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ARTICLE INFO ABSTRACT

Keywords: The rapid adoption of lithium-ion batteries (LiBs) in energy storage has driven research into resource recovery.
LIBs This study converts hazardous graphite from the black mass (NMC 111) of spent LiBs into functional activated
Graphite recovery carbons (ACs) via KOH activation. Tailoring the synthesis at 800 °C and a graphite-to-KOH ratio of 1:6 produced
Activated carbon AC with a surface area of 678 m?/g and a total pore volume of 0.442 cm®/g. The material showed a balanced
micropore-mesopore structure, with micropores contributing 53 % of the total pore volume. The material
showed a balanced micropore-mesopore structure, with micropores contributing 53 % of the total volume. XRD
confirmed preserved graphitic crystallinity with a dominant (002) peak at 26.52°. Raman spectroscopy indicated
increased defect density (Ip/Ig = 1.053), facilitating porosity formation. SEM and TEM revealed a transition from
smooth graphite layers to a porous, defect-rich structure, with TEM highlighting mesopore-like voids and dis-
torted graphitic domains featuring edge defects. XPS identified surface modifications, including a higher pro-
portion of sp? carbon and oxygen-containing groups (C-O, C=0, C-OH, CO%"). TGA demonstrated stability
(~900 °C) under inert conditions and enhanced reactivity in oxidative environments. This work valorizes LiB-
derived graphite waste into ACs, supporting circular economy strategies and demonstrating potential for in-
dustrial scalability.

Carbon-based materials
Circular economy
Resource valorization

1. Introduction

Over the past decade, lithium-ion batteries (LiBs) have been at the
forefront of energy storage innovations, driving transformative changes
across numerous industries, particularly in transportation and renew-
able energy integration [1,2]. The extensive integration of Li-ion bat-
teries in electric vehicles (EVs) has positioned them as a key technology
in the global transition toward sustainable, low-carbon energy systems
[3]. The widespread adoption of electric vehicles was evident in 2023
when nearly 14 million electric cars were sold globally, representing 18

% of the total car sales, a significant increase if compared to the 14 %
level in 2022. As the trend continues, electric car sales are projected to
climb further, potentially reaching around 17 million in 2024, i.e. more
than one in five cars sold worldwide [4]. This transition from internal
combustion engines to battery-powered alternatives has led to decreased
greenhouse gas emissions (220 Mt in 2023 compared to 80 Mt in 2022)
[4], cleaner transportation and improved air quality [5]. Furthermore,
the demand for LiBs extends beyond the automotive industry, including
larger-scale stationary energy storage systems that support renewable
energy integration and grid stability [6,7]. As renewable energy sources
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such as solar and wind power become more prevalent, the need for
efficient energy storage to address intermittent energy supply will grow
correspondingly [8]. Projections indicate that the demand for LiBs is
anticipated to grow by approximately 33 % annually, reaching an esti-
mated 4.7 GWh by 2030 [9].

Even though it contributes to the decrease of environmental impact
of the transport and energy sector, the rapid expansion of LiBs in-
troduces new challenges related to their short lifecycle, typically span-
ning the range of 3-8 years. The main challenge is connected to the end-
of-life (EoL) management, where over 2 million tons of spent LiBs are
projected to be generated annually [10]. LiBs are complex electro-
chemical systems containing a mix of valuable secondary resources,
such as lithium (Li), cobalt (Co), nickel (Ni), manganese (Mn), and
copper (Cu), which are essential for battery performance and can be
recovered for reuse [11]. However, they also contribute to hazardous
waste generation, encompassing electrolyte residues, fluorinated com-
pounds, and toxic metals such as lead and cadmium, which can pose
serious environmental and health hazards if not effectively controlled
[12]. A LiB cell comprises approximately 25 wt% casing materials (steel
and plastics), ~27 wt% cathode materials (e.g., LiCoOy, LiFePOy,
LiNiCoMnO,), 12-17 wt% anode materials (graphite), ~13 wt% current
collectors (Cu and Al), 10-15 wt% electrolyte (such as LiPFg or LiBF4
dissolved in dipolar organic solvents), ~4 wt% separator (poly-
propylene), and ~ 4 wt% binder (polyvinylidene difluoride) [13,14].
Among the most prominent batteries in production, nickel manganese
cobalt (NMC)-based LiBs have cathodes composed of a mixture of Li, Ni,
Mn, and Co, such as LiNig.gMng.2C0g.202 (NMC 622), LiNig.gMng.1.
C00.102 (NMC 811), and LiNi1/3Mn1/3C01/302 (NMC 111). Notably,
NMC 111 has garnered significant attention as a cathode material for
next-generation LiBs due to its numerous advantages, including lower
cost compared to LiCoOp, high theoretical capacity, low toxicity,
excellent thermal stability, and superior energy density [15].

Lithium, cobalt, and nickel are key elements for enhancing battery
performance, longevity, and energy density [16]. The EU Battery
Directive anticipates an improvement in Li-ion battery recycling effi-
ciency, increasing from 50 % in 2006 to 65 % by 2025 [17]. This
advancement aims to close the material loop by recovering valuable
metals, with Ni and Co being the main economic incentives driving LiBs
recovery efforts. The recently introduced European Battery Regulation
sets ambitious recovery targets: lithium recovery is expected to reach 50
% by 2027 and 80 % by 2031, while Co, Cu, Pb, and Ni are targeted at
90 % by 2027 and 95 % by 2031 [18]. Achieving these goals, however, is
challenging due to the complex composition and diverse materials
within LiBs, which require multiple preparatory steps before processing.
The initial stages involve classification, discharge or inactivation,
disassembly, and material separation. These processes prepare the bat-
teries for subsequent treatment using direct recycling, pyrometallurgy,
or hydrometallurgy [19]. Due to the legislative requirements, hydro-
metallurgy is and will be the preferred method for the recycling. This
brings the challenges for the recyclers to deal with the significant
amount of waste graphite since its application is limited and moreover it
is considered to be a hazardous waste. Current EoL strategies typically
begin with discharge and mechanical pre-treatment, followed by
optional pyrolysis to remove organic components. The subsequent steps,
including sorting and pre-processing, result in a sieved mixture of
cathode powders and anode graphite, commonly referred to as black
mass (BM) [20]. Processing BM focuses on extracting valuable transition
metals while isolating and purifying graphite from the anode. Histori-
cally overlooked, graphite has only recently been recognized as a
recoverable and valuable resource, further enhancing the economic and
environmental benefits of LiB recycling [21].

Graphite continues to dominate as the preferred anode material in
commercial LiBs, primarily due to its outstanding cycling stability, high
electrical conductivity, and mechanical flexibility. With approximately
1 kg of graphite required per kWh of battery capacity, which is 10 to 20
times more than lithium, its demand has driven the market to a value of
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$29.05 billion by 2022 [22]. Beyond its role in batteries, graphite’s
unique combination of electrical conductivity, thermal stability and
structural versatility also makes it an ideal precursor for advanced ma-
terial synthesis [23-25]. One promising research path involves using
recovered graphite as a precursor for activated carbons (ACs), a class of
porous materials with extensive environmental applications due to their
high specific surface area, tunable pore structure, low cost, and thermal
and chemical stability [26,27]. ACs are widely used in, for example, gas
separation and storage [28], water purification [29], energy storage
[30], and as catalyst supports in chemical processes [31]. The synthesis
of ACs typically involves activation processes applied to precursor ma-
terials to optimize their textural and structural properties. Among the
commonly used chemical activating agents (including KOH, KyCOs,
H3PO4, and ZnCly), KOH stands out as the most promising activator
resulting in high-quality ACs with a large pore volume, abundant surface
oxygen functional groups, and dominant microporosity [32,33]. The
effectiveness of KOH, likewise the other activators, is significantly
influenced by the chosen activation parameters, which vary depending
on the raw material. Among the multiple activation parameters, acti-
vation temperature (500-900 °C) and mass ratio between the activator
and precursor (1:1-1:7) are reported to have the most substantial impact
on the resulting AC properties [34,35].

While traditional precursors such as biomass, coal, or petroleum-
derived polymers have been widely explored, they often require inten-
sive energy input and may yield materials with inconsistent properties
[36-38]. In contrast, graphite recovered from spent lithium-ion batte-
ries exhibits a high fixed carbon content, partial graphitization, and
intrinsic electrical conductivity, which not only facilitates the formation
of well-developed porosity during activation but also reduces the acti-
vation energy required [39]. These favorable physicochemical proper-
ties enable the synthesis of high-performance activated carbons with
lower process energy demands. Moreover, the presence of residual metal
species and surface defects in the recovered graphite can further pro-
mote pore development. From a cost perspective, although the initial
collection and purification of black mass involves logistical and tech-
nical challenges, the use of this industrial waste stream circumvents the
need for virgin raw materials, making it a more economically attractive
and sustainable solution in the long term [20]. From a circular economy
perspective, valorizing black mass diverts hazardous waste from land-
fills and simultaneously creates value-added materials suitable for en-
ergy and environmental applications. Despite the growing interest in
ACs derived from waste materials, the potential of graphite recovered
from LiBs as a precursor for AC synthesis has not received significant
attention. Nonetheless, a two studies have explored graphite nanofibers
(GNFs) as a carbon source for activation. For example, Meng et al. [40]
investigated the effect of heat treatment (700-1000 °C) on the activation
of GNFs using KOH. Similarly, Yuan et al. [41] prepared porous GNFs
(PGNFs) through KOH activation, varying the GNF/KOH weight ratio
from 0 to 5 at 900 °C. In view of this, investigating the use of recovered
graphite as a precursor for ACs is particularly relevant in the context of
sustainable waste management and the transition to a circular economy.
Transforming waste graphite into high-value ACs addresses three critical
challenges: reducing the environmental impact of LiB disposal, recov-
ering graphite as an essential raw material, and creating functional
materials that promote economic sustainability.

This study explores the transformation of graphite recovered from
industrial black mass (NMC 111) of spent lithium-ion batteries into ACs
through chemical activation using KOH. The research focuses on
uncovering the underlying mechanisms that lead to structural, textural,
and chemical changes during the activation process. Following the
mechanism provides a comprehensive understanding of how waste-
derived graphite can be converted into high-performance porous ma-
terials. A wide array of advanced characterization techniques was
employed to investigate the evolution of properties in the activated
carbons. These techniques include nitrogen adsorption/desorption iso-
therms for textural analysis, Raman spectroscopy and X-ray diffraction
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Fig. 1. A schematic representation illustrating the preparation steps utilized for the leaching of industrial black mass (NMC 111) to enable graphite recovery.

(XRD) for structural evaluation, and scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and energy-dispersive
X-ray spectroscopy (EDS) for morphological and compositional
studies. Furthermore, X-ray photoelectron spectroscopy (XPS) was used
to examine the chemical modifications, specifically focusing on the
introduction of functional groups and the changes in bonding states,
while thermogravimetric analysis (TGA) assessed the thermal behavior
and stability of the materials. The novelty of this work lies in its detailed
investigation of the chemical activation process of recovered graphite,
providing the first mechanistic insights into its transformation into
activated carbons. The study uniquely addresses the interplay between
activation conditions, such as temperature and KOH-to-graphite ratio,
and their effects on the resulting material properties. This research not
only contributes to advancing resource recovery strategies for spent LiBs
but also highlights the potential for developing sustainable, high-value
waste materials, thereby supporting the principles of a circular
economy.

2. Materials and methods
2.1. Black mass

The black mass was obtained after disassembling 150 kg of battery
packs from Volvo Cars AB (Sweden). Packs were discharged by Volvo
Cars AB and disassembled by Stena Recycling AB (Sweden). Then, the
120 kg of the cells (NMC 111) were mechanically treated and separated
by Akkuser Oy (Finland), at temperatures below 50 °C. Obtained black
mass was further sieved to under 500 um at the Industrial Materials
Recycling group at Chalmers University of Technology (Sweden) to
achieve a highly concentrated homogeneous powder. Carbon content of
the black mass was 32 wt%.

2.2. Leaching of industrial black mass (NMC 111)

The overall procedure, illustrating the preparation steps for the
leaching of industrial black mass to enable graphite recovery, is pre-
sented in Fig. 1.

In a 5 L glass-jacketed reactor equipped with a mechanical stirrer, 2 L
of deionized water and 392.8 mL of 95 % H3;SO4 were introduced
portion-wise, followed by an additional 929.3 mL of deionized water.
The reactor temperature was set to 60 °C. While stirring at 300 RPM,
175 g of black mass, previously sieved to 250 um, was gradually
incorporated. Finally, 178 mL of 59 % H,05 was introduced portion-
wise to prevent overflow from the formation of black foam. The final
concentrations of HoSO4 and Hy02 were 2 M and 3 %, respectively,
maintaining a solid-to-liquid ratio of 1:20 with a final liquid volume of
3.5 L. After 2 h of reaction, stirring was stopped, and the slurry was
poured into a 4 L beaker for vacuum filtration. The black solid was
washed with deionized water until the pH reached 7. Approximately 80
g of the solid was then transferred to a 4 L beaker, and 2 L of deionized
water was added. The mixture was stirred at 300 RPM for 60 min.
Subsequently, the slurry was filtered, washed with deionized water, and
dried overnight at 60 °C. Finally, the dried solid was crushed in a mortar
and sieved again to 250 um. Recovered graphite was obtained after this
sieving process, which effectively reduced the plastic content origi-
nating from Li-ion battery separators.

XRF analysis, as shown in Table S1, confirmed the removal of most
metal impurities after leaching, including complete elimination of P
(0.340 wt%.). Trace amounts of Ni (0.118 wt%.), Co (0.261 wt%.), and
Mn (0.331 wt%.) remained in the recovered graphite, while Si (0.364 wt
%) appeared despite being undetected in the original black mass, likely
due to washing-related contamination. The low residual transition metal
content suggests minimal catalytic influence during activation. In
contrast to conventional graphite, LiB-derived precursors require addi-
tional purification due to their complex composition (active material
residues, binders, and additives), but they offer potential for tuning the
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Fig. 2. Methodology for preparation procedures used for KOH activation of recovered graphite from NMC 111.

properties of activated carbon materials.

2.3. Preparation of activated carbons

Activated carbons were synthesized from the recovered graphite
through chemical activation using KOH in a dry mixing process, as
presented in Fig. 2 and Table S2. The specific mass amounts of graphite
and KOH were ground together in a mortar to create a uniform solid
mixture which was placed in a horizontal furnace.

Activation was performed under an inert nitrogen atmosphere with a
constant flow rate of 250 mL-min~!. Two activation parameters were
examined: temperature and the graphite to KOH ratio. The temperatures
were set at 700 °C, 800 °C, and 900 °C, each maintained for 3 h, based on
preliminary studies and reported literature confirming the adequacy of
this duration, with a heating rate of 5 °C-min~!. An initial graphite to
KOH ratio of 1:4 was used as a baseline to assess the stages of KOH
activation behavior. This ratio was further modulated at the optimal
temperature (800 °C) to enhance the textural properties, adjusting from
ratios of 1:5 up to 1:7. The resulting ACs were washed multiple times
with deionized water until the washing water reached a constant pH.
Finally, all samples were dried in an oven at 100 °C for 24 h. The acti-
vated carbon samples were labeled as AC-X_Z, where X represents the
activation temperature, and Z represents the graphite to KOH ratio.

2.4. Characterization of carbon-based materials

2.4.1. Textural characterization

The textural properties of the synthesized ACs were assessed using Ny
adsorption isotherms measured at —196 °C. The analysis was performed
using fully automated Tristar II 3020 Micromeritics, a surface area and
porosity analyzer with three stations. Before testing, the samples were
degassed by sequential heating to 90 °C for 4 h, followed by 250 °C for
16 h. A total of approximately 61 adsorption/desorption points were
recorded across a relative pressure (P/Pg) range from 1.107* to ~0.98.
The maximum volume of nitrogen gas adsorbed during the analysis was
25 cm®/g STP.

The specific surface area was evaluated using the Brunauer-Emmett-
Teller (Sggr) method within a P/Pg range of 0.05 to 0.3, then adjusted
according to the modified BET approach by Rouquerol et al. [42],
ensuring the highest linear correlation (R2 ~ 1). The total pore volume

(Vror) was evaluated at a high relative pressure, typically around 0.99
or higher. The pore size distribution (PSD), as well as the micropore
(Vmic) and mesopore (Vygs) volumes, were determined using the non-
local density functional theory (NLDFT) model, assuming a slit-shaped
pore structure within the density functional theory (DFT) framework.

2.4.2. Structural and surface characterization

The lattice structural changes during the transformation from NM
111 to ACs were investigated using XRD analysis with a Bruker D8
Discover diffractometer. Prior to analysis, the samples were ground to a
fine powder and mounted on a zero-background sample holder to
minimize interference. The measurements were conducted using the Cu
Ko radiation (. = 1.5406 A). The recorded spectra were analyzed using
the DIFFRAC.EVA and PDF 4 + databases. Additionally, based on the
XRD data, graphitic structural parameters were calculated for the
recovered graphite and the synthesized ACs [43-45]. The mean crys-
tallite thickness (L.) and the mean graphene sheet diameter (L,) were
calculated using the Scherrer equation [46]:

Lea = KA/ (fcost) @

where:

L. is the average crystallite thickness [nm], where the (002) signal
was used with K = 0.89,

L, is the average graphene sheet diameter [nm], where (110) signal
was applied with K = 1.84.

K is a constant specific to the reflection plane,

A is the X-ray wavelength (0.154 nm for Cu),

B is the peak width at half maximum intensity (110 or 002), corrected
for instrumental broadening (0.07121 rad) using the Warren method
[47] and assuming Gaussian peak shapes [rad].

0 is the diffraction angle [rad].

The average interlayer spacing between the graphitic layers (dgo2)
was calculated using Bragg’s law [48]:

doo2 = ni/(2sind) (2)

where n is the diffraction order (typically n = 1).
Finally, the number of graphene sheets (N) was estimated as [49]:

N=L./d )
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Fig. 3. N, adsorption-desorption isotherms at —196 °C for the prepared ACs illustrating the effects of (a) varying temperatures (700-900 °C) and (b) different mass

ratios between recovered graphite and KOH (1:5-1:7).

Surface chemical composition and the chemical states of the deter-
mined elements were analyzed using an X-ray photoelectron spectros-
copy (PHI5000 VersaProbe III — Scanning XPS Microprobe™). To handle
non-conductive samples, dual charge compensation was employed by
running both Ar ion gun (4ve) and electron neutralizer (—ve) during
measurements. Survey scan in an energy range between 0 and 1300 eV
with the step size of 1.0 eV was first carried out to assess the overall
elemental composition. With the elements identified, narrow scans (0.1
eV step size) were conducted at the selected regions to determine the
chemical states of the elements of interest. The spectral peak’s energy
resolution was determined to be 0.673 eV (full width at half maximum,
FWHM) based on the Ag 3ds/o peak measurement from a sputter-
cleaned silver (Ag) foil. The energy scale was calibrated following the
ISO 15472 standard, aligning the core-level spectra of sputter-cleaned
gold (Au 4f;/5), silver (Ag 3ds/2), and copper (Cu 2ps/) at 83.96 eV,
368.21 eV, and 932.62 eV, respectively.

Raman spectra were collected using a InVia Raman spectrometer
from Renishaw. An Ar-ion laser, 532 nm and 100 mW of maximum
power at the source, was used as the excitation source coupled with a
Peltier-cooled CCD detector and a grating with 2400 1/mm. The spectral
resolution was better than 2 em™' and the spectral range 100-4000
cm™! was covered. Before any measurement, the spectrometer was
calibrated to the first order line of a Si wafer at 520.6 cm™'. Raman
spectra were recorded on different spots using 1 % of the nominal power
(to avoid overheating and hence damage of the sample), accumulating
for 10 s during 10 accumulations. The spectra were presented in their
original. Background subtraction was applied to enhance the clarity of
the spectral features, and cosmic ray artifacts were removed during data
processing to ensure the reliability of the results. The analysis aimed to
evaluate the structure of the carbon skeleton in the obtained carbon
materials, such as the degree of graphitization or the presence of defects.

Elemental composition was determined using an energy-dispersive
X-ray fluorescence spectrometer (EDXRF, Epsilon 3 type, PANalytical
B.V.) to assess the removal of metal impurities before and after leaching.

2.4.3. Thermogravimetric characterization

Thermogravimetric analysis was performed using a Mettler Toledo
TGA-DSC 3 + thermal analyzer to evaluate the thermal stability and
decomposition behavior of the materials. The samples were heated from
30°Cto 900 °C at a rate of 10 K/min under both N5 and air atmospheres.
The influence of oxidative and inert conditions on material degradation
was monitored through the mass loss profile during continuous heating.

2.4.4. Morphological characterization
A scanning electron microscopy (FEI ESEM Quanta 200) equipped

with energy-dispersive X-ray spectroscopy was used to determine the
morphological changes of the samples. Imaging was conducted using the
backscattered electron (BSE) signal. To prevent surface charging, the
microscope was operated in low vacuum mode at a pressure of 20 Pa,
with an electron beam acceleration voltage of 10 kV.

Transmission electron microscopy was used to examine the micro-
structure of the samples, focusing on lattice ordering, pore formation,
and edge morphology. Imaging was carried out using a Titan 80-300
microscope (FEI) equipped with a field emission gun, a monochromator
(0.11 eV energy resolution for EELS), and a Gatan 866 GIF Tridiem
energy filter. A spherical aberration corrector enabled high-resolution
TEM imaging with a spatial resolution down to 70 pm, and fast Four-
ier transform (FFT) analysis was applied to assess structural disorder and
lattice features.

3. Results and discussion

3.1. Effect of KOH activation on the textural properties of recovered
graphite

Fig. 3(a, b) presents the Ny adsorption/desorption isotherms of
activated carbons produced at temperatures ranging from 700 to 900 °C
and with mass ratios of graphite to KOH between 1:5 and 1:7. The iso-
therms show a rapid uptake at low relative pressures (P/Py < 0.1),
confirming that the ACs are predominantly microporous, while the
hysteresis loops indicate the presence of secondary mesoporosity. This
result aligns with expectations, as KOH activation is well known to
produce micropores due to its chemical etching and widening effects on
the carbon matrix. Additionally, it was noticed that the amount of Ny
adsorbed increased with the rise in thermal treatment temperature and
the recovered graphite:KOH ratio during carbon sample preparation,
reaching its maximum at 800 °C with a ratio of 1:6.

According to the International Union of Pure and Applied Chemistry
(IUPAQC) classification, the Ny sorption isotherms shown in Fig. 3(a, b)
display Type Ib at low P/P values and Type IVa behavior at medium and
higher relative pressures [50]. Type Ib is typical for microporous ma-
terials with a broader pore size distribution, encompassing wider mi-
cropores and possibly narrow mesopores (< ~2.5 nm). The sharp
uptake at very low P/Pj values (<0.015) is attributed to strong N»-ACs
interactions and is linked to the progressive filling of micropores [51].
Conversely, the Type IVa isotherm is characteristic of mesoporous ma-
terials. It begins with monolayer-multilayer adsorption on the mesopore
walls, following a similar path to the corresponding portion of a Type II
isotherm, and is then followed by capillary condensation [52]. In the
case of a Type IVa isotherm, capillary condensation occurring in wider
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Table 1
The textural properties of ACs produced at different temperatures and different graphite:KOH ratios and using recovered graphite from NMC 111.
Sample BET surface Total pore Micropore Mesopore Micropore volume/total Mesopore volume/total Yield, Burn
area™ volume"™ volume® volume® pore volume, pore volume, [%] off,
[m*/g] [em®/g] [em®/g] [em®/g] [%] %] [%]
Recovered 3+ 0.06 0.008 - - - - - -
graphite
AC-700_1:4 531 +£1.95 0.286 0.191 0.095 67 33 58.6 41.4
AC-800_1:4 583 £ 2.37 0.329 0.200 0.129 61 39 54.8 45.2
AC-900_1:4 514 +£1.14 0.312 0.182 0.130 58 42 48.1 51.9
AC-800_1:5 633 £ 3.13 0.364 0.222 0.142 61 39 53.5 46.5
AC-800_1:6 678 + 1.09 0.442 0.233 0.209 53 47 51.2 48.8
AC-800_1:7 228 £+ 0.64 0.158 0.083 0.075 53 47 45.3 54.7

@ BET method using the Rouquerol criteria.

b Vror was determined from the N, adsorption isotherm at a high relative pressure (~0.98-0.99).

¢ DFT method by the NLDFT model.
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Fig. 4. Schematic illustration of the sequence of potassium intercalation into graphitic layers and the formation of porosity.

mesopores (> 4 nm) results in hysteresis. The observed Type H4 hys-
teresis suggests the presence of slit-shaped pores, consistent with
structures containing limited amounts of mesopores constrained by
surrounding micropores [53].

The textural properties of all ACs and recovered graphite from NMC
111, including BET surface area, total pore volume, and micropore and
mesopore volumes, as determined by Ny sorption measurements, are
summarized in Table 1. From the different activation temperatures, the
sample prepared at 800 °C (AC-800_1:4) demonstrated the most favor-
able textural characteristics: specific surface area of 583 m?/g, total pore
volume of 0.329 cm®/g, and a balanced distribution between micropores
and mesopores. The micropore volume reached 0.200 cm®/g, while the
mesopore volume measured 0.129 cms/g, accounting for 61 % and 39 %
of the total pore volume, respectively. When the mass ratio between
recovered graphite and KOH was varied at 800 °C, the AC-800_1:6
sample showed superior textural properties, combining a high surface
area with a balanced micro- and mesopore structure. This sample ach-
ieved the Sggr of 678 mz/g and the largest Vo of 0.442 cm3/g, with
mesopores contributing with 47 %. The increase in Vygg is particularly
notable, suggesting that adjusting by increasing to a certain degree the
graphite-to-KOH ratio enhances mesopore development, which is
beneficial for applications involving larger molecule adsorption or faster
diffusion rates. However, the AC-800_1:7 produced with a higher KOH
dosage, exhibited significantly lower Sggr (228 mz/g) and Vrtor (0.158
em®/g), highlighting the detrimental effect of over-etching. Although
higher KOH ratios enhance chemical etching via redox and gasification
reactions, excessive activation as observed for the 1:7 ratio leads to pore
wall thinning, shrinkage, and partial collapse of the carbon framework
[54]. This over-etching effect results in a paradoxical reduction in both
specific surface area and mesopore volume, as reflected further in the
broadening of the PSD and the decrease in cumulative pore volume

(Fig. S1) [55]. Additionally, the narrowing of mesopores is indicated by
the shift and weakening of the hysteresis loop in the desorption branch
of the N3 isotherm. Finally, the yield of AC samples varies depending on
the activation conditions, with values ranging from 45.3 % to 58.6 %,
indicating that a higher KOH ratio and temperature lead to greater mass
loss during activation. This trend suggests that increasing the tempera-
ture and KOH ratio enhances the etching effect, leading to more
extensive removal of carbonaceous material and consequently lower
yield.

The efficiency of KOH activation of recovered graphite at 800 °C can
be attributed to the formation of metallic potassium. At temperatures
above 760 °C, metallic K forms during heat treatment, intercalates into
the graphitic layers, and diffuses into the internal structure of the carbon
particles [56]. This process generates new porosity or expanding exist-
ing pores within the graphite structure (Fig. 4) [33]. At higher tem-
peratures, these changes intensify due to the increased activity and
mobility of K atoms. Consequently, KOH activation can be described in
three main stages, with the final stage being the formation of metallic K.
The first stage involves the partial gasification of carbon, where reactive
gases such as CO3 and H,O are generated, contributing to the develop-
ment of porosity. The second stage occurs at temperatures exceeding
700 °C, where the formation of K-species promotes etching of the carbon
skeleton, thereby creating the pore framework through redox reactions
[57]. These species contribute to the breakdown of the carbon matrix,
promoting the formation of porosity during the thermal activation
process [58,59]. Further XRD analysis of unwashed AC-800_1:6
confirmed the presence of various K-containing species formed during
KOH activation, supporting the proposed multi-step activation mecha-
nism and highlighting the role of in situ-generated K species in pore
development. Finally, between 800 °C and 900 °C, the Sggr, V10T, and
Vmic decreased, while the Vyggs remained similar to that at 800 °C.
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Fig. 5. Pore size distribution of (a) recovered graphite and (b) activated carbons at different temperatures and graphite:KOH ratios, calculated on the basis of Ny

adsorption by using DFT method.
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Fig. 6. XRD patterns of (a) NMC 111 and (b) unwashed graphite after leaching.

Although mesopore formation still occurs at higher temperatures, pro-
longed exposure can lead to partial collapse or damage of the porous
network, thereby reducing the overall surface area and limiting pore
accessibility [60,61].

Fig. 5(a, b) illustrates the pore size distribution of recovered graphite
and ACs. The porosity of graphite was found to be very low, consisting
mainly of mesopores, with primary peaks concentrated between 5 nm
and 15 nm, and sharp, distinct spikes around 6 nm, 8 nm, and 10 nm. In
contrast, the PSD analysis reveals that the ACs obtained were predom-
inantly microporous and mesoporous, with higher content of pore sizes
up to 2 nm. It should be noted that significant peaks were observed
between 1.2 and 2 nm, with a particular concentration below 1 nm,
reflecting the presence of developed narrow micropores. Due to their
kinetic diameter, nitrogen molecules are unsuitable for accurately
determining the pore volume of pores smaller than 1 nm; however, the
cumulative pore volume curve indicates their presence [62]. Addition-
ally, mesopores up to 6 nm were identified, with the majority concen-
trated between 2.2 and 4 nm, as indicated by a pronounced peak at 2.6
nm. A secondary distribution was also evident in the 4 to 6 nm range.
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Fig. 7. XRD patterns of recovered graphite after washing and synthesized ACs
at different temperatures and various graphite:KOH ratios. The crystallographic
planes corresponding to the peaks are also indicated.

3.2. Structural transformations: From NMC 111 to activated carbons

Fig. 6 presents the XRD diffractograms of (a) NMC 111 and (b) un-
washed graphite after leaching of NMC 111. The XRD pattern of the
pristine NMC 111 reveals peaks corresponding to an intermediary
mixture of active components from Li-ion battery wastes. The peaks
attributed to LiNip4Mng 3Co 302 reflect the layered structure of the
cathode active material, while additional peaks for crystalline graphite
confirm the presence of anode material [63,64]. Minor peaks corre-
sponding to metallic Fe and Ni are also observed, which likely originate
as impurities or secondary phases inherent to the black mass composi-
tion [65].

By comparing Fig. 6(a) and (b), it becomes evident that the leaching
process effectively dissolves a portion of the metallic content while
retaining the graphite. The XRD pattern of unwashed recovered graphite
after the leaching of NMC 111 exhibits a dominant peak at 2 theta of
26.52°, indicating the retention of its highly crystalline structure during
the leaching process. Additionally, a minor peak at 21°, associated with
polyvinylidene fluoride (PVDF), a polymeric binder material used to
attach the cathode materials to aluminum, is also observed [66]. These
observations suggest that while the leaching process was effective in
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Fig. 8. XRD diffractogram of AC-800_1:6 before washing treatment.

recovering the graphite, some semicrystalline plastic phases remain.
However, subsequent water washing further reduced these residues,
indicating the effectiveness of this additional purification step, as shown
in Fig. 7.

Fig. 7 presents the XRD patterns of the recovered graphite after
washing with water, as well as the prepared AC samples. The recovered
graphite washed with water and synthesized activated carbons exhibit
characteristic peaks at 26.52°, 42.38°, 44.62°, 54.66°, 77.52°, and
83.64°, corresponding to the (002), (100), (101), (004), (110), and
(112) crystal planes, respectively. These findings are consistent with
values reported in the literature (ICDD card No. 41-1487) [67]. The
preservation of characteristic peaks in recovered graphite and ACs
confirms that KOH activation does not alter the graphite crystal struc-
ture. The sharp diffraction peaks show that the long-range order of the
hexagonal layers remains intact, with no changes in interlayer spacing
or stacking. This demonstrates that KOH activation improves textural
properties while maintaining structural integrity during thermochem-
ical conversion.

Moreover, based on the XRD pattern of the unwashed activated
carbon sample (AC-1:6) after KOH activation of recovered graphite,
several crystalline phases have been identified, including potassium
carbonate hydrates (KoCO3-1.5H20, K4H5(CO3)3-1.5H20), potassium
carbonate (K2CO3), graphite (Graphite-2H), and potassium oxide (K20).
Fig. 8 provides insight into the potential reactions occurring during the
activation process, highlighting the formation of K-based residues and
the incomplete removal of activation by-products [68].

e Reaction of recovered graphite with KOH

During high-temperature activation, potassium hydroxide reacts
with graphite (C), leading to the formation of potassium compounds and
gaseous by-products (Hy, Hy0, CO, CO5). This process consists of several
simultaneous reactions that introduce porosity into the carbon structure
while depositing KoCO3 and K,0 as residues. These reactions can be
described in two generic ways, as outlined below:

6KOH + 2C—2K;,CO;3 + 2K + 3H, (C))]
4KOH + C—K,CO3 + K,0 + 2H, (5)

K2CO3 may mainly form via the direct interaction of KoO with CO»:

Kzo + C02 —>K2C03 (6)
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Table 2

The average values of dgoz, L¢, La, and N.
Sample dgoz2 [nm] L. [nm] L, [nm] N [-]
Recovered graphite 0.335 50.401 154.391 145
AC-700_1:4 49.630 212.2 148
AC-800_1:4 48.660 249.359 145
AC-900_1:4 45.074 174.491 135
AC-800_1:5 49.447 189.587 148
AC-800_1:6 49.045 253.286 146
AC-800_1:7 51.153 194.041 153

b

Fig. 9. Visualization of graphitic structural parameters (La, Lc, doo2) for
recovered graphite and synthesized ACs.

K50 arises independently, primarily due to the thermal decomposition
of KOH and K3COs3 or the reaction of K with CO3:

2KOH-K,0 + H,0 @
K2C03—>Kzo + COZ (8)
K,CO5; + C—K,0+2CO (C)]

o Formation of potassium carbonate hydrates

During cooling and exposure to ambient moisture, K;CO3 can absorb
water, leading to the formation of hydrated potassium carbonate phases:

KzCOg + 15H20—>K2C03 L] 15H20 (10)

2K2C03 +H2€Og + 1.5H20—>K4H2(C03)3 L] 15H20 (11)

These phases suggest that moisture absorption occurred post-
activation, possibly during handling.

e Presence of graphite

Despite the activation process, some graphite (Graphite-2H) is still
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Fig. 10. SEM micrographs of (a—c) recovered graphite from NMC 111, showing the overall structure with distinct, plate-like particles (a), smooth and well-defined
edges (b), and stacked graphitic layers within a single particle (c, red arrow); and (d—f) AC-800_1:6, displaying an irregular and porous structure with voids and
cavities (d), a fragmented structure (e), and a rough surface (f). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

visible in the XRD pattern, suggesting retention of graphitic layers
within the AC structure.

Table 2 presents the structural parameters of recovered graphite and
synthesized ACs, including dggo, L¢, La, and N, respectively. These pa-
rameters are further visualized in Fig. 9. The dgo2 value remains constant
at 0.335 nm across all samples, indicating that the KOH treatment does
not alter the fundamental spacing between graphene sheets, as discussed
before. In contrast, L. decreases with increasing temperatures
(49.630-45.074 nm), suggesting a progressive reduction in the vertical
alignment of graphene layers within the graphite structure. Notably,
samples with higher KOH ratios, such as AC-800_1:6 and AC-800_1:7,
tend to exhibit stable or slightly increased L., reflecting variations in
the degree of structural preservation under these conditions. To further
support the interpretation of structural changes, the FWHM of the (002)
peak was calculated and is summarized in Table S3, offering a quanti-
tative measure of peak broadening and structural disorder. Slight vari-
ations in FWHM align with the observed trends in L., where broader
peaks generally correspond to reduced stacking heights along the c-axis.

L, values show significant variability, with the highest values
observed for AC-800_1:4 (L, = 249.359) and AC-800_1:6 (L, = 253.286).
These increases suggest that, under certain conditions, the process
supports the expansion of lateral crystallite dimensions, corresponding
to the in-plane domains of graphene. Conversely, at elevated tempera-
tures, such as for AC-900_1:4 (L, = 174.491), L, decreases, likely due to
fragmentation and structural breakdown. However, no clear depen-
dence on temperature or KOH ratio is observed, as L, fluctuates probably
due to variations in the treatment process affecting graphene sheet di-
mensions. Finally, the number of graphene layers decreases with rising
activation temperatures, as observed in AC-900_1:4 (N = 135), reflect-
ing the thinning of graphite stacks at higher temperatures. For samples
with varying KOH proportions, the ratio itself does not significantly
affect the stacking order or layer thickness.

3.3. Role of KOH activation in morphological changes

Fig. 10(a, b, c) depicts SEM images of the recovered graphite from
NMC 111. The micrographs reveal distinct, plate-like particles with
well-defined edges, characteristic of graphite’s layered, crystalline
structure. The smooth surfaces and sharp boundaries indicate the
orderly stacking of graphene sheets, with minimal porosity, surface
roughness, or voids. Additionally, the integrity of the layered arrange-
ment of graphitic layers is prominently visible, which contributes to the
high structural order of material [69]. In contrast, the SEM micrographs
of the AC sample (AC-800_1:6), as shown in Fig. 10(d, e, f), reveal a
substantial morphological transformation compared to the pristine
recovered graphite precursor. The structure appears irregular and
porous, as a result of the KOH activation process. During this process,
carbon atoms are removed from the graphite structure, introducing
defects and irregularities [70]. The surface roughness of the particles has
noticeably increased, with the formation of voids and cavities
throughout the material. This porous morphology, marked by irregular
shapes and uneven surfaces, is characteristic of ACs and is key to its high
surface area [71]. Furthermore, the edges of the particles are less
defined, reflecting the partial breakdown of the stacked layer structure
observed in the original graphite. Overall, the results indicate that KOH
activation of recovered graphite simultaneously preserves the graphitic
structure while introducing structural imperfections that contribute to
porosity development. This can be attributed to selective etching, where
ordered graphitic domains remain intact, while defects such as va-
cancies are introduced at the edges, grain boundaries, or amorphous
regions. Similar observations were reported by Tai et al. [72], who found
that increasing KOH concentrations led to surface roughening, particle
fragmentation, and enhanced K' ions transmission, while XRD
confirmed the retention of characteristic graphite peaks.

To examine the interaction of potassium species with the carbon
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Fig. 11. EDS analysis of the unwashed, recovered graphite-based AC sample (AC-800_1:6): (a) representative SEM micrograph and corresponding elemental intensity
maps for (b) C and (c) K.

Fig. 12. HRTEM images and FFT patterns of recovered graphite (a) and AC-800_1:6 (b), and TEM images of AC-800_1:6 showing (c) mesopore-like voids formation
and (d) structural defects with partially delaminated graphitic layers at the particle edge.




B. Dziejarski et al.

a
100 ( )
S
<
R
o
= )
92 4 Recovered graphite
|——AC-700_1:4
—— AC-800_1:4
90 1——AC-900_1:4
]——AC-800_1:5
88 AC-800_1:6
—— AC-800_1:7
T T T T T T T T
100 200 300 400 500 600 700 800

Temperature [°C]

900

Materials & Design 254 (2025) 114073

100
_ (b)
80
g 60 -
= |
R
o
< 404 .
Recovered graphite
| ——AC-700_1:4
—AC-800_1:4
204 ——AC-900_1:4
—AC-800_1:5
] AC-800_1:6
— AC-800_1:7
0 T T T T T
200 400 600 800

Temperature [°C]

Fig. 13. TGA curves of the samples subjected to a heating rate of 10 K/min from 30 to 900 °C: (a) in a nitrogen atmosphere; (b) in an air atmosphere for activated

carbon samples synthesized at different temperatures and graphite:KOH ratios.

matrix of recovered graphite during high-temperature KOH activation,
and the retention of potassium-rich compounds, EDS analysis of the
unwashed sample is presented in Fig. 11. C mapping shows a relatively
uniform distribution, consistent with the graphitic structure of the ma-
terial. In contrast, K mapping reveals a non-uniform distribution, with
localized regions exhibiting high potassium concentrations (13.3 wt%).
This uneven distribution arises from the retention of K-containing
compounds, such as KHCO3, K2COs3, and K30, formed during thermo-
chemical conversion at 800 °C, along with other volatile by-products
[73]. The localized potassium-rich regions likely result from the
agglomeration or incomplete dispersion of these K species, contributing
to the observed inhomogeneity [32].

To gain deeper insight into the microstructural differences between
the recovered graphite and AC-800_1:6, HRTEM combined with FFT
analysis was performed. Fig. 12 shows representative HRTEM images
and the corresponding FFT patterns for both samples. The recovered
graphite (Fig. 12(a)) presents well-ordered and extended lattice fringes,
with an interlayer distance of approximately 0.35 nm. This spacing
corresponds to the (002) planes of graphitic carbon and is slightly larger
than the ideal value (0.335 nm) obtained from XRD analysis, which can
be attributed to minor turbostratic disorder. The sharp and symmetric
reflections observed in the FFT pattern confirm the presence of long-
range stacking along the c-axis, characteristic of layered graphite
[74,75]. In contrast, the AC-800_1:6 (Fig. 12(b)) exhibits a significantly
more disordered microstructure. The HRTEM image reveals no evidence
of long-range stacking, but short, curved fringes can still be observed
locally. The dominant lattice spacing in this region is approximately
0.24 nm, which aligns with the (100) in-plane lattice of hexagonal
carbon, rather than the interlayer (002) spacing. The FFT pattern is
diffuse and lacks the symmetry seen in the recovered graphite sample,
indicating that structural coherence is lost during activation [76]. This
localized disruption of (002) stacking is further supported by XRD
analysis, which reveals broadening and reduced intensity of the (002)
peak, along with a moderate decrease in L.. However, the presence of
(100) lattice fringes in the TEM-FFT, together with the stable dgg2 and
high L, values from XRD, confirms that while vertical order is partially
degraded, the planar graphitic structure and in-plane crystallinity are
largely preserved (Table 2). This disruption of graphitic stacking is
consistent with KOH activation pathways involving selective removal of
less ordered carbon and partial gasification of graphene layers. These
processes fragment the structure into nanoscale domains with edge
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defects, promoting porosity [77]. As shown in Fig. 12(c), circular low-
contrast features within the carbon matrix suggest the formation of
mesopore-like voids, while Fig. 12(d) shows structural defects and
partially delaminated graphitic layers at the particle edge, indicating a
disordered framework consistent with hierarchical porosity, including
regions near the surface. Combined with BET surface area and porosity
data, the observed loss of (002) features alongside preserved in-plane
order confirms a transition to a defect-rich carbon network. This
direct structural evidence supports the view that KOH activation not
only increases disorder, but specifically disrupts interlayer stacking,
forming short-range graphene-like domains with enhanced surface
accessibility.

3.4. Thermal performance of recovered graphite-based ACs in inert and
oxidative conditions

The TGA curves, illustrating the thermal stability and decomposition
behavior of the samples under a N, atmosphere up to 900 °C, are pre-
sented in Fig. 13(a). Recovered graphite exhibited minimal weight loss
(<0.5 % wt.) throughout the entire temperature range, reflecting its
high thermal stability and crystalline structure. ACs demonstrated a
generally similar shape across all activation temperatures and KOH-to-
graphite mass ratios. This similarity indicates comparable thermal
events, such as moisture release, decomposition of oxygen-containing
functional groups (OCFGs) and structural degradation, occurring in
distinct temperature regions [78]. Despite the uniformity in curve shape,
the extent of weight loss varies depending on the activation temperature
and chemical ratio, reflecting differences in structural integrity and
OCFGs. ACs prepared at activation temperatures of 700 °C, 800 °C, and
900 °C showed an initial weight loss below 200 °C, consistent across all
samples (~2-3 wt%), that can be attributed to the removal of water,
physisorbed or adsorbed volatiles [79]. Between 200 °C and 600 °C, the
most pronounced decomposition was observed for AC-800 (~5 wt%),
indicating the highest concentration of oxygen-containing functional
groups, which degrade at intermediate temperatures [80]. However,
above 600 °C, AC-700_1:4 exhibited the greatest weight loss (~8% wt.),
which may indicate a higher proportion of thermally less stable com-
ponents within the carbon framework. Among ACs synthesized with
graphite-to-KOH ratios of 1:5, 1:6, and 1:7, the AC-800_1:5 and AC-
800_1:6 demonstrated moderate thermal stability, with approximately
6 wt% and 7 wt% loss by 900 °C, suggesting stable porous structure. The
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Fig. 14. XPS spectra in the Cls region for (a) recovered graphite, (b) the recovered graphite-based AC sample (AC-800_1:6), and in the C1s-K2p region for (c)

unwashed AC-800_1:6.

AC-800_1:7 showed the lowest stability (~13 wt%), likely resulting from
excessive activation, which may have caused structural densification or
potential pore collapse, as observed previously, despite the higher
chemical loading. Notably, the overall standard deviation was very low,
around 0.5 %, indicating consistent results across measurements.

The weight change observed during the oxidation of the samples in
an air atmosphere is illustrated in the TGA curves shown in Fig. 13(b). A
general trend in thermal degradation is observed, characterized by an
initial gradual change in sample weight, followed by a sharp decline as
the temperature rises [81]. Weight loss initiates around 450 °C for most
materials, marking the onset of carbon structure oxidation. It intensifies
significantly between 500 °C and 650 °C, signifying the full oxidation of
the more resilient carbon frameworks. The rate and onset of degradation
seems to vary depending on the activation conditions, with some sam-
ples exhibiting a more gradual weight loss, while others degrading more
rapidly. Among the ACs, the AC-800_1:7 has a weight loss that begins
earlier, at approximately 350 °C, and accelerates rapidly above 400 °C.
The activation conditions for AC-800_1:7 appear to have resulted in a
framework that lacks the robust 3D carbon network characteristic of
graphite. This network, composed of numerous graphene-stacked layers
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held together by van der Waals forces, is known for providing excep-
tional stability under oxidative conditions [82]. As a result, the AC-
800_1:7 material may exhibit fewer thermally resistant carbon bonds
or an alternative structural configuration, which could influence its
stability compared to other ACs.

3.5. Surface chemistry and carbon framework evolution through KOH
activation

Fig. 14(a, b) illustrates the Cls spectra for the recovered graphite
and the AC-800_1:6 after the KOH treatment, respectively. The asym-
metric Cls peaks at a binding energy of 284.6 eV, coupled with a n-n*
shake-up at approximately 291.0 eV, are the characteristic features of
sp2-hybridized carbon, confirming the graphitic nature of the samples.
This graphitic carbon is the dominant chemical state in both samples
[83]. Besides that, the other oxidized states including C-O (285.8 eV), C-
OH (287.0 eV), C=0 (288.8 eV), and CO%’ (290.0 eV) are determined.
After KOH activation, the intensity of the graphitic carbon (C-C, spz—spz)
peak increases, reflecting graphitization or the development of a more
ordered graphitic structure. However, K intercalation during activation
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Fig. 15. Survey spectra of (a) recovered graphite, and (b) recovered graphite-based AC sample (AC-800_1:6).
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Fig. 16. Raman spectra of the recovered graphite and recovered graphite-based
AC sample (AC-800_1:6).

can also cause local structural distortions, as confirmed later by Raman
spectroscopy, which shows some disorder alongside the overall graph-
itization trend. Simultaneously, the oxidized states decrease non-
uniformly, potentially due to high-temperature reactions with KOH
that remove pre-existing OCFGs from the surface. This process may also
involve redox reactions, where metallic potassium, formed during acti-
vation at temperatures above 762 °C, interacts with surface oxygen
groups, altering their arrangement and promoting their removal
[84,85].

In Fig. 14(c), the XPS spectrum in the C1s-K2p region of unwashed
AC-800_1:6 reveals both C-C (sp?-sp?) and CHs-related peaks. While the
sp>-sp? bonding is consistent with the expected graphitic structure, the
appearance of CHs-associated signals is atypical, which is likely due to
surface contamination, residual potassium compounds, or hydrocarbon
fragments introduced during activation or handling. Additionally, the
presence of the O—-C=0 group (289.2 eV) suggests carbonate-like phases
formed via surface oxidation or interactions with residual potassium-
containing compounds, as confirmed by XRD analysis. The K2ps,2 and
K2p;,2 peaks further support the presence of these K-based species,
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which may influence the local carbon bonding environment.

In view of the quantitative analysis of the surface composition via
survey scan (Fig. 15), the overall carbon content increases from 74.5 at.
% in the recovered graphite to 80.0 at.% after activation. This increase is
attributed to the removal of surface contaminants, including fluorine,
which decreases significantly from 16.5 at.% to below 0.5 at.%, there-
with enriching the surface carbon proportion. Conversely, the oxygen
content rises from 8.0 at.% to 16.5 at.% due to the introduction of
OCFGs during the KOH activation process, consistent with expected
surface oxidation. However, high-resolution Cls spectra shows a
reduction in the intensities of oxidized carbon states after activation
(Fig. 14). This apparent contradiction most probably arises from the
redistribution or transformation of oxygen-containing species [86].
While specific oxidized carbon states decrease, the overall oxygen con-
tent likely increases due to the formation of other OCFGs. These groups
are not directly detected in the Cls spectra but contribute to the higher
oxygen signal in the survey scan without significantly influencing the
Cls peaks. Finally, aluminium (~9.0 at.% Al;O3) that observed in the
sample originates from the alumina crucible used during the thermo-
chemical process. To facilitate clearer interpretation, the XPS analysis
results are summarized in comparative form in Table S4.

The Raman spectra of the recovered graphite and the AC-800_1:6
(Fig. 16) provide insight into the structural changes induced by KOH
activation, complementing the observations from the XPS analysis. In
Raman spectroscopy, the D mode corresponds to the breathing modes of
sp? atoms in rings and is indicative of defects or disorder in the carbon
structure, while the G mode arises from the in-plane vibration of sp?-
bonded carbon atoms, representing the graphitic domains. The intensity
ratio Ip/Ig, derived from the integrated areas under the D and G peaks,
serves as a measure of structural disorder. For the recovered graphite
sample, the Ip/Ig ratio is 0.251, indicating a low level of structural
disorder and a relatively high graphitic content. After activation, this
ratio increases significantly to 1.053, reflecting the introduction of de-
fects and greater disorder in the carbon structure [87]. These structural
modifications, such as edge sites and functionalized pores, are likely a
result of KOH etching and are consistent with the higher defect density
observed in the Raman spectroscopy analysis. At the same time, the XPS
spectra at the Cls regions (Fig. 14) reveal a notable increase in the
relative intensity of the sp>-hybridized carbon peak in the AC-800_1-6,
suggesting enhanced graphitization at the surface level, likely due to
the removal of oxidized states during activation [88]. Together, the
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Raman and XPS spectroscopic analyses highlight a complex interplay:
while Raman spectroscopy indicates increased disorder within the car-
bon lattice, XPS reveals improved structural ordering in the surface
carbon domains.

4. Conclusions

This study provides a comprehensive assessment of the trans-
formation of graphite recovered from NMC 111 black mass of spent
lithium-ion batteries into activated carbons via KOH activation (Fig. 17).
The findings explore the changes in the textural, structural, morpho-
logical, and surface chemistry properties of the material throughout the
KOH activation process.

KOH activation involves the selective removal of carbon from
recovered graphite, leading to defect formation, disorder, and pore
development, resulting in a microporous and mesoporous structure.
Tailored activation conditions (800 °C, 1:6 graphite-to-KOH ratio)
yielded ACs with a specific surface area of 678 m?/g, a total pore volume
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of 0.442 cm3/g, and a balanced micropore (53 %) and mesopore (47 %)
distribution, contributing to the material’s hierarchical porosity.
Structural analysis confirmed the preservation of the graphitic frame-
work. XRD revealed characteristic crystallographic planes, including
(002), (100), (101), (104), (110), and (112), with an unchanged inter-
layer spacing of 0.335 nm. However, the broadening and reduction in
intensity of the (002) peak indicated that activation predominantly
affected the less ordered regions, leading to some loss of long-range
order in the graphitic structure. The increased Ip/Ig ratio (0.251 to
1.053) in Raman spectroscopy indicated enhanced defect density and
disorder.

SEM revealed a transition from smooth graphite layers to a frag-
mented, rough surface, while TEM showed a complex nanoscale archi-
tecture with mesopore-like voids and structural defects at the particle
edge. FFT analysis of the recovered graphite showed well-ordered lattice
fringes with an interlayer distance of ~0.35 nm, corresponding to the
(002) planes. This spacing, slightly larger than the ideal 0.335 nm from
XRD, suggests minor turbostratic disorder. In contrast, FFT of the AC



B. Dziejarski et al.

revealed a dominant lattice spacing of ~0.24 nm, highlighting the
exposure of the (100) in-plane lattice and disruption of the interlayer
stacking.

EDS mapping confirmed a predominantly carbon-rich composition
with localized potassium residues. XPS analysis identified oxygen-
containing functional groups (C-O, C-OH, C=0, and CO%’), contrib-
uting to chemical reactivity. Thermal stability tests demonstrated high
stability under inert conditions and increased reactivity in oxidative
environments, reflecting structural defects and oxygen functionalities
introduced during activation.

These results underscore the potential of chemical activation for
converting unused hazardous graphite waste from NMC 111 into func-
tional materials for applications such as CO, capture, gas separation,
energy storage, water treatment, and catalysis. Future research should
evaluate the application-specific performance of these ACs in industrial
gas sorption systems and energy storage devices. Expanding the meth-
odology to diverse black mass compositions and LiB chemistries will
enhance scalability. Additionally, optimizing energy efficiency,
reducing chemical consumption, and conducting life cycle assessments
will be crucial for industrial adoption. To further highlight the benefits
of the strong alkali-assisted process, comparative studies with com-
mercial graphite and activated carbons are recommended to emphasize
the unique characteristics and performance advantages of the recycled
graphite-derived porous carbon from LiBs.
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