V. Moreover, no evidence
of an irreversible reduction peak associated with the formation of the solid electrolyte
interface (SEI) was observed in comparison to commercial graphite (CG), which facilitated
the achievement of high Coulomb efficiency values during the first cycle.

Additionally, the NCM111 was synthesized based on the solution from the extraction
process. This material was also analyzed by SEM, EDS, XRD, and electrochemical tests.
The obtained results of capacity and cycle resource were unsatisfactory because of the
unordered structure of SNCM. In further research, it is planned to change the type of
synthesis from sol-gel to co-precipitation in order to achieve the perfect electrochemical
characteristics of the material.

Nevertheless, the developed strategy allows for the shortening of the regeneration
process of spent cathode and anode materials and solving of the essential problem of
production scale recycling processes—how to divide cathode and anode materials from the
“black mass”.

Supplementary Materials: The following supporting information can be downloaded at: https:
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