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Abstract

Recovered graphite from spent lithium-ion batteries is an important secondary resource
that can reduce reliance on primary graphite and lower the environmental footprint of
battery production. In this work, graphite obtained as a carbon-rich residue after industrial
hydrometallurgical leaching of NMC111 black mass (2 M HySO4 + 3% H0O,) is subjected
to three post-leaching washing treatments to assess how far simple, low-intensity steps can
further clean the leach residue while preserving the carbon structure. The washing routes
are water washing (GW), water washing with ultrasonication (GU) and mild sulfuric-acid
washing with 0.1 M H,SO4 (GA). ICP-OES and SEM-EDX show that, relative to the leached
black mass, all washing treatments reduce residual transition-metal contents by two to
three orders of magnitude, and that the mild acid wash provides the lowest bulk metal
levels, with several elements at or below detection limits. X-ray diffraction and Raman
spectroscopy indicate graphite-dominated patterns and improved structural order, with
the ID/IG ratio decreasing from 0.62 (GW) to 0.11 (GA) and the corresponding in-plane
crystallite size increasing from 30.6 nm to 168 nm. Overall, the mild acid washing step
is the most effective low-impact post-leaching purification route, yielding a thoroughly
cleaned low-metal graphite fraction that preserves the graphite framework and constitutes
a suitable intermediate for further upgrading or reuse in secondary applications.

Keywords: lithium-ion batteries; recovered graphite; black mass; washing treatments; mild
acid purification; structural characterization

1. Introduction

The rapid deployment of electric vehicles and stationary energy storage has made
lithium-ion batteries (LIBs) a strategically important technology for decarbonization [1].
LIB manufacturing exceeded 1 TWh yr~! in 2024, with automotive applications represent-
ing more than 80% of installed capacity. This growth intensifies two interlinked challenges:
securing sustainable supplies of critical raw materials such as Li, Co, Ni, Mn, Cu, and
graphite, and mitigating the environmental and social impacts associated with mining,
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refining and end-of-life management of LIBs [2,3]. These concerns are driving the develop-
ment of closed-loop recycling schemes that recover and requalify all functional components
of spent batteries for reintegration into new cells [4-7].

Graphite accounts for roughly 12-21 wt% of a typical EV battery pack and is the
single most abundant active material by mass [8-10]. Its supply chain is exposed to both
geopolitical and environmental risks: natural graphite production is geographically con-
centrated, with China dominating global output and a few countries such as Mozambique,
Madagascar and Brazil providing most of the remaining supply, while synthetic graphite
relies on energy-intensive graphitization of petroleum coke at temperatures near 3000 °C,
with a correspondingly high CO, footprint [11,12]. With global graphite demand projected
to reach several million tons per year by 2035, primary production alone is unlikely to meet
future anode requirements without substantial environmental cost [13,14]. In this context,
recovering and reusing anode graphite from spent LIBs offers an important opportunity to
improve resource security, reduce energy use and greenhouse gas emissions, and embed
circularity in battery value chains [15].

Compared with cathode metal recovery, however, graphite recycling is still underde-
veloped. Its relatively low market price, the complexity of removing the solid—electrolyte
interphase (SEI), binders and electrolytes, and the stringent specifications for battery grade
material (high purity, high crystallinity, high initial Coulombic efficiency (ICE)) have limited
industrial implementation [15,16]. Recent studies have demonstrated that spent graphite
can be regenerated or upgraded via thermal regraphitization, chemical purification, sur-
face modification and upcycling into higher value products such as graphene, aerogels or
activated carbons, often achieving electrochemical performance comparable to or better
than commercial anodes and substantially lower life cycle impacts [17-20]. Nonetheless,
meeting battery grade quality typically requires very low levels of metallic and inorganic
impurities, controlled surface chemistry and standardized testing protocols, which remain
challenging for heterogeneous industrial black mass [21-25].

Graphite purification methods can be broadly grouped into physical, chemical, and
combined approaches that aim to remove impurities while preserving the underlying
carbon framework. Acid-based hydrometallurgical treatments are among the most estab-
lished routes, using mineral or organic acids (e.g., H,SO4, HCl, oxalic or citric acid) to
selectively dissolve transition metal residues such as Ni, Co, Mn and Cu. Dilute sulfuric
acid, often aided by oxidants like HyO,, can achieve high leaching efficiency with limited
damage to the graphite structure, whereas organic acids such as oxalic acid offer potentially
lower environmental burdens [13,26]. Thermal purification, typically between about 700
and 3000 °C under inert or reducing atmospheres, is effective for decomposing PVDF,
removing organic species and, at very high temperatures, regraphitizing disordered carbon,
but it is energy intensive and associated with significant CO, emissions More recently,
solvent-based strategies including supercritical CO,, co-solvents and deep eutectic solvents
have been explored for binder and electrolyte removal without strong mineral acids, and
electrochemical techniques such as anodic oxidation and electro dissolution have been pro-
posed to dissolve metallic and fluorinated species at lower specific energy input [15,26-28].
Hybrid flowsheets combining flotation, selective leaching and moderate thermal or solvent
steps have achieved substantial reductions in ash and metal content, but often still fall short
of full battery grade specifications and may involve complex process integration [24].

Despite this progress, several hurdles continue to limit the large-scale recycling of an-
ode graphite from spent LIBs. PVDF binder and separator fragments are chemically robust,
frequently requiring sequential or combined treatments for effective removal. Achieving
low transition-metal contents without degrading graphite crystallinity or introducing new
contaminants remains challenging. In addition, the generation of acidic waste streams,
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the energy demand of high-temperature treatments and the recovery and reuse of or-
ganic solvents are critical constraints for the environmental and economic viability of
current approaches. Recent research has therefore shifted towards “milder” process condi-
tions that combine dilute leaching agents, mechanical or ultrasonic agitation and targeted
binder-removal steps, while being evaluated within life-cycle and techno-economic frame-
works [11,26,29].

At the same time, battery-grade graphite and other electrode materials are expected to
meet very stringent impurity thresholds, with transition-metal contaminants typically con-
trolled to the low-ppm range to avoid adverse effects on cell performance and lifetime [30].
Meeting such low impurity levels is particularly challenging for graphite recovered from
industrial black mass and generally necessitates a combination of chemical and thermal
purification steps.

In this context, the present study investigates the recovery and cleaning of graphite
from industrial black mass derived from spent NMC111 lithium-ion batteries. The as-
received black mass is a complex mixture containing transition metals, conductive additives,
polymers, electrolytes, binders and carbonaceous phases. After hydrometallurgical leaching
of valuable metals, we systematically compare three post-leaching washing strategies: water
washing, ultrasonic-assisted washing and diluted sulfuric acid washing, designed to reduce
residual metallic and inorganic impurities while preserving the structural and thermal
integrity of the recovered graphite. Using complementary characterization methods (SEM-
EDX, ICP OES, TGA/DSC, XRD and Raman spectroscopy), we evaluate how far such
mild treatments can clean and restore graphite obtained from real industrial black mass.
The resulting material is discussed as a thoroughly cleaned intermediate that requires
further purification or regeneration steps before reaching battery-grade quality, or that
can be directly used in secondary applications such as conductive composites, lubricants,
activated carbons or anodes for less demanding electrochemical systems [31].

In the present industrial flow, the initial 2 M H;SO4 + 3% HyO, leaching step is
optimized for dissolving cathode metals and recovering them from solution, not for pro-
ducing a clean graphite product. After leaching and neutral rinsing, the solid residue
still contains surface-bound metal species, fine oxide or spinel fragments and fluorinated
binder/separator debris attached to the graphite grains. The post-leaching washing steps
investigated here are therefore designed to target these residual surface and particulate
impurities under much milder conditions, while preserving the graphite framework.

2. Materials and Methods

The black mass was obtained from battery packs supplied by Volvo Cars AB. Volvo
Cars AB and Stena Recycling AB, in Gothenburg, Sweden conducted the discharge and dis-
assembly. The material then underwent mechanical treatment and separation by Akkuser
Oy, Nivala, Finland.

Before leaching, the as-received black mass from NMC111 lithium-ion batteries was
sieved by the Industrial Materials Recycling group at Chalmers University of Technology
(Sweden) to a particle size below 150 um, yielding a concentrated and relatively uniform
powder consisting of graphite anode material, cathodic NMC111 particles, plastic separator
fragments, and aluminum and copper current collector foils. The leaching process was
performed using 2 M sulfuric acid (Sigma-Aldrich (Merck KGaA), Darmstadt, Germany)
and 3% hydrogen peroxide (Nouryon AB, Gothenburg, Sweden) at 60 °C for 2 h, main-
taining a solid-to-liquid ratio of 1:20 and continuous agitation at 300 RPM. After leaching,
the slurry was filtered and rinsed with deionized water until the pH reached 7, then dried
overnight at 60 °C [23]. The leached black mass was then divided into three equal portions
for further processing.
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Three different washing methods were employed to eliminate residual metal contami-
nants from the black mass following the leaching process. For each method, 10 g portions
of dried leached black mass were placed into separate 500 mL beakers. In the first treatment
(GW), 300 mL of deionized water was added, and the suspension was stirred at room tem-
perature at 300 rpm for 2 h. After completion, the sample was filtered and rinsed twice with
250 mL of deionized water. The second treatment (GU) followed the same procedure as
GW but included ultrasonic treatment using a sonicator probe (Infitek USCG300N, Infitek,
Shanghai, China, 24 kHz, nominal power 300 W), with pulses of 20 s on and 20 s off at
80% amplitude, applied in 5 min cycles every 60 min. After the ultrasonic treatment, the
sample was similarly filtered and rinsed twice with 250 mL of deionized water. In the third
washing method (GA), 300 mL of 0.1 M sulfuric acid (H,SO4) solution was added to the
graphite and stirred at room temperature for 3 h. This sample was subsequently filtered
and rinsed with 300 mL of deionized water. All washed samples were dried overnight at
60 °C before further analysis. The illustration of the preparation steps for the leaching of
industrial black mass to enable graphite recovery is shown in Figure 1.

Washing Methods

- Water GW

Vaccum

filtration Water + ultrasonication

R E—

E inlet: T=60 °C— = \
H,S0,40.1M

Figure 1. Process flow diagram showing the preparation steps for leaching NMC111 black mass to
recover graphite.

Characterization of Carbon Materials

A comprehensive suite of advanced characterization techniques was employed to
analyze the properties of recovered carbon materials. Among these, the metallic content
was quantified using Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-
OES). For this purpose, samples were digested using 30 mL of aqua regia, prepared by
mixing hydrochloric acid (HCl, 37%) and nitric acid (HNOj3, 65-67%) in a 3:1 volumetric
ratio (v/v). Specifically, 0.25 g of dried solid powder was introduced into the acid mixture
and reacted for 6 h at 80 °C under magnetic agitation at 300 rpm. The resulting solution
was filtered, cooled to room temperature, and then diluted with 0.1 M HNOj5 before ICP-
OES analysis. Measurements were conducted using a Thermo-Fisher Scientific iCAP™
6000 Series spectrometer, Thermo Fisher Scientific, Waltham, MA, USA, providing accurate
determination of trace metals in the graphite samples. For each sample, three independently
digested replicates were measured by ICP-OES, and the concentrations reported in Table 1
represent the mean values, with the standard deviations reflecting the variability between
these replicates.
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Table 1. ICP-OES elemental concentrations in black mass (BM) and washed graphite fractions
(mg g~!). Standard deviations (SD) are shown in parentheses. For each washed sample, the
row “removal vs BM (%)” reports the percentage decrease in concentration relative to BM for the
corresponding element.

Samples P Ni Co Mn Fe Cu Al Li
M 1.03 47.1 69.2 419 0.86 473 2.98 38.8
(0.04) (0.6) (0.8) (0.6) (0.07) (0.16) 0.11) (0.5)
oW 0.075 0.062 1.054 0.017 0.178 0.082 0.013 0.297
(0.008)  (0.003)  (0.050)  (0.004)  (0.019)  (0.001)  (0.005)  (0.068)
GW remz{;;ﬂ vs. BM 92.7 99.9 98.5 99.9 79.4 98.3 99.6 99.2
cU 0.058 0.060 1.061 0.020 0.172 0.083 0.010 0.44
(0.004)  (0.004)  (0.013)  (0.007)  (0.018)  (0.005)  (0.017)  (0.13)
GU removal vs. BM (%)  94.3 99.9 98.5 99.9 80.1 98.2 99.7 99.9
0.056 0.037 0.466 0.144 0.019 0.175
GA 0005  (0.004) (0015 NP ©o08) (00120 NP (0.046)
GA removal vs. BM (%) 945 99.9 99.3 >99.9 833 99.6 >99.9 99.5

ND: not detected (below ICP-OES detection limit). Removal efficiencies were calculated as (1 — Csample; Cpm)
x 100 using BM concentrations as reference; “>99.9” indicates that the element was not detected in the washed
fraction, implying essentially complete removal.

X-ray diffraction (XRD) analysis was conducted to investigate the crystalline structure
and degree of graphitization of the graphite-containing samples. Patterns were recorded
using a powder diffractometer (XRPD, Bruker D8, Bruker, Billerica, MA, USA) with a Cu
(A = 1.54184 A) radiation source, in a 20 range of 10-80° and a rotational speed of 15 rpm.
The operating current and voltage were 40 mA and 40 kV. The diffraction data provided
information on the characteristic hexagonal crystal structure of graphite, especially the (002)
basal plane reflection, which is indicative of interlayer spacing. Peak positions and shifts,
intensities and peak widths were used to evaluate defects, strain and structural changes
induced by the sample preparation and washing procedures. The measurements also
enabled detection of metals or secondary phases in the black mass and washed fractions,
providing insight into graphite purity and the effectiveness of the purification steps.

Thermogravimetric analysis (TGA) was carried out on a METTLER-TOLEDO
TGA /DSC 3+ instrument, Mettler-Toledo, Columbus, OH, USA to evaluate the thermal
stability and oxidation behavior of the graphite samples over a wide temperature range.
The samples were heated from 30 °C to 800 °C at 10 °C min~! under flowing synthetic
air (oxidative atmosphere). Differential scanning calorimetry (DSC) was performed sepa-
rately on a METTLER-TOLEDO DSC 5+, Mettler-Toledo, Columbus, OH, USA instrument
under nitrogen, from 30 °C to 600 °C at the same heating rate, to detect endothermic and
exothermic events associated with solvent/binder removal and possible phase transitions.

Field emission scanning electron microscopy (FESEM) was carried out using an FEI
ESEM Quanta 200 microscope, FEI Company, Hillsboro, OR, USA, equipped with energy-
dispersive X-ray spectroscopy (EDX) to analyze the morphology and microstructural fea-
tures of the black mass and washed graphite-rich fractions, and to determine the elemental
composition of these graphite-containing samples. Imaging was performed in low-vacuum
mode at a pressure of 20 Pa. The electron beam was set at an acceleration voltage of
8-20 kV. The EDS system provided qualitative and semi-quantitative elemental analysis,
enabling identification of residual metallic impurities and their distribution on the graphite
surfaces. For each sample (BM, GW, GU and GA), EDX spectra were collected on multiple
carbon-rich particles; in total, 10 individual particle regions were quantified per sample.
The values reported in Table 2 correspond to the mean and one standard deviation over
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these measurements. This combined approach allowed detailed study of morphological
changes along with a clear insight into the effectiveness of the purification treatments.

Table 2. SEM-EDX surface elemental composition of BM, GW, GU and GA (wt%, mean + SD).

Samples P Ni Co Mn Al C (0] F

BM 03+0.1 74+2 97 +1 65+1 06+02 489+5 197+3  628+0.02
GW 0.04+0011 009+001! 023+002 002+0011 024+01 8.0+09 52+07 123+05
GU 0.03+0.011 007+006! 019+004 002+0011 016+005 82.1+14 54+04 120+12
GA 0.02+0.011 001+001! 0.07+0.03! 001+0011 014+004 819+08 56+05 122409

! Values below ~0.1 wt% are near or below the practical detection limit of SEM~EDX under the present conditions
and should be interpreted as trace levels rather than precise concentrations. SEM-EDX is a semi-quantitative
surface technique, and the reported values represent approximate surface compositions.

Raman spectroscopy was performed using a WITec Alpha300 R confocal Raman
microscope, WITec GmbH, Ulm, Germany, equipped with a 532 nm laser. Raman spectra
were acquired to assess structural order and defect density based on the characteristic D
and G bands, their shifts and intensity variations, providing insights into strain, doping
and chemical modifications of the graphite induced by processing. The Ip/Ig ratios
were determined from the integrated peak areas of the D and G bands obtained by peak
fitting, rather than from peak heights. Because the washed fractions still contained some
non-graphitic components, such as fibrous separator and binder residues, as evidenced
by SEM, spectra were acquired on regions where the characteristic graphite bands were
clearly visible. For each sample (GW, GU and GA), 7 spectra were collected on visually
identified graphite-rich areas distributed over different particles. The Ip /I ratios and the
corresponding in-plane crystallite sizes La reported in Table 3 were obtained from these
graphite-rich spectra and are used to describe the relative evolution of structural order
across the washing sequence.

Table 3. Raman parameters for GW, GU, and GA.

Sample D (cm™1) G (cm™1) G’ (em™1) Ip/ig La (nm)
GW 1351 1580 2752 0.62 30.6
GU 1349 1572 2700 0.52 36.6
GA 1345 1572 2696 0.11 168.4
3. Results

3.1. Efficiency of Washing Methods

The efficiency of the three washing routes was quantified by tracking changes in
metallic impurity levels in the leach residue and washed fractions using inductively coupled
plasma optical emission spectroscopy (ICP-OES). The analyzed elements (P, Ni, Co, Mn, Fe,
Cu, Al and Li) represent the main cathode and collector-derived contaminants remaining
in the graphite-rich solid after leaching. Their concentrations and standard deviations are
summarized in Table 1 for the black mass (BM) and the three washed fractions (GW, GU
and GA), providing a quantitative basis for comparing how each post-leaching treatment
affects the composition of the graphite-rich solid.

The unprocessed black mass (BM) exhibited high concentrations of transition metals
characteristic of the NMC111 cathode composition, along with lithium and minor metals
derived from the current collectors and conductive additives. In Table 1, nickel and cobalt
were quantified at 47.1 mg g~ ! and 69.2 mg g~ !, respectively, while manganese reached
41.9 mg g~! and lithium 38.8 mg g~!. Aluminum (3.0 mg g~!), iron (0.86 mg g~ !), and
copper (4.73 mg g~ 1) were also detected, reflecting residual contributions from aluminum
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and copper foils [32], and phosphorus (1.03 mg g~ !), consistent with phosphate-based
electrolyte additives, was also detected. The relatively small SD values for the major
elements indicate consistent measurements and confirm the homogeneity of the black mass,
providing a reliable baseline for evaluating the washing treatments.

3.1.1. Graphite Washed with Deionized Water (GW)

Washing the recovered graphite with deionized water caused a pronounced reduction
in all metallic impurities, with most concentrations decreasing by approximately two
to three orders of magnitude relative to the black mass. As shown in Table 1, nickel
decreased from 47.1 mg g~ ! t0 0.062 mg g~ !, manganese from 41.9 mg g ! t0 0.017 mg g~ !,
and cobalt from 69.2 mg g~ ! to 1.05 mg g~!. Lithium was reduced from 38.8 mg g~ !
to 0.30 mg g~!. Iron, copper, aluminum and phosphorus also decreased substantially,
reaching 0.178 mg g1, 0.082 mg g~ !, 0.013 mg g~ ! and 0.075 mg g~ !, respectively. In terms
of removal efficiencies, this corresponds to ~99-100% removal of Ni, Mn, Al and Li and
~98-99% removal of Co and Cu relative to BM (Table 1). These results show that water
washing effectively removes soluble salts and loosely bound metal-containing species,
although measurable amounts of cobalt, lithium and other metals remain associated with
the graphite.

3.1.2. Graphite Washed with Deionized Water and Ultrasonication (GU)

The impurity profile of the GU sample was similar to that of GW, with metal concen-
trations remaining at low levels. Nickel and manganese were measured at 0.060 mg g~
and 0.020 mg g~!, values comparable to those of GW. Cobalt remained the dominant
impurity at 1.06 mg g~!, essentially unchanged relative to water washing alone. Lithium
was quantified at 0.44 mg g1, slightly higher than in GW but still more than two orders of
magnitude lower than in the pristine black mass. The slightly higher Li signal may also
reflect enhanced dispersion of fine particulates or surface-exposed salts due to ultrasonic
agitation, which can increase accessibility of loosely bound ions [33-35]. Phosphorus,
iron, copper and aluminum also remained below 0.2 mg g~!. Consistently, the removal
percentages in Table 1 show that GW and GU both achieve 299-100% removal of Ni, Mn,
Al and Li and ~98-99% removal of Co and Cu relative to BM. These results indicate that
ultrasonication does not significantly change the average impurity concentration but may
promote more uniform removal of loosely bound residues.

3.1.3. Graphite Washed with 0.1 M HySO4 (GA)

The mild acid washing with 0.1 M sulfuric acid (GA) produced the most effective
purification among all treatments. As shown in Table 1, nickel decreased to 0.037 mg g’l,
cobalt to 0.466 mg g~ ! and lithium to 0.175 mg g~!. Copper approached the detection limit
at 0.019 mg g~ !, while manganese and aluminum were not detected. Iron and phosphorus
persisted at 0.144 mg g~ ! and 0.056 mg g~ !, respectively. Relative to BM, these values
correspond to removal efficiencies of ~99.9% for Ni, 99.3% for Co and 99.5% for Li, with Mn
and Al reduced to below the detection limit and Cu by 99.6% (Table 1). These results show
that diluted sulfuric acid dissolves residual metal oxides and current-collector fragments
more efficiently than physical agitation alone, substantially reducing the metal burden of
the graphite fraction [8,36,37]. The remaining trace cobalt and iron are likely associated with
strongly bound surface complexes or chemically stable oxide or spinel-type residues [31].

Overall, the data demonstrate that the initial hydrometallurgical leaching step, fol-
lowed by even simple water washing, already converts the mixed black mass into a
graphite-rich fraction in which NMC-type metals are reduced by two to three orders of
magnitude relative to BM [31]. Within this cleaned residue, the different post-leaching
strategies then have distinct roles. The water-based treatments (GW and GU) efficiently
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remove soluble salts, electrolyte residues and loosely bound particles, lowering Ni, Mn and
Li into the sub-mg g~! range but leaving measurable Co and trace levels of other metals
associated with the graphite. Ultrasonication does not drastically change the average bulk
impurity levels compared with simple water washing, which indicates that mechanical
agitation alone is insufficient to detach the remaining strongly adhered or chemically stable
species; rather, its main effect is to promote more uniform local cleaning and dispersion, as
reflected by subtle improvements in SEM-EDX and Raman metrics. In contrast, the mild
sulfuric-acid wash (GA) provides a clear additional purification step: bulk Ni, Co and Li are
reduced to their minimum values, Mn and Al fall below the ICP-OES detection limit, and
Co and Ni are at or below the practical SEM-EDX detection limit on graphite-rich particles.
This behavior is consistent with the known ability of diluted H,SO4 to dissolve residual
transition-metal oxides and current-collector fragments that are not fully removed by phys-
ical rinsing alone [31,37]. The combined ICP-OES and SEM-EDX trends therefore support
the conclusion that, within an already leached industrial residue, mild acid washing is the
most effective low-intensity route for further reducing the metal burden of the graphite-rich
solid while preserving the carbon framework. However, even in the most purified fraction
(GA), the residual Co concentration of ~0.47 mg g~ ! (=470 ppm) and comparable levels of
other transition metals remain above the low-ppm impurity levels typically targeted for
battery-grade materials [30]. This indicates that the washed graphite should be regarded as
a thoroughly cleaned intermediate rather than a fully battery-grade product.

The residual transition-metal levels, particularly Co and Fe, are most likely associated
with chemically stable surface complexes or spinel-type oxide phases that resist dissolution
under the mild conditions applied here [8,36,37]. Achieving lower metal contents would
therefore require either a higher acid concentration, an oxidizing agent such as H,O; to
promote dissolution of stable oxide phases, or an elevated temperature during the acid
washing step, all of which would need to be balanced against the risk of introducing new
contaminants or damaging the graphite structure. The persistent PVDF and separator-
derived fluorinated residues, evidenced by XRD and DSC, represent a separate purification
challenge that is not addressed by aqueous washing alone. Removal of these fluorinated
species requires dedicated binder-extraction steps; a promising low-impact direction iden-
tified in ongoing work is the use of non-toxic or low-toxicity solvents under controlled
temperature conditions, which could selectively dissolve PVDF without degrading the
graphite framework and thereby reduce the remaining organic and fluorine burden prior
to or following the hydrometallurgical washing steps described here [27].

3.2. X-Ray Diffraction (XRD) Analysis

The progressive purification of graphite recovered from spent NMC111 battery black
mass was evaluated by X-ray diffraction (XRD), targeting the phase composition, impurity
evolution, and structural order across four treatment stages: untreated black mass (BM),
graphite washed with water (GW), graphite washed with water with ultrasonic pulses
(GU), and graphite washed with acid (GA).

XRD analysis of the black mass (BM) reflects the complex mixture typical of spent
Li-ion batteries, including intense reflections from the layered NMC111 cathode phase,
metallic Fe and Ni, and graphitic carbon, as shown in Figure 2.

In the diffractogram of the graphite washed with water (GW), NMC-related and
metallic peaks (Fe, Ni) are substantially reduced in intensity compared with BM, reflecting
the dissolution and removal of water-soluble and weakly bound phases. Introducing
ultrasonication (GU) does not lead to a dramatic further suppression of these reflections,
but it slightly decreases the residual impurity peaks and marginally sharpens the graphite
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(002) reflection, consistent with improved local cleaning and dispersion of the graphite-rich
particles [38].
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Figure 2. XRD diffractograms of black mass (BM) and washed graphite samples (GW, GU, and GA).
Right panel: magnified view of the 25-28° 20 range highlighting the graphite (002) reflection.

The (002) graphite peak shifted from 3.37705 A (GW) to 3.36865 A (GU) and finally to
3.3513 A (GA), which signifies a sequential contraction of the interlayer spacing as residual
intercalants are removed. These shifts and the progressive sharpening of the graphite
(002) peak are clearly visible in the magnified 25-28° 20 region shown in the right panel of
Figure 2. The expansion of interplanar space in GW and GU is probably caused by trapped
water, ions, or organics, consistent with reports on graphite intercalation and disorder [34].
Acid washing achieves nearly ideal spacing, indicating the best restoration of bulk graphite
order [12,39-41]. Nevertheless, despite a marked purification, the characteristic PVDF
reflection remains visible, indicating persistence of the binder, confirming its chemical
resistance against dilute acid and mild physical processing [16,19].

A weak residual peak around 19° (20) is still discernible in the washed samples,
which we attribute to remaining NMC-derived and/or polymer-rich phases that persist
even after leaching and washing. In the starting BM, such low-intensity contributions are
largely obscured by the much stronger NMC reflections, whereas in the washed samples
they become visible once the dominant oxide phases are removed. At the same time,
PVDF is not easily resolved in BM because its relatively weak and broadened reflections
are overlapped by intense NMC and graphite peaks; after washing, when NMC-type
reflections are suppressed, the PVDF-related feature becomes more apparent.

In summary, the XRD and complementary chemical data validate that the employed
washing processes efficiently eliminate most transition-metal and oxide contaminants,
unlock higher graphite crystallinity, and restore near-ideal lattice parameters.

3.3. Thermal Analysis

Thermogravimetric (TGA) and derivative thermogravimetric (DTG) curves of the
washed graphite samples GW, GU and GA were recorded under synthetic air from 40 to
800 °C and are shown in Figure 3. All three samples exhibit a gradual mass loss from the
start of the measurement, followed by a more pronounced oxidation event with a single
DTG maximum at approximately 489 °C. This behavior is characteristic of the oxidative
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combustion of graphite in air and is consistent with reports on recycled anode graphite from
spent lithium-ion batteries, which typically show major mass loss in the 400-600 °C range
under similar heating conditions. The main oxidation peak occurs at a considerably lower
temperature than that of highly crystalline reference graphite, which generally oxidizes
at >650-700 °C in air, reflecting the higher reactivity of recycled graphite associated with
residual defects, smaller crystallite size and surface heterogeneities introduced during
battery operation and processing [19,42,43].
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Figure 3. TGA (black) and DTG (red) curves of GW, GU and GA recorded under synthetic air
(10 °C min~—1!, 100-800 °C), showing the main oxidative combustion event with a DTG maximum
near 489 °C and residual masses of ~82-84 wt% at 800 °C indicating incomplete combustion within
the measurement range. DSC curves (bottom right, nitrogen atmosphere, 125-200 °C) display a
150-180 °C endotherm attributed to PVDF-binder residues, decreasing in the order GW > GU > GA.

The TGA curves show that oxidative combustion was not complete within the mea-
surement range of 800 °C, with a residual mass of approximately 82-84 wt% remaining at
the end of the run. The total mass loss between 40 and 800 °C was approximately 16 wt%
for GW, 18 wt% for GU and 17 wt% for GA. These values represent a lower bound on
the oxidizable carbon fraction under these conditions, as slow progressive oxidation of
the graphite matrix continues beyond 800 °C. The incomplete combustion is consistent
with the presence of PVDF coating and surface residues that partially protect the graphite
from oxidation at lower temperatures, as independently confirmed by XRD and DSC. For
this reason, the carbon content of the washed fractions is more reliably estimated from
SEM-EDX analysis, which indicates approximately 82 wt% C for all three samples (Table 2),
in good agreement with the graphite-dominated composition confirmed by XRD.

The slightly larger total mass loss in GU (~18 wt%) compared with GW (~16 wt%),
and the marginally greater combustion contribution near 489 °C visible in the DTG curve
of GU, are consistent with enhanced dispersion of graphite particles by ultrasonication,
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which may expose a slightly greater reactive surface area to oxidation. Nevertheless, the
overall oxidation profiles of GW, GU and GA are nearly overlapping, indicating that the
different washing treatments do not markedly alter the intrinsic oxidative stability of
the graphite. Instead, the washing steps primarily remove volatile and loosely bound
species while leaving the bulk carbon structure essentially unchanged. This interpretation
is supported by the low and similar high-temperature residues for all three samples and
by ICP-OES analysis, which shows that Co, Ni, Mn and Al are reduced to trace levels
after washing, far below the graphite content and insufficient to dominate the oxidation
behavior [16,23,44-47].

Taken together, the TGA-DTG data support the conclusion that the post-leaching
washing steps clean the material without degrading the underlying graphite framework.

Differential scanning calorimetry (DSC) curves for the three samples (Figure 3) show a
single endothermic event between 150 and 180 °C, with the peak depth clearly decreasing
in the order GW > GU > GA. This temperature interval coincides with the reported melting
range of semi-crystalline PVDF binders used in Li-ion electrodes (typically 160-175 °C)
and is therefore consistent with residual PVDF-based binder and/or electrolyte-derived
organic species in the recovered graphite [27,48]. The systematic reduction in peak intensity
from GW to GA indicates a progressive decrease in the amount of such organic residues as
the washing treatments become more aggressive, in agreement with the diminished low-
temperature mass loss observed in TGA and with the literature showing that regeneration
processes reduce binder and electrolyte remnants on spent graphite surfaces [19,27].

In the temperature range between ~100 and 350 °C, both the DTG and DSC curves
display features that partially overlap in this region, and it is important to clarify their
physical origin. In the DTG curves recorded under synthetic air, a broad low-amplitude
signal is visible in this interval, most prominently in GW, which corresponds to a small but
continuous mass loss of approximately 1-2 wt% attributed to the volatilization of residual
low-boiling organic species including electrolyte-derived compounds and surface-adsorbed
organics that remain on the graphite after washing. In parallel, the DSC curves recorded
under nitrogen show a single well-defined endothermic event with a peak minimum
near 163-168 °C, which we assign to the melting of semicrystalline PVDF binder residues
present on the graphite surface, consistent with the reported melting range of PVDF used
in lithium-ion electrode formulations (155-175 °C). The apparent overlap between the
DTG and DSC signals in this temperature window is therefore physically expected and
mutually consistent; the DSC captures the solid-to-melt phase transition of PVDF under
inert conditions, while the DTG reflects the concurrent volatilization of co-existing low-
boiling organic species under oxidative conditions. These are complementary responses
of the same heterogeneous organic surface layer to thermal treatment, not competing or
contradictory events. The progressive decrease in both signals in the order GW > GU > GA
provides coherent evidence that the mild acid wash most effectively reduces the combined
burden of PVDF and volatile organic residues on the graphite surface.

3.4. Scanning Electron Microscopy and Energy Dispersive X-Ray Spectrometry
(SEM-EDX) Analysis

The SEM-EDX analysis was carried out on the solid residues obtained after leaching of
the black mass and subsequent washing steps, namely GW, GU, and GA, with the untreated
black mass BM included for comparison. Figure 4 shows representative SEM micrographs
and their associated EDX spectra.
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Figure 4. Scanning electron microscopy images (SEM) and elemental analysis (EDX) of black mass
(BM) and washed graphite samples (GW, GU and GA).

The corresponding EDX quantitative data are summarized in Table 2. Values are
reported as mean plus or minus one standard deviation based on several particle mea-
surements, which reflects both measurement uncertainty and real local variation at the
micrometer scale. For elements with mean values clearly above about 0.1 wt%, this mean
plus or minus standard deviation gives a reasonable estimate of the local composition of
the carbon-rich particles, whereas for elements with mean values below about 0.1 wt%, the
values lie at or below the practical detection limit of EDX and are therefore best described
qualitatively as trace signals.

At high SEM magnification, the as-received BM reveals a densely packed and strongly
agglomerated powder composed of large cauliflower-like aggregates and irregular plate-
like fragments decorated with fine submicrometric debris. This heterogeneous morphology
is typical of spent NMC111 battery-type black mass [38], in which cathode fragments,
carbonaceous material, binder, and current collector debris remain intimately mixed and
attached to one another. The corresponding EDX spectrum and the mean composition
in Table 2 show C and O together with more than 20 wt% combined Ni, Co and Mn,
about 6 wt% F and several other elements such as Al, Fe, Cu, Zn, Ca, Si and P, consistent
with a mixture of NMC-type oxide, metallic phases and electrolyte or binder residues
in the analyzed regions. These observations agree with the high bulk metal contents
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obtained by ICP-OES for BM and confirm that the starting black mass is metal-rich and
strongly heterogeneous.

After leaching and simple water washing (GW), SEM images reveal mainly angular
plate-like particles with comparatively smooth facets and fractured flake edges, arranged
in compact agglomerates. The cauliflower-type aggregates seen in BM are largely absent,
and the number of fine debris attached to particle surfaces appears reduced, indicating
that leaching and rinsing have removed a significant part of loosely bound inorganic and
metal-rich material. Thin filament-like features are occasionally observed, which may
correspond to polymer or separator fragments, but their exact nature cannot be determined
at this magnification. The associated EDX spectrum is dominated by C, and the mean
composition in Table 2 indicates an increase in C to about 82 wt%, a decrease in O to about
5 wt% and a strong reduction in Ni, Co and Mn to 0.09, 0.23 and 0.02 wt%, respectively.
These metal levels are more than an order of magnitude lower than in BM and indicate that
the plate-like particles are strongly depleted in NMC-type phases.

Introducing ultrasonic agitation (GU) further disrupts the agglomerates; SEM reveals
large, compact agglomerates of plate-like particles with relatively smooth, faceted surfaces
and rounded edges. Compared with GW, some particle surfaces appear cleaner, with fewer
fine particulates attached, while other regions show strongly consolidated aggregates,
which is consistent with sonication both disrupting and rearranging particle contacts. Thin
fibrous fragments are also occasionally observed. The GU EDX spectrum and mean values
in Table 2 are very similar to those of GW, with about 82 wt% C, 5-6 wt% O, and 12 wt%
F. Ni, Co, and Mn are 0.07, 0.19, and 0.02 wt%, respectively, which, within the standard
deviations, are only slightly lower than in GW and still close to the EDX detection limit.
This behavior agrees with ICP-OES, which shows that ultrasonication does not markedly
change the average bulk concentrations of transition metals, suggesting that its main effect
is to improve local cleaning and dispersion rather than to remove a large additional amount
of metal impurities.

With the dilute H,SO4 wash (GA), SEM shows aggregates of angular, plate-like parti-
cles with relatively smooth, well-defined facets and fewer obvious dense inclusions than in
the other samples. Many plates appear cleaner, although patches of finer, irregular material
and occasional fibrous fragments remain attached to some surfaces, indicating that the
acid treatment substantially reduces but does not eliminate non-carbonaceous residues on
the graphite-rich particles. The GA EDX spectrum is strongly dominated by C, and the
mean composition in Table 2 remains at about 82 wt% C, 6 wt% O and 12 wt% F, while Ni,
Co and Mn fall to 0.01, 0.07 and 0.01 wt%. These metal values are at or below the typical
detection limit for EDX under standard conditions (about 0.1 wt% for most elements), so
they should be interpreted as, at most, trace levels with high relative uncertainty rather
than precise quantitative concentrations. The approximately constant F content across GW,
GU and GA supports the XRD observation that PVDEF-related reflections persist after all
washing steps and indicates that fluorinated binder- and electrolyte-derived species are
only partly removed. The higher F wt% in the washed samples (~12 wt%) compared with
BM (6.3 wt%) does not imply true fluorine enrichment, but reflects the way EDX normalizes
surface compositions: in BM, the graphite surfaces also carry substantial amounts of Ni,
Co, Mn and other metals, so F is diluted in the wt% balance, whereas after washing, these
heavy elements are largely removed and C increases from ~49 wt% to ~82 wt%, so a similar
absolute F signal appears as a larger relative fraction. In other words, the EDX data indicate
that PVDF-derived species remain present on the graphite-rich particles after washing, but
they do not show an increase in the absolute fluorine inventory of the material.

In the washed fractions GW, GU and GA, the largest plate-like particles observed by
SEM are therefore consistent with graphite-rich grains, because XRD shows graphite as the
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dominant crystalline phase and the NMC and metal reflections are strongly suppressed,
while EDX on these regions reveals high local carbon contents with only minor amounts
of heteroatoms [46,47]. At the same time, patches of attached irregular material and the
residual signals of F, O and trace metals demonstrate that these graphite-rich particles
display different degrees of surface cleanliness rather than completely pristine graphite
surfaces [48].

When the EDX results are compared with the ICP-OES measurements, a coherent
picture emerges. Starting from BM and ordered according to the processing steps, GW, GU,
and GA, all the cleaning techniques show the same monotonic decrease in Ni, Co, and Mn,
even though the absolute concentrations differ due to their different sampling volumes and
detection limits. ICP-OES provides bulk elemental concentrations after complete digestion
of the powder and has detection limits in the range of 10~ to 10~ wt%, several orders
of magnitude lower than EDX. The ICP-OES data confirm that Ni, Co and Mn in the GA
graphite fraction are below 0.02 wt%. In contrast, EDX shows that, within its detection
limit, the particles examined in the microscope are strongly enriched in carbon-containing
phases and display transition-metal signals only at trace levels or are not detectable at
all [28,49]. Together with the XRD evidence for the strong suppression of NMC type
and metallic reflections, these complementary observations support the conclusion that
the post-leaching washing sequence, and in particular the mild acid treatment, leads to
a graphite-rich fraction in which transition-metal-bearing crystalline phases are largely
removed, while a fluorine-containing carbon surface, attributed to PVDF and electrolyte
residues, remains [16,45,47,48,50].

3.5. Raman Spectroscopy Analysis

Raman spectroscopy was used to evaluate the structural order of the carbon fraction
recovered from spent NMC111 black mass. The spectra in Figure 5 show the characteristic
D band (<1350 cm 1), G band (<1580 cm 1) and G’ (2D) band (<2700 cm 1), which are the
main features of sp?>-bonded, graphite-like carbon. The D band arises from defect-activated
breathing modes of sp? carbon rings, the G band from in-plane C-C stretching vibrations,
and the G’ band is the second-order overtone associated with the D band; their positions,
widths and relative intensities provide information on defect density, crystallite size and
stacking order in graphitic materials [49]. To minimize the influence of separator fibers
and other non-graphitic residues that are still present in the washed fractions, the spectra
analyzed here were collected on regions where the graphite-related bands dominated the
signal, as identified in the SEM images.

The main Raman parameters extracted from the spectra of GW, GU and GA are
summarized in Table 3.

The Ip /I ratio decreases strongly with the washing sequence, from 0.62 for GW to
0.52 for GU and 0.11 for GA, indicating a significant reduction in defect density [16,21,51].
It should be noted that these ratios were determined from the integrated peak areas of
the D and G bands obtained by peak fitting, rather than from peak heights [52,53]. For
GW, which exhibits the highest defect density among the three fractions, the D band is
substantially broader than the G band; consequently, the area-based Ip /Ig ratio of GW
(0.62) is consistent with the spectra shown in Figure 5. This behavior is physically expected
for Stage 1 disordered graphitic carbon [52]. For GU and GA, as structural order improves,
the D band narrows and the area- and height-based ratios converge, consistent with their
visual appearance in Figure 5.
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Figure 5. Raman spectra of graphite recovered from spent NMC111 black mass after different washing
treatments (GW, GU, GA), showing the D, G and G’ bands and the corresponding I /1 ratios used
to assess defect density and structural ordering.

For 532 nm excitation, the in-plane crystallite size La was estimated using the empirical
relation La (nm) = C(A)/(Ip/Ig), with C(532 nm) ~ 19 nm, following Cangado et al. and
related work on nanographite under visible excitation [54]. Using this inverse relation
between Ip /I and La, the corresponding La values increase from 30.6 nm (GW) to 36.6 nm
(GU) and 168.4 nm (GA), confirming the development of more extended ordered sp2
domains after washing [53].

The small downshifts in the D and G bands (from 1351 to 1345 cm~! and from
1580 to 1572 cm ™!, respectively) are consistent with a partial relaxation of compressive
strain and a reduction in heteroatom-induced perturbations in the carbon network as
surface contaminants and intercalated species are removed. In parallel, the G’ band shifts
from 2752 to 2696 cm~! and remains well-defined, which is characteristic of an increase
in stacking order and a transition from more turbostratic arrangements towards better
ordered multilayer graphite, as reported for purified or thermally treated graphite-based
materials [55,56].

These Raman trends are coherent with the complementary characterization. The
increase in L, and the reduction in Ip/Ig correlate with XRD patterns in which graphite
reflections become dominant, and NMC-related or metal-bearing phases are markedly
reduced after washing, especially for GA, and with a contraction of the d002 spacing
towards values typical of well-ordered graphite [53]. The progressive decrease in defect-
related Raman intensity also agrees with EDX and ICP-OES results, which show a strong
reduction in Ni, Co and Mn contents and only trace metal signals on the graphite-rich
particles in GA, and with DSC, which indicates a reduction in inorganic and binder fractions.
Taken together, these observations show that the washing and mild acid treatment not
only remove residual active material and binder species but are also associated with a
substantial improvement in the structural ordering of the recovered graphite, making it a
suitable precursor for further value adding treatments such as expansion, exfoliation or
conversion into high-surface-area adsorbents, thereby enhancing its added value within
circular battery-material workflows [25,46].
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4. Conclusions

This study shows that graphite can be efficiently cleaned and structurally preserved
from industrial NMC111 black mass by using simple hydrometallurgical washing steps
carried out under mild conditions. The initial leaching with 2 M H,SOy4 and 3% HyO; is
responsible for most of the removal of NMC metals derived from the mixed black mass,
but it does not by itself produce a clean graphite product. The additional water-based and
diluted H,SO,4 washing steps are therefore important because they remove the remaining
metal-bearing surface phases, salts and fine oxide or spinel fragments that are not fully
detached during leaching.

Bulk ICP-OES and surface-sensitive SEM-EDX measurements show that, within the
leached residue, water washing and water plus ultrasonication already reduce Ni, Co, Mn
and Li by two to three orders of magnitude compared with the starting material, although
small amounts of Co and other metals are still associated with the graphite. The mild
sulfuric acid wash (GA) provides an additional improvement: it produces the lowest
residual metal contents, with several transition metals at or below the detection limits
and only trace signals observed on graphite-rich particles. XRD, TGA /DSC and Raman
analysis confirm that this acid-washed fraction maintains a coherent graphite framework,
shows a contraction of the dgg spacing and larger in-plane crystallite sizes, and contains
only modest amounts of PVDF and separator-derived residues. For this reason, it is most
accurately described as a thoroughly cleaned low-metal graphite fraction rather than an
entirely impurity-free material. The remaining transition-metal levels are still higher than
standard battery-grade specifications, so additional purification or regeneration would be
required for use in high-performance anodes.

The properties of this fraction bring it significantly closer to the impurity levels and
structural quality required for secondary applications and for subsequent, lower intensity
regeneration or surface modification treatments. This can, in turn, reduce the need for
very energy-intensive high-temperature steps or strongly oxidizing conditions in later
stages of the recycling chain. By quantifying both the benefits and the limitations of three
simple post-leaching washing options applied to a real industrial residue, this study offers
practical guidance for designing low-impact graphite cleaning steps that can be integrated
into existing hydrometallurgical battery recycling flowsheets.
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