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ABSTRACT: This study introduces halometallurgy, an approach for
reducing common Li-ion cathode materials in air using a eutectic
mixture of chloride salts, with direct implications for processing battery
black mass containing NMC, NCA, LCO, LNMO, and LMO. In-depth
analysis, including in situ XRD, SEM/EDX, and TGA-DSC, reveals that
reduction in the presence of NaCl-KCl proceeds via distinct halothermal
and carbothermal routes. During the halothermal stage, lithium migrates
from cathode particles into the chlorides, leading to the decomposition
of layered or spinel structures into a solid solution of cubic oxides.
Lithium migration facilitates the melting of the salts, resulting in the
encapsulation of the oxide phase and the creation of quasi-inert
conditions. This enables further reduction during the carbothermal stage and promotes the nucleation of metallic crystallites. Upon
washing with water, lithium predominantly remains in the saline solution, termed halothermal brine, while the insoluble fraction
consists of porous transition metal oxides and graphite. Depending on cathode composition, halothermal reduction is observed at
460−640 °C, while carbothermal reduction occurs above 620−650 °C. Typical black-mass impurities, including current collectors,
binders, and electrolyte residues, were also examined, demonstrating relevance for real waste streams. The proposed treatment offers
a pathway toward decentralized battery recycling.

1. INTRODUCTION
The increased use of electric vehicles in recent decades has led
to the accumulation of large quantities of spent lithium-ion
cells, which can be considered a new source of critical raw
materials.1−3 Among the most suitable batteries for recycling
are typically those with a high content of Ni, Mn, and Co in
the cathode.4 These include the polymetallic NCM or NMC
type compositions, represented by the general formula
LiNixMnyCozO2,5 as well as LiNixCoyAlzO2, commonly
known as NCA,6 and LiNixMn2−xO4 abbreviated as LNMO.7

In addition, compounds based on a single transition metal,
such as LiCoO2,8 LiNiO2,9 and LiMn2O4,10 which are often
found in older cells, are also suitable for the recovery of
transition metals and lithium.

The conventional approach to handling Li-ion battery waste
includes the collection of discarded packs and modules,
followed by discharging, dismantling, and cell extraction.11 The
recovered cells are then shredded and sieved to remove coarse
fragments of Al and Cu current collectors, as well as plastic
pieces originating from the casing and separator.12 The finest
fraction from sieving is a black powder, commonly referred to
as black mass, which primarily consists of cathode particles and
graphite.13 At the industrial scale, battery black mass is often
processed via a hydrometallurgical route,14 in which con-
centrated acids are used to convert the cathode materials into
soluble transition metal salts, followed by the precipitation of
lithium compounds. Other forms of waste, such as micro-

batteries or damaged cells, can be directly subjected to a
pyrometallurgical route,15 where smelting at high temperatures
enables the recovery of nickel and cobalt, while lithium is
typically lost through evaporation or dissolution in the slag.

At the current level of technological development, hydro-
metallurgy is often viewed as a more efficient approach, since
all elements can be extracted from spent batteries.16 Despite its
advantages, scaling of the existing facilities or construction of
new plants requires high expenditures associated with
managing and treating large volumes of acidic waste.17,18

This issue could be mitigated by using reduced black mass,
consisting of decomposed cathode materials.19,20 Such powder
is more amenable to the leaching of transition metals, as lower
acid concentrations or less toxic reagents can be used.21,22

However, the reduction process generally requires an inert
environment, such as nitrogen,23 argon,24 or vacuum,25 which
imposes strict requirements on heating equipment and
increases the overall cost of waste treatment.
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The hypothesis of this study is that the reduction of battery
cathode materials can be performed under air by relying on
chloride salts, which create a quasi-inert environment.
Recently, a salt-shielded approach was proposed for the
synthesis of MAX phases.26,27 These ordered crystal structures
typically form only at high temperatures and under an inert
atmosphere, where metals react directly with carbon.28 Since a
similar reaction is expected during the reduction of black mass,
the use of salts might also be feasible for the treatment of
battery waste.

Throughout the study, this hypothesis is examined using
various analytical techniques, and the practical implications of
the process are evaluated across different cathode materials and
typical impurities. The results demonstrate that the interaction
between cathode particles and alkali chloride salts proceeds
through two distinct stages of reduction, halothermal and
carbothermal, which provide the scientific basis for a battery
recycling approach termed halometallurgy.

2. MATERIALS AND METHODS
The starting materials for this study were obtained as follows.
The NaCl and KCl salts with 99% purity were received from
Alfa Aesar (Thermo Scientific Chemicals). The synthetic
graphite of KS-6L grade was sourced from C-NERGY. The
cathode powders were purchased from various suppliers:
LiNi0.33Mn0.33Co0.33O2 (BASF SE), LiNi0.6Mn0.2Co0.2O2
(BASF SE), LiNi0.80Co0.15Al0.05O2 (NEI Corporation),
LiCoO2 (Targray), LiNi0.5Mn1.5O4 (Sigma-Aldrich),
LiMn2O4 (Sigma-Aldrich), and LiFePO4 (Sigma-Aldrich).

For simplicity and consistency with common notation in the
literature, graphite and the other materials are hereinafter
referred to as Gr, NMC (equimolar), NMC622, NCA, LCO,
LMNO, LMO, and LFP, respectively. Additional reagents,
such as Al, Cu, PVDF, and LiF, which were used to understand
the effect of black-mass impurities, were also provided by the
companies listed above. All starting materials were confirmed
to be single phase (see Figure S1 in the Supporting
Information).

Two sets of samples were prepared in parallel for ex situ and
in situ experiments, using a mixture of 50.5 mol % NaCl and
49.5 mol % KCl, preannealed at 700 °C for 1 h to ensure
formation of the eutectic. For the ex situ case, NMC particles
were mixed with 40 wt % graphite and compacted into 10 mm
disk-shaped pellets under 250 MPa pressure. Each pellet
weighed about 0.25 g, with 0.18 g contribution from the
cathode material and 0.07 g from the graphite. The compacted
pellets were placed in 15 mL alumina crucibles, containing 0.9
g of NaCl-KCl, and then covered with extra 1.6 g of the same
salt mix to achieve a 1:10 pellet-to-salt mass ratio.

For the in situ case, NMC with 40 wt % graphite was mixed
with NaCl-KCl in a 1:1 mass ratio and loaded into 0.5 mm
quartz capillaries of 80 mm length. Several reference
experiments were also performed without cathode powder
and/or without graphite. Similar in situ samples with graphite
flakes and chloride salts were prepared using NMC622, NCA,
LCO, LNMO, LMO, LiCl, Al, Cu, PVDF, and LiF to analyze
the reduction process in the context of real battery waste.

The graphite content in the ex situ and in situ samples was
set to 40 wt % with respect to the cathode powders, so that the
resulting model mixtures resembled the composition of
industrially produced black mass.29 The same reasoning was
used when selecting other materials to study the behavior of
different cathode compositions and common impurities.30−32

The amount of chloride salts relative to NMC-Gr was selected
so that lithium constituted about 1 wt % of the total alkali
content.

The heat treatment of the ex situ samples was performed in a
Nabertherm L-3-11-C450 box furnace. The alumina crucibles,
containing the NMC-Gr pellets and eutectic NaCl-KCl salts,
were heated at a rate of 5 °C/min to 590−750 °C, followed by
a 10 min dwell at the maximum temperature. Upon cooling,
the samples were dissolved in deionized water, and the saline
solution was separated from the insoluble part by centrifuga-
tion. The remaining powders were then washed three more
times to facilitate further analysis.

The in situ samples were heated in a STOE capillary furnace
(Figure S2), which consisted of a water-cooled stainless steel
casing and a cylindrical heating element located at the center.
During heating, nitrogen gas was flushed through the furnace
to protect the graphite heater, while the upper part of the
quartz capillary was exposed to ambient air. Heating was
performed at a rate of 5 °C/min to 750 °C with pauses every
10 °C for data acquisition.

The structural evolution and the phase composition of the in
situ and ex situ samples were analyzed by X-ray Diffraction
(XRD) using a STOE STADI-P double-sided setup with the
Mo−Kα1 radiation (0.70932 Å), Ge(111) monochromator,
and linear MYTHEN2 detector. The XRD scans for in situ
samples were performed every 10 °C increment of the
temperature profile, with each scan lasting 10 min. The
detector operated in stationary mode centered at 15.9°,
covering a 2θ range approximately from 7° to 25°.

The XRD analysis for the ex situ samples was performed
using the same Mo wavelength, monochromator, and detector,
but in a wider 2θ range of 5−45° with an angular resolution of
0.015° and total exposure time of 60 min. Prior to scanning,
powdered samples were placed between round adhesive
Kapton foils and mounted in a STOE transmission sample
holder.

The morphology and elemental distribution maps of the ex
situ samples were determined by Scanning Electron Micros-
copy (SEM) and Energy-Dispersive X-ray Spectroscopy
(EDX) on a Zeiss FE-SEM Merlin. Prior to imaging, the
samples were placed on carbon paper and mounted on
aluminum pins. For image acquisition, a backscattered electron
detector was used, with a working distance of 10 mm, an
accelerating voltage of 15 kV, and a probe current of 10 nA.
The imaging of the interfacial areas between NMC-Gr pellet
and NaCl-KCl was performed after cleaving the samples.

The heat effects associated with transformations in the
cathode material and chloride salts were analyzed using
combined Thermogravimetric Analysis and Differential Scan-
ning Calorimetry (TGA-DSC) with a Netzsch STA 449. The
eutectic NaCl-KCl was mixed with NMC-Gr in various
proportions and compacted into 3 mm pellets. The prepared
pellets were placed in 85-μL alumina crucibles and heated to
700 °C at a rate of 10 °C/min under argon with 20 vol % of
oxygen. Upon reaching the maximum temperature, the cooling
profiles were recorded at the same rate. Additionally, selected
samples were further characterized by optical microscopy and
ICP-OES. Details of these techniques and the corresponding
results are provided in the Supporting Information.

3. RESULTS AND DISCUSSION
The study began by testing the hypothesis that chloride salts
could provide quasi-inert conditions for the reduction of
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cathode materials. To examine this, the common battery
compound NMC was analyzed by SEM before and after the
heat treatment at 670 °C (Figure 1).

The initial LiNi0.33Mn0.33Co0.33O2 cathode powder consists
of secondary particles about 4−10 μm in diameter, which are
themselves composed of 0.2−0.5 μm primary particles (Figure
1a). When it is mixed with 40 wt % graphite and compacted
into a pellet, a composite microstructure is observed, with
cathode particles embedded in a matrix of graphite flakes
(Figure 1b). Once the pellet is covered with the salts, a sharp
interface between NMC-Gr and NaCl-KCl is visible, as there is
no intermixing of the materials before heating (Figure 1c).

After heating to 670 °C, the interface becomes blurred
because molten chlorides infiltrate the pellet (Figure 1f).
Moreover, individual NMC particles are no longer clearly
distinguishable at low magnification. At higher magnification, it
becomes evident that the cathode material is porous and
surrounded by solidified salt (Figure 1e). Only some particles
have fully exposed surfaces (Figure 1d), indicating that the salt
coating is relatively uniform and remains intact even after the
pellet is cleaved for imaging.

The porous morphology of the cathode particles after
heating with NaCl-KCl indicates that reduction occurs, even
without a protective gas. A temperature of 670 °C is sufficient
to melt the alkali chlorides, allowing them to infiltrate the
pellet and shield the NMC-Gr mixture from the oxidative
environment. To further clarify this process, EDX elemental
maps were recorded at the interfacial region to analyze the
distributions of various elements before and after the heat
treatment (Figure 2).

Before heating, the Na−K−Cl and C−O−Ni−Mn−Co
species are confined to the top and bottom parts of the images,
respectively, creating a microstructure with a sharp interface
between the pellet and the chloride eutectic (Figure 2a).
However, after heating to 670 °C, the salts are detected not
only above the phase boundary but also below it, occupying
the entire space between the cathode particles (Figure 2b). At
the same time, the transition metals are found only below the

interface, and their outward diffusion is not noticeable, at least
within the uncertainty limits of the EDX analysis.

It should be noted that after heat treatment at 670 °C the
signal intensity decreases for all nonsalt constituents, especially
for light elements. While before heating the O and C counts
clearly outline the cathode material and graphite (Figure 2a),
after heating their signals are significantly weaker (Figure 2b).
Considering porous morphology of the particles, some oxygen
and carbon might be consumed during reduction. However, a
comparison of the sample weight before and after thermal
treatment shows a loss of only 2 wt %, which does not appear
sufficient to explain the pronounced drop in signal counts,
particularly for carbon.

Moreover, optical microscopy reveals that the pellet fully
retains its structural integrity even after heating (Figure S3). If
most of the graphite had been consumed or burned, this would
have resulted in a massive gas evolution and a complete
rupture of the pellet. However, the top layer of the salt above
the pellet contains only a few cavities, which suggests only
minimal gas release. Therefore, the most reasonable explan-
ation for the reduced signal intensity in EDX is the shielding
effect of the salts. Upon melting, the chlorides infiltrate the
pellet, resulting not only in the coverage of the cathode
particles (Figure 1e), but also in the complete coating of the
graphite flakes.

Although changes of the interfacial region between NMC-Gr
and NaCl-KCl provide some insight into the reduction
process, a deeper understanding of phase transformations is
essential for analyzing the underlying mechanisms. To achieve
this, a set of powdered samples made from the same starting
materials was loaded into quartz capillaries (Figure S2), and
temperature-resolved XRD patterns were collected during
heating (Figure 3).

As indicated by the in situ data, at low temperatures the
eutectic salt mixture consists of two crystallographic phases
“KCl” and “NaCl” (Figure 3a). Hereinafter, the quotation
marks are used to distinguish them from the respective pure
chemical substances. Upon heating, the miscibility gap

Figure 1. SEM images of NMC samples before (a-c) and after (d-f) heating to 670 °C with Gr and NaCl-KCl. Images are arranged for side-by-side
comparison at the same magnification between (a,d), (b,e), and (c,f) to highlight changes in particle morphology, pellet microstructure, and the
interfacial region.
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narrows, and the diffraction peaks of the two phases gradually
merge starting from 350 °C, due to increasing intermixing of
the components. A complete solid solution with a Na0.5K0.5Cl
composition forms above 500 °C and melts at 660 °C, which is
consistent with the phase diagram.33,34 This phase retains the
original rock-salt structure of the parent compounds, but for
visual clarity and to emphasize the fusion of the two salts, it is
labeled as “NaKCl2” in the graphs.

The LiNi0.33Mn0.33Co0.33O2 cathode material does not
undergo any transformations within the studied temperature
range when heated alone (Figure 3b). Only minor shifts of the
diffraction peaks to lower angles are observed, attributed to
anisotropic thermal expansion of the unit cell. When heated
together with the eutectic salt (Figure 3c), there are also no
apparent changes for the “NMC” structure aside from the
lattice expansion. The chlorides merge into “NaKCl2” and then
melt, behaving similarly to when heated alone. A 1:2 mass ratio
was used in this case to ensure an excess of salts, but no
reaction occurred regardless.

The situation changes when the cathode material is heated
not only with the chlorides but also with graphite (Figure 3d).
Above 600 °C, the layered structure of “NMC” fully
decomposes into a solid solution of cubic oxides, and the
“NaKCl2” phase melts shortly afterward. Above 650 °C, the
peaks corresponding to a metallic fcc lattice emerge and then
grow at the expense of the diminishing oxide phase. A 1:1 mass
ratio was used to lower the intensity of the chloride peaks and
enhance the visibility of oxides, whose reflections are weak and
broad due to small crystallite sizes and the inhomogeneous
intermixing of the three transition metals.

Since transformations of the cathode material are triggered
only at elevated temperatures, a more detailed examination of
this range is necessary. To facilitate this, a set of additional ex
situ samples was prepared by covering NMC-Gr pellets with
NaCl-KCl salts and heating them to 600−750 °C in a box
furnace. After salt removal by washing, the resulting particles
were imaged by SEM to correlate morphological changes with
the evolution of the diffraction peaks (Figure 4).

Figure 2. EDX elemental mapping of the interfacial regions between NMC-Gr and NaCl-KCl before (a) and after heating to 670 °C (b). Elements
are shown in the order: C, Na, Cl, K, O, Ni, Mn, Co.
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Figure 3. In situ XRD during heating of model material systems: NaCl-KCl eutectic only (a), LiNi0.33Mn0.33Co0.33O2 only (b), mixture of NMC
and NaCl-KCl at a 1:2 mass ratio (c), mixture of NMC-Gr and NaCl-KCl at a 1:1 mass ratio (d).

Figure 4. SEM images of ex situ NMC samples and corresponding in situ XRD data. Particle morphology after heat treatment with NaCl-KCl salts
at 600 °C (a), 650 °C (b), 700 °C (c), and 750 °C (d), together with the diffraction patterns recorded during heating in the 350−750 °C range
(e).
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After heating to 600 °C, the NMC powder retains its initial
morphology (Figure 4a). The only apparent variation is the
growth of scale-like features on the surface of the particles,
which are seen at higher magnification (Figure S4). However,
this is likely unrelated to the reduction process and is simply a
result of the washing and drying steps used to recover the
insoluble fraction.35,36 The change in morphology becomes
visible after heating to 650 °C (Figure 4b), when some
porosity forms inside the cathode particles. This indicates the
onset of reduction, as the “NMC” phase disappears and
“NaKCl2” fully melts prior to 650 °C as follows from the in situ
diffraction patterns (Figure 4e). At 700 °C, the pores become
larger and some phase contrast emerges due to segregation of
bright crystallites from the oxides (Figure 4c). At 750 °C,
pores are further enlarged, but their number decreases because
of grain growth and sintering of the particles (Figure 4d).

The comparison between the in situ XRD patterns and
phase contrast in SEM images suggests that emerging bright
crystallites correspond to the metallic fcc alloy. During
reduction, it is likely that the transition metals migrate from
the solid solution oxide into this alloy at different rates. This is
inferred from the steady shift of the oxide peaks to lower angles
in the 650−740 °C range. Since the lattice constants of pure
NiO and CoO are smaller,37 such a shift indicates a gradual
increase in the MnO contribution, suggesting that nickel and
cobalt are reduced to the metallic state first, while manganese
is the last to convert. Interestingly, during the reduction of
NMC622 (Figure S5), which contains more Ni and less Mn,
the diffraction peaks of the mixed oxide gradually fade due to
nucleation of the alloy, without any considerable shift to lower
angles.

The increasing fraction of metallic alloy, which is observed
in the in situ patterns above 650 °C (Figure 4e), represents the
carbothermal stage of reduction. During this stage, oxygen
from the solid solution oxide reacts with carbon from graphite,
leading to gas evolution.38,39 However, the “NMC” phase itself
disappears by 600 °C, suggesting that an additional mechanism
could be responsible for the collapse of the layered structure
prior to carbothermal reduction.

Indeed, shallow diffraction peaks corresponding to the solid
solution oxide phase are already visible at 550 °C (Figure 4e),
indicating the onset of NMC decomposition. The initial
positions of these peaks closely match those of NiO-CoO and
then gradually shift to lower angles due to the incorporation of
MnO. Therefore, manganese exsolves from the layered
structure more slowly, consistent with its slower reduction
during alloy formation at higher temperatures.

It is also worth noting that when NMC-Gr is heated without
the salts but under an inert atmosphere, the nucleation of cubic
oxides begins only at about 590 °C (Figure S6). Although this
difference in the onset temperature is not large, it nevertheless
suggests that chlorides facilitate the decomposition/reduction
process. When this cathode material is heated with NaCl-KCl
but without graphite, no reduction occurs at all (Figure 3c).
Thus, the presence of both graphite and chloride eutectic is
essential to enable the additional reduction mechanism.

The collapse of the initial NMC structure, even before
reaching the carbothermal stage, can be explained by the
following considerations. At 40 wt % content, the volume of
graphite flakes is several times greater than that of NMC
(Figure 1b), so cathode particles are therefore more frequently
in contact with graphite than with the salts. Moreover, due to
thermally activated intercalation,40,41 graphite can act as a

transport pathway for Li to diffuse out of the host material and
encounter the nearest NaCl-KCl crystals. Given that K ions
also intercalate into graphite at elevated temperatures,42,43

lithium can exchange lattice sites with potassium in the rock-
salt phase, especially once the chloride salts merge into
“NaKCl2”.

It should be emphasized that such intercalation of alkali ions
into graphite is driven by temperature,40−43 and not by an
electric field or potential, so it represents stochastic motion
rather than directional transport. The thermal intercalation
also implies that lithium and potassium may reside in a
particular graphite flake only briefly before migrating to
another host. Although Li and K do not intercalate within
the same layer, as they preferentially form LiC6 and KC8
arrangements,44 polycrystalline graphite in the form of flakes
provides numerous pathways for the independent diffusion of
both ions.

An important factor is that decomposition of NMC is
observed starting from 550 °C, which coincides with the
melting point of the LiCl-NaCl eutectic.45,46 Below this
temperature, lithium can exsolve from the chlorides, migrate
back through graphite, and reincorporate into the NMC
structure. However, above 550 °C, the migration of lithium
ions into the salts becomes irreversible, as they are trapped
within the local chloride melt.

The presence of a localized melt further promotes the
intercalation,47 allowing more K ions to leave the chloride
crystals and create vacancies for lithium. At the same time, the
size mismatch prevents potassium from dissolving into NMC,
so it can instead bind with oxygen radicals from the cathode
particles and promote oxidation of nearby graphite,48 by
forming the K2CO3 phase. Above 550 °C, this evolves into a
cascade process, because migrated lithium no longer returns to
the host cathode material, which progressively loses oxygen
through interactions with potassium. As a result, the transition
metals become partially reduced, and a solid solution of cubic
oxides is formed. Hereinafter, this stage of reduction is referred
to as halothermal. The term is inspired by the importance of
halide salts in this type of interaction and is used to distinguish
it from the carbothermal reduction, when the structural oxygen
directly reacts with graphite at higher temperatures.

With regard to this additional reduction mechanism, a
reasonable question is why it is not triggered at lower
temperatures. The melting point of the binary LiCl-KCl
eutectic is around 350 °C,49 but thermal intercalation of
lithium remains limited in this temperature range.40,41 Even if
some lithium ions were to diffuse far enough to reach
neighboring chloride crystals, they would not accumulate in
sufficient quantity near potassium ions to induce melting.
Therefore, a more realistic scenario for an earlier onset of
reduction would involve the localized formation of the ternary
LiCl-NaCl-KCl eutectic, which melts below 550 °C.50

The formation of the ternary salt may be feasible if the
carbon-based material allows sodium intercalation.51 However,
since Na intercalation into graphite is not favored,52 the onset
of reduction aligns closely with the LiCl-NaCl melting point.
Nonetheless, the halothermal stage of reduction could be
triggered earlier if a considerable fraction of cathode particles is
in contact not only with graphite but also with the chlorides.
This could facilitate the formation of the ternary eutectic at the
triple-phase boundaries and lower the effective melting point of
the salt.
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While the halothermal reduction of NMC-Gr is observed
above 550 °C in capillaries, it remains unclear why the particle
morphology is retained when the pellets are heated to 600 °C.
Therefore, it is of practical importance to understand the
factors influencing onset of the reduction process. To address
this, a set of ex situ samples was heat-treated at 590−750 °C,
washed to remove the salts, and then the resulting powdered
materials were analyzed by XRD to determine the phase
composition and allow direct comparison with the in situ
diffraction patterns (Figure 5).

In the 650−750 °C range, both in situ and ex situ patterns
for the most part demonstrate similar phases, with a gradual
conversion of oxides to metals during the carbothermal stage
of reduction. Nonetheless, a few minor differences between the
two data sets are worth noting. At high temperatures, a
complete solid solution of MnO, CoO, and NiO is observed
(Figure 5a), whereas at room temperature, a right shoulder on
the diffraction peaks indicates the exsolution of nickel oxide
from the mixture (Figure 5b). This feature reflects the
temperature dependence of mutual solubility, suggesting that
these oxides are less likely to remain as a solid solution upon
cooling if some fraction of transition metals is already in the
alloy. Another distinction is the presence of Li2SiO3 traces in
the in situ patterns, resulting from a side reaction between
lithium and the quartz capillary above 650 °C (Figure S7). The
ex situ samples are heated in alumina crucibles, and no such
phase is detected due to the absence of a silicon dioxide
source.

Below 650 °C, more pronounced variations are observed in
the XRD patterns of in situ and ex situ samples. In quartz
capillaries, the “NMC” phase decomposes into a solid solution

oxide by 600 °C, even before “NaKCl2” is fully molten at 620
°C, and no further changes are detected until the metallic alloy
begins to nucleate at 650 °C (Figure 5a). For the pellets
heated in crucibles, the decomposition occurs more gradually
via the segregation of several intermediate phases in the 610−
650 °C range. Specifically, small diffraction peaks of
LiNi1−xMnxO2 and MnCo2O4 emerge at 610 °C and then
grow further between 620 and 640 °C. The solid solution
oxide appears only at 630 °C, but it becomes the dominant
phase by 650 °C (Figure 5b).

Another notable difference is the presence of K2CO3 in the
in situ patterns (Figure 5a). The formation of this carbonate
phase is consistent with the proposed mechanism of
halothermal reduction. Once lithium diffuses through graphite
and exchanges lattice sites with potassium in chloride crystals,
K ions are unable to incorporate into cathode particles and
instead react with oxygen radicals and carbon. In the absence
of graphite, this reaction is not favorable (Figure 3c), as there
is no medium to facilitate the lithium migration from NMC
into NaCl-KCl.

For the both types of samples, traces of the metallic alloy
become visible only above 650 °C (Figure 5a and b),
indicating that the carbothermal stage of reduction for the
cathode material is initiated at this temperature threshold.
However, the onset of the halothermal stage is delayed only in
the ex situ experiments. The photographs taken after crucible
removal from the furnace show that salt melting begins at a
slightly higher temperature than in the in situ case (Figure S4),
which coincides with a slower decomposition rate of the
“NMC” phase. This suggests that the onset of halothermal
reduction is closely related to the actual melting point of the

Figure 5. Comparison of in situ and ex situ XRD for NMC-Gr with NaCl-KCl: patterns at high temperatures in quartz capillaries (a) and room-
temperature scans after washing of samples annealed in alumina crucibles (b). The dashed line in the ex situ patterns indicates the corresponding
range of the in situ scans.
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chloride eutectic. One of the differences between the in situ
and ex situ samples was the mass ratio of NMC-Gr to NaCl-
KCl, which was set at 1:1 for capillaries and 1:10 for pellets.
For the sake of consistency, it would have been ideal to use the
same ratio for both cases, but it was not feasible in practice. A
larger amount of salt was required to fully cover the NMC-Gr
pellet in a large alumina crucible compared to small quartz
capillaries. Conversely, a high fraction of salt would have made
it difficult to detect the oxide and alloy phases during in situ
XRD due to the strong intensity of the NaCl-KCl peaks.

To investigate whether the mass ratio affects the melting
behavior, a set of samples was prepared for TGA-DSC analysis
by varying the relative content of NMC-Gr with respect to
NaCl-KCl. In addition, the in situ XRD patterns were recorded
during cooling to support the interpretation of heat effects, and
the ex situ pellet with solidified salt and reduced particles was
characterized by EDX to gain further insight into the
interaction between the chloride salts and lithium (Figure 6).

The NaCl-KCl eutectic shows an endothermic peak at
around 660 °C (Figure 6b), which is consistent with the
literature data.53 For clarity, various heat effects on the DSC
curves are labeled with numbers, with effect 1 corresponding to
the chloride melting. When NMC-Gr is gradually added, the

position of this effect steadily shifts to lower temperatures. It
appears at 650 °C for a 1:10 ratio, used for the ex situ samples,
and at 600 °C for a 1:1 ratio, used in the in situ case. For
intermediate ratios, the melting temperature falls between
these values, directly confirming that higher NMC content
leads to a greater decrease in melting point, driven by lithium
migration into the salts. Notably, no other endothermic peaks
associated with the carbothermal reduction are observed, as
this stage is not reached during dynamic heating to 700 °C,
and only the halothermal reduction occurs under these
conditions.

The heat effect labeled as 2 is attributed to instrumental
aspects of the analysis (Figure 6b), as each measurement
involves placing a 3 mm pellet is placed into a 6 mm crucible.
The complete crucible filling is not feasible, since molten
chlorides could escape due to wetting of the alumina surface.
Because of the small pellet size, it is not possible to embed the
cathode material and graphite inside, as is done for ex situ
samples. Instead, all constituents are intermixed, similarly to
the experiments with capillaries. It does not affect the pure
NaCl-KCl eutectic, but for 1:20, 1:10, and 1:5 mass ratios, a
slight dip in the TGA curves occurs shortly after melting, when
some graphite flakes become exposed and begin to oxidize

Figure 6. Effect of lithium migration on the behavior of chloride salts. TGA-DSC for different mass ratios of NMC-Gr to NaCl-KCl (a, b), in situ
XRD during cooling of a sample with a 1:1 ratio and a model ternary chloride system (c, d), and EDX elemental mapping of solidified salt
containing a reduced particle after heat treatment at 670 °C (e).

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.5c02896
Chem. Mater. XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/10.1021/acs.chemmater.5c02896?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.5c02896?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.5c02896?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.5c02896?fig=fig6&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.5c02896?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(Figure 6a). At higher contents of NMC-Gr, graphite accounts
for the largest volume fraction and is significantly exposed to
air, leading to pronounced oxidation, reflected in the
exothermic effect starting from 480 °C. Nonetheless, effect 2
is not significant in the in situ and ex situ experiments, since
graphite is not exposed to the oxidative environment to the
same extent as in the TGA-DSC samples.

To interpret the heat effects during cooling, it is helpful to
examine the corresponding in situ XRD patterns for NaCl-KCl
with NMC-Gr and compare it to the case of LiCl-Gr (Figure
6c and d). For this ternary chloride mixture, the content of
LiCl was selected such that the lithium concentration matched
that of NMC-Gr mixed in a 1:1 ratio with the binary eutectic.
In both cases, the diffraction peaks for the “LiNaCl2” phase are
observed from about 540 to 360 °C, representing the solid
solution of NaCl and LiCl.54 Moreover, since “LiKCl2” does
not form due to a large difference in the cation size,49 a portion
of potassium remains in the LiCl-KCl melt until about 350 °C.
Below this temperature, a separate “LiCl” phase emerges, and
the intensity of the “KCl” peaks increases.

The understanding of the solidification products facilitates
interpretation of the DSC curves during cooling (Figure 6b).
The pure eutectic crystallizes into “NaKCl2” below 640 °C and
dissociates into separate “NaCl” and “KCl” below 420 °C
(Figure S7). The corresponding exothermic effects are labeled
as 4 and 5, respectively. When NMC-Gr is added, an
additional exothermic peak emerges at 550 °C, labeled as
effect 6, which is attributed to the crystallization of “LiNaCl2”,
based on the characteristic temperature.46 For the 1:20 and
1:10 ratios, these three effects are clearly separated, but for the
1:5 ratio, heat effect 4 is closely followed by effect 5, indicating
that “NaKCl2” dissociates into separate salts shortly after
solidification.

The crystallization of a solid solution between NaCl and KCl
becomes less favorable at higher NMC-Gr content, so the
intensity of heat effects 4 and 5 steadily decreases, whereas
effect 6 becomes more pronounced. Moreover, at 1:2 and 1:1
ratios, effects 4 and 5 overlap, suggesting that “NaKCl2”
crystallizes and dissociates almost simultaneously, thereby
releasing NaCl to form the solid solution with LiCl. As a result,
the “LiNaCl2” phase is observed in the in situ patterns below
550 °C (Figure 6c), and its dissociation below 350 °C does not
produce a distinct heat effect due to slow kinetics (Figure 6d).

Given the impact of lithium on the solidification of salts,
heat effect 3 can intuitively be associated with its migration
into the chloride phase during heating. As this migration
occurs just before melting, it strongly overlaps with heat effect
1, which is visible starting from the 1:10 ratio (Figure 6b). The
pure NaCl-KCl eutectic shows a normal melting peak, after
which the curve shifts due to a change in heat capacity.
However, the addition of NMC-Gr causes lifting of the left side
of the peak, as lithium migration is exothermic,55 while salt
melting is endothermic.

The solidification of the LiCl-KCl eutectic at 350 °C, which
is clearly visible for the ternary chloride mixture (Figure 6d), is
less apparent for NaCl-KCl with NMC-Gr. Nonetheless, a
characteristic change can still be observed in the in situ XRD
patterns at the same temperature (Figure 6c), representing the
dissociation of “LiNaCl2” into “LiCl” and “NaCl”. Below the
solidus at 340 °C, some oxychloride phases emerge in the in
situ XRD patterns (Figure 6c), but their peak intensities are
rather low. Nevertheless, the segregation of competing phases

is driven by chloride-deficiency, which is not significant in the
ex situ samples with higher salt content.

The existence of solid solution between LiCl and NaCl
during solidification is consistent with the proposed mecha-
nism of halothermal reduction. Upon heating, lithium diffuses
through graphite and replaces potassium in the rock-salt lattice,
effectively dissolving in the salts. Upon cooling, lithium
partially crystallizes from the melt as the “LiNaCl2” phase.
Both steps are thermodynamically favorable, with formation
enthalpies of 4.93 kJ/mol for “NaKCl2” and 3.05 kJ/mol for
“LiNaCl2”.55 This indicates that replacing K with Li in the salt
crystals lowers the total energy of the alkali chlorides.
Nonetheless, when salt content is high relative to the cathode
material and graphite, as in the ex situ samples, the amount of
formed “LiNaCl2” should be smaller compared to “NaKCl2”
due to the lower concentration of available lithium.

For additional characterization of the salt after cooling, the
area surrounding the reduced particle was analyzed by EDX
(Figure 6e). The distribution maps for Na and K reveal lighter
and darker regions that do not fully coincide with Cl, implying
a slight dilution of the chloride salts due to the presence of
“LiCl”. Moreover, the concentration of sodium is very low near
the particle surface and at the core, as it does not intercalate
into the graphite around the cathode material. This is not an
artifact of the specific data set and can also be observed in
other parts of the NMC-Gr pellet heated with the NaCl-KCl
salts (Figure S8). Therefore, such features provide additional
evidence for the halothermal mechanism of reduction.

Since the amount of chloride ions in the system is limited, a
portion of potassium remains locked in the carbonate phase
during cooling. The EDX mapping of K and Cl shows that
these elements do not completely overlap at the particle core,
suggesting the most probable location of “K2CO3” (Figure 6e).
This carbonate phase is poorly soluble in the chloride melt and
therefore is not expected to diffuse far from its point of
formation. The remaining potassium partially crystallizes as
“KCl” below 490 °C and partially persists in the LiCl-KCl melt
down to 350 °C. The presence of a molten potassium-
containing phase over a broad temperature range results in a
uniform distribution of this chloride around the cathode
material. This is evident from the K and Cl signal counts,
which outline the wavy contours of transition metal oxides. In
contrast, sodium is less abundant in the vicinity of the reduced
particle (Figure S8), as it does not intercalate into graphite
during heating and begins to crystallize earlier during cooling,
starting at 550 °C.

The halothermal reduction and the corresponding migration
of lithium from the cathode material into the chloride salts
have direct implications for the recycling of battery waste. To
quantify the Li recovery rate, the NMC-Gr pellet mixed with
NaCl-KCl in 1:10 mass ratio was heated to 670 °C and then
dissolved in deionized water, followed by centrifugation to
separate the saline solution from the insoluble transition metal
oxides and graphite. According to the ICP-OES analysis, the
recovered liquid contains most of the lithium from the initial
cathode material (Table S1). Therefore, alkali chloride salts
not only enable the reduction process without the need for
protective gases but also ensure the subsequent extraction of
lithium.

Considering the potential benefits, it is of great interest to
verify the applicability of the proposed method to other
common cathode materials that may be present in the Li-ion
battery waste and black mass. For this purpose, the samples
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containing LiNi0.80Co0.15Al0.05O2, LiCoO2, LiNi0.5Mn1.5O4, and
LiMn2O4 particles were prepared following the same protocol
as for NMC, each mixed with graphite and NaCl-KCl, and
then analyzed by in situ XRD.

As seen from the temperature-resolved patterns, very similar
behavior of the chloride salts is observed in all four cases
(Figure 7), which also aligns with the data for equimolar NMC
and NMC622. Starting from 350 °C, the diffraction peaks for
“NaCl” and “KCl” gradually merge due to increasing
intermixing, until the solid solution “NaKCl2” forms at 500
°C and melts above 600 °C. Nonetheless, the onset of
reduction depends on the cathode composition.

In the LiNi0.80Co0.15Al0.05O2 case (Figure 7a), the intensities
of the “NCA” peaks begin to decrease at 580 °C. By 610 °C,
the initial layered structure decomposes into a solid solution of
NiO-CoO oxides due to lithium migration. After melting of the
chloride salts, the metallic Ni−Co alloy nucleates at 620 °C
and becomes the dominant phase by 700 °C. The residual
aluminum is likely also dissolved in the alloy, as no other
secondary phases are observed. In contrast to NMC, the
halothermal stage of reduction for NCA occurs in a narrower
temperature range, and the carbothermal stage is triggered
earlier.

The behavior of LiCoO2 is similar to that of equimolar
NMC and NMC622 in terms of the onset of various reduction
stages (Figure 7b). The cubic oxide emerges at 530 °C along
with a simultaneous fading of the “LCO” peaks, as lithium
begins to migrate from the host structure. The chloride salts
are fully molten at 610 °C, but further reduction of CoO is
initiated only at 650 °C. By 740 °C, this oxide phase is
completely converted into metallic Co.

Compared to the layered cathode materials, the decom-
position of the spinel compounds occurs at lower temper-
atures. For LiNi0.5Mn1.5O4 (Figure 7c), the “LNMO” phase

starts to fade at 450 °C, and by 520 °C it gradually dissociates
into LiMnO2 and NiO-MnO due to partial lithium loss. Above
530 °C, lithium continues to migrate into NaCl-KCl, while the
diffraction peaks of the solid solution oxide steadily shift to
lower angles. This peak shift is associated with the
decomposition of LiMnO2 and the incorporation of additional
manganese into the oxide mixture. The chloride salts are
molten at 630 °C, and the Ni−Mn alloy begins to nucleate due
to further reduction of the oxides. Above 670 °C, the oxide
peaks become sharper and no longer shift, indicating that all Ni
is already in the metallic form and minimal conversion occurs
for the remaining MnO.

The LiMn2O4 cathode powder mostly resembles the LNMO
case, but without the formation of a solid solution oxide
(Figure 7d). The decomposition of “LMO” begins at 480 °C
through the formation of intermediate phases LiMnO2 and
Mn3O4 because of partial lithium loss. Above 540 °C, the MnO
peaks emerge due to additional migration of lithium into the
chloride salts, which are fully molten at 630 °C. In contrast to
the other tested materials, no further reduction is observed
after salt melting, and MnO remains the dominant phase up to
at least 740 °C.

The obtained in situ XRD patterns demonstrate that the
halothermal stage of reduction for the spinel cathode materials
proceeds over a broader temperature range, during which they
gradually decompose into LiMnO2 and Mn3O4 or NiO-MnO
mixture. At the same time, the carbothermal stage is less
pronounced, as manganese oxides react poorly with carbon
from the graphite flakes. Therefore, a temperature of 650 °C
can be considered as a safe choice for the reduction of real
black mass containing different cathode chemistries. At this
temperature, the halothermal stage is completed for all
common materials, and they decompose into porous transition
metal oxides. Above 650 °C, metallic crystallites grow during

Figure 7. In situ XRD during heating of common cathode materials mixed with graphite and NaCl-KCl salts: LiNi0.80Co0.15Al0.05O2 (a), LiCoO2
(b), LiNi0.5Mn1.5O4 (c), and LiMn2O4 (d).
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the carbothermal stage, leading to graphite consumption,
which is not necessary for the extraction of lithium and
separation of transition metals.

The earlier onset of halothermal reduction for the spinel
compounds compared to the layered materials is probably
associated with the smaller size of secondary particles.
According to the specifications provided by Sigma-Aldrich,
both the LNMO and LMO powders have an average size of
about 1 μm. Therefore, as previously suggested, a high count of
triple-phase boundaries, where the cathode material is in
contact with graphite and chloride salts, could lower the
temperature of irreversible lithium migration below 550 °C.
While such a decrease is difficult to achieve with larger layered
particles, it is feasible for finely dispersed spinel cathodes,
whose volume is comparable to that of graphite flakes.

It is worth noting that another widely used cathode material,
LiFePO4, does not appear to be suitable for treatment with
NaCl-KCl. In the 320−520 °C range, it gradually decomposes
into Li3Fe2(PO4)3 with partial segregation of Fe2O3, but then
recrystallizes into its initial olivine structure above 530 °C due
to the carbothermal reduction (Figure S9). Therefore, if black
mass contains LFP particles, it requires a different processing
strategy compared with the spinel or layered compounds.

As the transformations of various cathode materials during
the heat treatment with alkali chlorides are clarified, it is also of
practical importance to understand the behavior of typical
impurities that could be present in black mass. Therefore, in
situ samples containing Al, Cu, PVDF, and LiF powders were
prepared, and temperature-resolved XRD patterns were
recorded in the same way as for different cathode compositions
discussed above (Figure 8).

To analyze the behavior of Al and Cu, often present as
inclusions of current collectors, a 1:3 mass ratio to NaCl-KCl
was used to ensure that the intensities of the metal peaks
remained visible relative to the salts. In the case of aluminum,
no interactions between the constituents are observed until
660 °C, at which point it melts simultaneously with the
chlorides (Figure 8a). In contrast, copper shows a sequence of
phase transitions with increasing temperature (Figure 8b). At
250 °C, it begins to oxidize to Cu2O, followed by further
conversion to CuO at 350 °C. Starting from about 500 °C,
copper is reduced to Cu2O through the reaction with carbon,
and then transforms into the metallic form by 620 °C, even
before the salts melt.

An important practical outcome is that when Al and Cu are
present in NMC-Gr or black mass prior to heat treatment, they
do not migrate into the chloride melt and fully remain in the
insoluble fraction (Figure S10). Moreover, an interesting side
effect is observed when both metals are heated above 660 °C
(Figure S11), as melting of aluminum triggers the nucleation of
an intermetallic compound with copper. The content of iron in
black mass is typically very low due to magnetic separation of
steel pieces,56 but if such an impurity is present, it could also
participate in the side reactions. Therefore, the formation of
minor intermetallic phases is possible when black mass is
heated to or above the melting point of aluminum.

The PVDF binder, which is used to adhere cathode particles
and graphite to Al and Cu current collectors, respectively,
melts at around 180 °C and remains in this state up to 420 °C
(Figure 8c). Due to its low average atomic number, it was
mixed with NaCl-KCl in 1:2 mass ratio to improve visibility.
Once this polymer decomposes, the diffraction peaks
corresponding to sodium and potassium perchlorates appear

Figure 8. In situ XRD during heating of typical black-mass impurities mixed with NaCl-KCl: Al (a) and Cu (b) current collectors with graphite,
PVDF binder (c), and LiF with graphite (d).
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in the 430−540 °C range. These most likely represent
fluorinated variants of the perchlorate phases rather than
pure compounds. The capture of fluorine by the salts becomes
more evident at higher temperatures, since it lowers the
melting point of “NaKCl2” to 610 °C. Shortly after melting, the
SiO2 phase emerges as presence of fluorine in the melt
promotes dissolution of quartz,57 which then precipitates in
powdered form.

A nearly identical degradation of quartz glass is observed
when LiF-Gr is mixed with NaCl-KCl in a 1:8 mass ratio and
then heated (Figure 8d). The LiF impurity often originates
from the decomposition of LiPF6 (Figure S9), which occurs
during the drying of shredded battery waste to evaporate
electrolyte solvents. It not only lowers the melting point of
“NaKCl2” to 610 °C, but also dissolves in the melt at 630 °C,
causing the precipitation of silica. Although such corrosion of
capillaries is merely an artifact of the measurement setup, it
directly indicates the presence of fluorine in the molten salts.
Given the low content of PVDF and LiF in industrial black
mass,58,59 it is reasonable to expect that all fluorine could be
trapped by the chloride salts during the heat treatment.

After examining various cathode compositions and typical
impurities, it is also necessary to verify that the proposed
treatment is equally effective for real battery waste. To this end,
industrial black mass was compacted into a disk-shaped pellet,
covered with NaCl-KCl, and then heated to 670 °C. Under
these conditions, the main products are identical to those
obtained for the model NMC-Gr mixture, namely a solid
solution of transition metal oxides and graphite (Figure S12).
The traces of Al- and Cu-based compounds are also observed,
as these impurities are commonly present in this type of waste.
Another useful outcome is that alkali chlorides can be reused
for the reduction process over multiple cycles, with lithium
continuing to migrate into the salts even without intermediate
delithiation after each run (Figure S13).

The results presented in this study demonstrate that
treatment of battery materials with chloride salts is highly
relevant for black mass handling and recycling. The proposed
process does not require a protective atmosphere and can be
performed under ambient air. It also aligns with the emerging
recycling paradigm that relies on various molten salts for
processing battery waste.60,61 By analogy with pyrometallurgy
and hydrometallurgy, this approach can be classified as
halometallurgy, because it is based on interactions between
target materials and halide compounds. This terminology is
consistent with the observed mechanism of halothermal

reduction, in which lithium ions migrate from the cathode
particles into chloride crystals via thermal intercalation and
diffusion through graphite.

A comparison between the proposed method and other two
conventional battery recycling techniques, pyrometallurgy and
hydrometallurgy, is summarized using radar diagrams (Figure
9), which highlight the most relevant techno-economic
parameters. One of the notable outcomes is the strong
decentralization potential of halometallurgy. Due to the
relative simplicity of the processing steps, this approach
could be implemented across a wide range of scales, enabling
small- and medium-sized companies to process the battery
black mass and thereby promoting the decentralized recycling
market. In contrast, the pyrometallurgical and hydrometallur-
gical approaches are viable only at high processing tonnage and
therefore require large centralized facilities.14,15 These methods
are also associated with lower environmental compatibility,
leading to substantial costs for ensuring safe operation for both
personnel and the environment. By comparison, halometal-
lurgy avoids excessively high temperatures, does not require a
controlled gas atmosphere, does not involve acids, and
suppresses fluorine emissions from the binder decomposition.

The products of halometallurgy require further downstream
treatment, as both lithiated chloride salts and transition metal
oxides must be additionally processed to reintegrate the Li, Ni,
Mn, and Co precursors into the economy. Importantly, this
requirement also applies to other techniques, because
transition metal sulfates and lithium carbonate should be
purified after hydrometallurgy, and pyrometallurgical slag
should be subjected to leaching. In this context, halometallurgy
offers greater flexibility in downstream material flow, as its
decentralization supports adaptable and locally distributed
processing strategies.

The saline solution obtained after treatment of black mass
with alkali chlorides can be referred to as halothermal brine,
emphasizing that lithium migrated into the salts as a result of
halothermal reduction. The composition of this solution is
comparable to that of continental brines, indicating that it
could be processed using the methods of direct lithium
extraction, collectively known as DLE, to obtain Li2CO3,
LiOH, or LiCl compounds.62

Among the DLE techniques developed over the past two
decades,63,64 the membrane separation and electrochemical
recovery appear particularly suitable, as they facilitate the reuse
of chlorides after delithiation. Moreover, in contrast to natural
lithium-rich brines, halothermal brine does not contain calcium

Figure 9. Radar diagrams for techno-economic comparison of battery recycling routes: pyrometallurgy (a), hydrometallurgy (b), and
halometallurgy (c). Radial axes increase from the center (low) to the edge (high), indicating the relative levels of each parameter.
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and magnesium ions, which are detrimental to certain
extraction techniques.

The insoluble fraction after halometallurgy, consisting
mostly of porous oxide particles and graphite, can be converted
into soluble products either by advanced hydrometallurgy,65 or
by annealing with the corresponding ammonia salts.60

Alternatively, if metallic impurities are washed away and
graphite is removed by flotation,66 the solid solution of
transition metal oxides can be used as a precursor for all-dry
synthesis of cathode materials.67 Such synthesis protocols are
closely related to the direct recycling or even upcycling of
spent cathode powders and the growth of single-crystal
particles.68−70

The elemental recovery rates achieved by halometallurgy are
relatively high, as the transition metals do not diffuse into the
chloride melt and remain entirely in the insoluble fraction.
Nevertheless, lithium migration into the melt could be further
enhanced by adjusting the spatial distribution of black mass
and salts (Figure S14). For example, when the pellet itself
contains not only cathode material and graphite but also
embedded salts, the lithium content in the saline solution
increases from 91% to about 96% (Table S1). The presence of
salt within the pellet shortens the diffusion path for lithium to
reach the chlorides during heating and also mitigates its
reincorporation into the oxide phase during cooling.

The feedstock tolerance of halometallurgy is lower than that
of pyrometallurgy, because it requires a fine black mass rich in
Ni−Mn−Co metals and ideally free of LFP inclusions. In
contrast, batteries with diverse cathode chemistries can be
processed through the smelter route regardless of their
condition. The energy productivity of the proposed method
is also lower than that of hydrometallurgy, as it inherently
involves thermal treatment. However, more efficient inductive
furnaces could potentially improve this parameter in the future.

Although the radar diagrams provide only a qualitative
comparison between the three recycling techniques, a detailed
techno-economic analysis is currently not feasible due to the
low technological readiness of halometallurgy. This study
serves as proof of concept, with a primary focus on the
underlying scientific principles. Further optimization and
process customization, particularly at the engineering level,
will likely be required before widespread commercial adoption
takes place.

To facilitate the practical implementation of halometallurgy,
an important guideline can be formulated. While both
halothermal and carbothermal stages of reduction are
discussed in this work, the halothermal reduction alone is
sufficient for cathode decomposition and lithium migration
into the chloride salts. Therefore, it is not necessary to raise the
temperature above 650 °C, although additional tuning of the
thermal profile within the 600−650 °C range may be beneficial
for suppressing side reactions involving current collector
inclusions.

Overall, the simplicity of the process, in combination with its
distinct mechanistic basis, may allow halometallurgy to
establish a niche and contribute to the decentralization of
battery recycling. This is particularly relevant in the context of
the ongoing energy transition and the growing demand for
electrochemical energy storage. Beyond battery waste, the
creation of quasi-inert conditions under ambient air has
academic value in its own right and could find application in
other material systems.

4. CONCLUSIONS
The present study experimentally demonstrates and thor-
oughly analyzes the reduction of common battery cathode
materials upon heating with NaCl-KCl under ambient air.
Using the equimolar NMC and graphite as model material
system resembling black mass, the reduction is shown to
proceed via the halothermal and carbothermal stages. During
the halothermal stage at 550−640 °C, lithium migrates from
the host cathode particles into the chloride crystals via
diffusion through graphite, leading to the decomposition of the
initial structure into a mixture of transition metal oxides. The
incorporation of lithium lowers the melting point of the
chloride eutectic, and this effect is proportional to the relative
amount of cathode material with respect to the salts. The
molten chlorides coat the particles and graphite flakes,
shielding them from the oxidative environment and enabling
the carbothermal stage above 650 °C, during which the oxide
phase gradually reduces to a metallic alloy.

The NMC622 cathode material undergoes a sequence of
transformations similar to that of equimolar NMC, but the
solid solution oxide converts to the metallic alloy by 720 °C.
The NCA decomposes into a NiO-CoO mixture starting from
580 °C, and the Ni−Co alloy emerges at 620 °C, becoming the
dominant phase by 700 °C. The LCO transforms into CoO
from 530 °C, with nucleation of metallic Co beginning at 650
°C and completing by 740 °C. The LNMO gradually
dissociates into LiMnO2 and NiO-MnO between 450 and
520 °C, forming a complete solid solution of oxides at 530 °C,
while the Ni−Mn alloy nucleates due to reduction of oxides
above 630 °C. The LMO forms intermediate phases LiMnO2
and Mn3O4 starting from 480 °C, and MnO appears above 540
°C, without further reduction to the metallic state. The LFP
becomes a mixture of Li3Fe2(PO4)3 and Fe2O3 at 320−520 °C,
but recrystallizes into the olivine structure above 530 °C.

The behavior of typical black-mass impurities in contact with
the chloride salts is also investigated. The anode current
collector material oxidizes in the 250−500 °C range, followed
by gradual reduction to metallic Cu at higher temperatures.
The cathode current collector remains as metallic Al until
about 660 °C, after which it melts and may fuse with other
metals. The PVDF binder melts at 180 °C and decomposes at
420 °C, while fluorine is captured by the chloride mixture. The
LiF compound, a residue from battery electrolytes, remains
stable until chloride melting, after which it dissolves in the
melt.

The use of alkali chlorides not only enables the reduction to
proceed without a protective gas atmosphere but also ensures
effective separation of lithium from the transition metals. After
dissolution of the heat-treated samples in water, up to 96% of
Li is found in the recovered saline solution, while the insoluble
fraction consists mostly of porous oxide particles and graphite.
The proposed halometallurgical treatment could support the
development of decentralized recycling infrastructure and
promote a circular economy for battery materials.
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It includes XRD patterns for starting materials (Figure
S1), details of the in situ XRD experimental setup
(Figure S2), and optical microscopy of NMC-Gr
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together with SEM images of particle morphology after
the heat treatment with NaCl-KCl (Figures S3, S4). The
in situ XRD data are presented for NMC622-Gr with
salts (Figure S5), equimolar NMC-Gr under nitrogen
without salts (Figure S6), LiPF6 and LFP-Gr (Figure
S9), as well as Al/Cu impurities with Gr and NaCl-KCl
(Figure S11). Additional characterization of chloride
salts during cooling and after solidification is provided
by in situ XRD and EDX (Figures S7, S8), together with
ICP-OES results for insoluble and soluble fractions
(Figure S10, Table S1). Finally, the relevance of
halometallurgy for industrial black mass is demonstrated
through XRD, DSC, and optical microscopy (Figures
S12, S13, S14) (PDF)
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