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ABSTRACT: The increasing use of lithium-ion batteries (LiBs) in electric vehicles and electronics has made efficient recycling
essential for maintaining a reliable and affordable supply of critical metals. Thermal treatment of black mass (BM), the
heterogeneous residue from spent LiBs, is a crucial step to improve downstream material separation and recovery. This study
investigates the thermal behavior of LiBs BM by analyzing the thermal behavior of its components when heated to 600 °C in an inert
(N,) atmosphere or in a mixture of 90 vol % N, and 10 vol % H,. Thermogravimetric analysis (TGA) was conducted at a heating
rate of 10 °C/min with an isothermal hold of 1 h, and coupled with quadrupole mass spectrometry (QMS). The analysis was
performed on graphite, activated carbon, lithium hexafluorophosphate (LiPF), polyvinylidene fluoride (PVDF), synthetic black
mass, and lithium nickel manganese cobalt oxide (NMC) industrial BM. Equilibrium calculations conducted in FactSage 8.3 were
used to describe and understand the experimental findings. The TGA results indicate that in 100 vol % N,, graphite exhibited the
lowest weight loss of 0.1 wt %, followed by activated carbon at 2.9 wt %, PVDF at 56 wt %, and LiPF4 at 81 wt %. Synthetic black
mass had a weight loss of 3.4 wt %, while industrial black mass had 1.0 wt %. In 90 vol % N,/10 vol % H,, LiPFs; and PVDF
experienced weight losses of 79 and 64 wt %, respectively. Synthetic BM had a weight loss of 15.1 wt %, and industrial BM 15.6 wt %
due to enhanced reduction of metal oxides in the presence of hydrogen.

KEYWORDS: spent lithium-ion batteries, sustainable recycling, pretreatment, thermal decomposition, hydrogen-assisted reduction

1. INTRODUCTION

The global transition to clean energy and sustainable
technologies has led to an increased demand for lithium-ion
batteries (LiBs), which is driven by the rapid growth of the
electric vehicle (EV) market and the need for efficient energy
storage.' LiBs offer many advantages, such as high energy
density and a lightweight design, making them ideal for
powering EVs, electronics, and various modern technologies.
However, the rapid increase in their usage has also led to a rise Received:  September 24, 2025
in battery waste. Spent LiBs can pose significant environmental Revised:  December 12, 2025
risks due to the presence of toxic and flammable materials. Accepted:  December 18, 2025
Furthermore, if not adequately managed or recycled, LiBs can

create safety hazards, including fires, explosions, and chemical

leaks.” Recycling of LiBs is a sustainable approach that recovers

valuable materials and reduces dependence on primary raw
material extraction. An essential stage in spent LiBs recycling is
the mechanical processing, which involves shredding, crushing,
and physical separation techniques.” This mechanical process-
ing generates various materials, including casings and plastics.
The fine material left after physical separation is called black
mass (BM), which contains a concentrated fraction of anode
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and cathode materials along with residual organic binders,
traces of electrolytes, fragments of current collectors such as
aluminum (Al) foil from cathodes and copper (Cu) foil from
anodes, remnants of plastic-based separators,* and electrolyte
lithium hexafluorophosphate (LiPFy), which is a salt dissolved
in organic solvents such as ethylene carbonate (EC) and
diethyl carbonate (DEC).”® A common binder used in LiBs is
the polyvinylidene fluoride (PVDEF), which is known for its
chemical stability and strong adhesion in electrode fabrica-
tion.” However, during the pyrometallurgical recycling of
lithium-ion batteries (LiBs), both LiPF4 and PVDF thermally
decompose, resulting in the release of hazardous fluorine-
containing gases, such as hydrogen fluoride (HF), along with
other volatile fluorinated compounds.

The electrolyte LiPF exhibits thermal stability up to 107 °C
in dry conditions, where the moisture content is maintained
below 10 ppm in an inert atmosphere. Beyond this
temperature, the decomposition of LiPF4 results in the
formation of lithium fluoride (LiF) as a solid and gaseous
phosphorus pentafluoride (PF;).” Previous studies”  have
indicated that secondary reactions occur in the presence of
water vapor, where PF; gas, produced during the decom-
position of LiPF, interacts with moisture to form compounds
such as POF;.'" Additionally, the presence of moisture lowers
the decomposition onset temperature, releasing fluorine-
containing gases such as PF;, POF;, and HE."'

PVDF undergoes thermal degradation at approximately 350
°C through a multistep decomposition reaction, which is
strongly influenced by conditions such as reaction temperature,
atmosphere, and the presence of reactive additives like calcium
oxide (Ca0)."” The type of atmosphere, whether inert,
reducing, or oxidizing, determines the types and amounts of
gases that are released during degradation.'”'* The primary
degradation mechanism under inert conditions involves the
breaking of carbon—fluorine (C—F) and carbon—hydrogen
(C—H) bonds, leading to the release of HF and a range of
hydrocarbon species, including aliphatic and olefinic com-
pounds.'>'® When LiPF¢ and PVDF are part of the BM, the
thermal behavior of the BM is affected by how these
components behave and interact with other components,
such as the active cathode and anode materials, as well as any
residual solvents. The presence of transitional metal oxides,
such as NiO or CoO, in lithium nickel manganese cobalt oxide
(NMC) cathodes also influences the degradation mechanism
of polymers,'” potentially affecting how LiPFs and PVDF
decompose in the BM. Another component of LiBs’ BM,
which influences their thermal behavior, is aluminum (Al),
which serves as the current collector onto which the cathode
material is coated. When BM containing Al is heated, Al reacts
with Li or fluorine species, which may produce compounds
such as lithium aluminum oxide (LiAlO,) or aluminum
fluoride (AIF,).'"® Recent studies have reported that cobalt
(Co) in BM containing lithium cobalt oxide (LiCoO,) can be
reduced by Al when heated at a temperature of 600 °C in an
argon atmosphere.'” Essentially, at 600 and 700 °C, both
carbon (from graphite) and Al contribute to the decom-
position of the cathode active material (LiNianyCoZOZ).
Specifically, carbon facilitates a carbothermic reduction,
reacting with metal oxides in LiCoO, to form elemental
metals and carbon oxides,'”?° while Al results in an
aluminothermic reduction, where it reduces metal oxides to
form alumina (AL,O;) and elemental metals. In the case of
NMC batteries, it is reported that carbothemic reduction at a

temperature of 650 °C promotes the decomposition of the
cathode active material by reducing the oxides of Co, Ni, and
Mn to lower oxidation states.”® Other studies have also
reported that pure graphite and NMC mixtures do not exhibit
mass loss when heated in isolation up to 720 °C in inert gas
environments.”" Studies indicate that LiBs materials containing
NMC cathode material mixed with carbon black or coke, when
heated in an argon atmosphere in a TG/DSC,””*’ exhibit an
exothermic response between 550 and 700 °C followed by the
initial stages of reduction of nickel and cobalt oxides.”'~**

The thermal behavior of LiBs’ BM is fundamentally driven
by the composition of components and the temperature range
in which each component degrades, interacts, and transforms.
While previous studies have provided general insights into the
degradation mechanism of LiBs’ BM, further research is
needed to clarify how specific BM constituents influence its
thermal behavior under varying recycling conditions. The
present study investigates how interactions between BM
constituents affect the thermal behavior of BM at temperatures
up to 600 °C under an inert atmosphere and a 10 vol % H,
added atmosphere, the latter simulates the reducing atmos-
phere conditions that can be beneficial at lower temperatures,
to promote selective reduction of metal oxides in BM and
enhance metal recovery in subsequent processing stages. The
thermal characteristics of individual active materials used in
LiBs production are analyzed to determine their specific
contributions to the overall thermal behavior of BM.
Additionally, the thermal behavior of synthetic black, prepared
from those materials, is investigated to identify the trends
observed in industrial black mass samples. The study also
explains the behavior of fluorine during the thermal treatment
of LiBs black mass. By separately analyzing the fluorine-
containing components, such as the PVDF and LiPF and
then examining their combined behavior with other LiBs
components, it reveals how individual constituents interact to
govern fluorine release from the black mass. Further, the study
identifies that the presence of Ca and Al in black mass can
effectively retain fluorine by forming stable fluoride com-
pounds, which greatly reduces HF release during thermal
treatment of industrial black mass. The study integrates
thermogravimetric analysis coupled with quadrupole mass
spectrometry (TGA-QMS) and thermodynamic modeling
under both inert and reducing atmospheres to identify the
formation pathways of HF, CH,, and CO, through a
combination of equilibrium predictions and experimental gas
evolution measurements. It also reveals how hydrogen-
containing atmospheres influence the reduction of Ni and
Co oxides at lower temperatures. The study therefore provides
essential knowledge needed to design safer, more controlled,
and more efficient thermal pretreatment processes for Li-ion
battery recycling, supporting the development of more
sustainable and environmentally responsible recycling practi-
ces.

2. MATERIALS AND METHODS

2.1. Preparation of Synthetic Black Mass. The chemicals used
to prepare the synthetic black mass samples were powders of lithium
nickel manganese cobalt oxide (LiNiCoMnO,-NMC 811, MTI),
lithium hexafluorophosphate (LiPF, 98 wt %, Thermo Scientific),
polyvinylidene fluoride binder ([C,H,F,],, MTI), conductive graphite
(C, 99.9 wt %, MTI) and activated carbon (C, 99.8 wt %, Thermo
Scientific). The synthetic black mass was prepared by blending 70 wt
% of NMC 811 powder with 25 wt % graphite, 3 wt % activated
carbon, 1 wt % PVDF binder, and 1 wt % LiPF,. The powders were
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thoroughly homogenized in an agate mortar to ensure uniform mixing
and minimize agglomeration. No additional binder or compaction
step was applied. The mixing of these powders was done in a glovebox
under an Ar atmosphere with an O, level of less than 1 ppm.

2.2. Characterization of the Black Mass. The BM samples
supplied by a company were generated from a mixture of lithium-ion
batteries. The samples were analyzed using inductively coupled
plasma optical emission spectroscopy (ICP—OES) to quantify the
concentrations of Li, Ni, Co, Mn, Cu, and Al. Before the ICP—OES
analysis, the black mass sample was dissolved in aqua regia at 100 °C
for 1 h and diluted 2000 times with a 2 vol % HNO; solution. The
analysis was performed using a ThermoScientific iCAP 7200 ICP-
OES instrument.

The carbon content in the BM sample was determined through
combustion analysis using an elemental analyzer (Eurovector
EA3000) in which the sample was heated in a combustion chamber
to 1000 °C in the presence of oxygen gas (O,), ensuring complete
oxidation of all carbon-based compounds to carbon dioxide (CO,).
The produced CO, was measured using an infrared (IR) detector that
detects absorption of infrared light at specific wavelengths associated
with CO,. The amount of CO, detected is directly related to the
carbon content in the sample. To ensure precise measurements, the
detector was calibrated with established standards, and the resulting
data were evaluated to calculate the percentage of carbon in the black
mass samples.

The amount of F contained in the black mass was determined using
the ion-selective electrode (ISE) 9214 method.® The method
involves fusing the samples with sodium peroxide (Na,0,) at 800
°C. The resulting melt was dissolved in hot water, diluted and pH-
adjusted before being mixed with a total ionic strength adjustment
buffer (TISAB) to stabilize the electric potential and mask specific
interfering ions. Calibration was performed by recording the potential
values (in millivolts, mV) of the ion-selective electrode (ISE) for
standard fluoride solutions at different concentrations. The amount of
fluorine in BM was calculated by comparing the potential readings in
millivolts to the calibration curve.

The phase composition of the black mass was analyzed using a
Malvern Panalytical Empyrean X-ray diffractometer (XRD) (Malvern,
UK) using Cu-Ka radiation. The instrument operated at 40 mA and
45 kV. Diffraction patterns were recorded over a 26 range of 10° to
90° with a scanning step size of 0.026° and a scan time of 87.5 s per
step. Phase identification was conducted using HighScore Plus
software, with references from the Crystallography Open Database
(COD).*

2.3. Thermodynamic Calculations. Thermodynamic equili-
brium calculations for PVDF, LiPF, synthetic black mass and original
black mass were conducted using the Equilib module in FactSage 8.3
to understand their behavior under experimental conditions. The
simulations considered all possible stoichiometric solid and gas phases
by using the FactPS database.”” Additionally, the FTsalt database was
included explicitly for LiPF4. For the input conditions, 1 g of each
sample was assumed, with an atmosphere of 1.6 X 107> m® N, per
gram of the samples representing 100 vol % pure N, or an
atmosphere composed of 1.44 X 107> m® N, and 1.6 X 10™* m® H,
per gram of the samples, representing a gas mixture of 90 vol % N,
and 10 vol % H,. The monomer 1,2-difluoroethane (C,H,F,) was
used to simulate the PVDF binder. The monomer C,H,F,
represented an idealized approximation of the elemental composition
of the polymer and is widely used in equilibrium modeling of
polymer-containing systems. While it does not explicitly describe the
polymer chain structure or degradation kinetics, it sufficiently captures
the overall thermodynamic behavior and elemental interactions
relevant to PVDF decomposition under the studied conditions.

2.4. Thermogravimetric and Gas Emission Analysis.
Thermogravimetric analysis (TGA) was conducted using a Netzsch
STA 409 with a detection limit of +1 ug to investigate the thermal
behavior of black mass, graphite, activated carbon, electrolyte, cathode
powder, synthetic BM, and industrial BM. Samples were heated at 10
°C/min to 600 °C and held at this temperature for 1 h under a N, gas
flow of 100 mL/min. In another set of tests, all the samples were

subjected to the same thermal conditions but in a gas mixture of 90
vol % N, and 10 vol % H,. The goal was to assess how a mixed gas
atmosphere influences the thermal behavior of the LiBs components.
Off-gases released during the tests were ionised and qualitatively
analyzed using a quadrupole mass spectrometer (QMS).

3. RESULTS

3.1. Material Characterization. Table 1 presents the
composition of the synthetic black mass calculated based on

Table 1. Calculated Elemental Composition of Synthetic
Black Mass

Li (wt Co(wt Ni(wt Mn (wt C(wt F(wt H(wt O (wt
%) %) %) %) %) %) %) %)

5.04 4.24 33.8 3.95 28.3 1.34 0.03 23.0

the mixing ratio. This composition indicates that blended
chemical powders simulate typical NMC 811-type cathode
materials. The high carbon content (28.3 wt %) simulates
anode materials (graphite and conductive carbon), and the
fluorine content (1.34 wt %) originates from the PVDF binder,
replicating industrial residues.

Table 2 presents the results of the chemical composition for
the industrial BM. The analysis indicates that the BM contains

Table 2. Chemical Composition of Industrial Black Mass

Li Co Ni Mn Cu Ca Al
(wt (wt (wt (wt (wt (wt (wt F(wt C (wt
%) %) %) %) %) %) %) %) %)

4.69 5.90 38.2 3.36 0.32 0.35 0.56 0.63 323

a high concentration of Ni, alongside Co, Li, and Mn. The
presence of carbon at 32.3 wt % confirms the presence of
graphite anode material. Additionally, Al is present at 0.56 wt
% from the cathode foil, while Cu from the anode foil is
present at 0.32 wt %. Low levels of Ca are also present at 0.35
wt %. The presence of Ca and Al is significant as these
elements form stable fluoride compounds such as calcium
fluoride, CaF,, and AlF; that immobilize fluorine in condensed
phases,'” acting as fluorine scavengers during thermal treat-
ment. F is present at 0.63 wt %, primarily from LiPF4 and
associated fluorinated binders. The relatively low fluorine
content reflects electrolyte and binder degradation during
battery use and preprocessing of the material.

The diffractogram in Figure 1 shows the diffraction peaks for
Li[NianyCoz] O, and graphite. These peaks indicate that the
black mass contains the cathode material commonly found in
nickel-manganese-cobalt (NMC) batteries and graphite,
typically used as the anode material.

3.2. Thermodynamic Calculations. Figure 2 presents the
results of thermodynamic calculations for LiPF at every 25 °C
in the range of 25—600 °C in 100 vol % N, and the mixture of
90 vol % N, and 10 vol % H,. As shown in Figure 2a, PF4(g) is
the predominant gas-phase species. Its mass remains constant
at 0.83 g across the temperature range, indicating that, under
inert conditions, LiPF4 decomposes primarily into gaseous PF;
and solid LiF, with 83 wt % of the total mass in the gas phase.

The calculations for LiPF, in a mixture of 90 vol % N, and
10 vol % H, presented in Figure 2 (b) indicate that PF; (g) is
the dominant gaseous species in the range of 225 to 600 °C,
while HF(g) is estimated to be present in lower quantities. PF;
(g) is found in the calculation results in the temperature range
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Figure 1. Diffractogram of industrial black mass from spent LiBs.
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Figure 2. Calculated mass of the gaseous species for LiPF4 at
temperatures between 25 and 600 °C in (a) 100 vol % N,, (b) 90 vol
% N, —10 vol % H,.

of 25 to 225 °C. The estimated amounts of H, (not presented
in Figure 2) are low, e.g. 0.02 g at 150 °C and 0.03 g at 300 °C,
which is calculated for all temperatures up to 600 °C. This
indicates that 70 wt % of the introduced H, is present as free

gas at temperatures above 300 °C, while the remaining 30 wt %
is estimated to participate in reactions. These results indicate
that for both calculation cases, LiPF is not thermodynamically
stable under the calculated conditions. Therefore, the
calculations suggest that PF; and LiF will form when kinetically
feasible, and in the case of the presence of H,, PF; can react,
forming PF; and HF.

Figure 3 presents the estimated amount of the gaseous
species for PVDF heated up to 600 °C in (a) 100 vol % N, and
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Figure 3. Calculated mass of gaseous species for PVDF heated up to
600 °C under (a) 100 vol % N,, (b) 90 vol % N,-10 vol % H,.

(b) a mixture of 90 vol % N, —10 vol % H,. Figure 3a indicates
that HF(g) is the dominant gaseous species, with its mass 0.60
g at 25 °C, and remains constant at 0.63 g above 150 °C.
Carbon remains constant at 0.37 g across the entire
temperature range. This indicates that 63 wt % of the total
calculated species mass at 600 °C is in the gas phase. Figure 3b
presents the calculated gaseous PVDF species in 90 vol % N,
—10 vol % H,. The calculation indicates that HF is the primary
species generated from PVDF, and it remains constant at
temperatures ranging from 125 to 600 °C at 0.63 g. The
estimated amount of H, in the gas phase is low at lower
temperatures; at 500 and 600 °C, it is estimated to be 0.03 and
0.04 g, respectively. The condensed fraction consists of solid
carbon, which is 0.24 g at 150 °C, 0.30 g at 400 °C, and 0.37 g
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at 600 °C. Approximately 63 wt % of the total calculated
species mass is in the gas phase at 600 °C.

The thermodynamic calculations for the synthetic black
mass, every 25 °C between 25 and 600 °C in 100 vol % N, and
a mixture of 90 vol % N, and 10 vol % are presented in Figure
4. Figure 4 (a) shows that calculations estimate a minimal gas

0.40 1.1
[ CH,(g) -+ CO (g) = CO, (g) == Condensed phase]
0.35 | = -
@) " - 41.0
0.30 |

o
N
o
T
.

_____

............................
~~~~~~~
.

Gaseous phase [g]
o
N
o
T
1
o
(o]
Condensed phase [g]

0.15 |
407
0.10 |
T — ] “dos
0.05 -
0.00 f—tmpestind ; O . 0.5
0 100 200 300 400 500 600
Temperature [°C]
0.40 1.0
_I o Hy(g) s CHy(@) =+ CO(Q) -+ CO,(g) = Condensed phase‘
0'35 B -
oo () 409
0.30 \
— L o S
2 - . o
0.25 e 08 8
@ L . . <
_5 A Q.
20.20 - e 2
3 H 2
%015 . 107 é
0] 8
0.10 |
I . 406
0.05 |- . e
0.00 . P S S S o S SMRER )Y
0 100 200 300 400 500 600

Temperature [°C]

Figure 4. Calculated mass of gaseous and condensed phase for
synthetic black mass in (a) 100 vol % - N,, (b)90 vol % N,-10 vol %
H,.

phase at 25 °C in an inert atmosphere. Besides the N,, CO,
dominates in the gaseous phase at high temperatures, with the
highest value of 0.06 g calculated for the equilibrium at
temperatures between 250 and 350 °C. Above 500 °C, CO
dominates, e.g 0.08 g at 600 °C, while CO, is 0.02 g, other
species (H,, CH,, HF) are present at amounts below 0.001 g.
The condensed phase estimated to consist of C(s), Li,CO,(s),
LiF(s), MnCO;(s), CoO(s), Ni(s), and NiO(s), is higher at
lower temperatures, with 0.85 g at 200 °C, while reaching 0.77
g at 600 °C. Figure 4b indicates that when the synthetic black
mass is heated to 600 °C in 90 vol % N,-10 vol % H,
atmospheres, besides N,, HF(g) and CH,(g) predominate in
the gas phase. At lower temperatures, CH,(g) dominates with
0.17 g present at 25 °C. At higher temperatures, the amount is
lower, with 0.04 g at 500 °C and 0.01 g at 600 °C. Above 300
°C, CO becomes the dominant gaseous component, exceeding
the amount of CH, at 500 °C, where it reaches 0.06 g at 600

°C. The estimated amount of H, in the gas phase is relatively
low at 25 °C, indicating that most of the H, is part of CH,,
which is more prevalent at lower temperatures, with 0.24 g at
200 °C. At higher temperatures, H, in the gas phase is
estimated to be higher, with 0.02 g at 400 °C and 0.06 g at 600
°C, indicating that nearly 90 wt % of the introduced H, is
present in the gas phase. In contrast, CO, levels are
comparatively lower, with a maximum of 0.01 g at 600 °C.
HF remains present in small quantities throughout the
temperature range. The amount of condensed phase is
estimated to be higher at low temperatures, with 0.84 g at
100 °C and reaching low levels of 0.78 g at 600 °C.
Thermodynamic calculations for LiBs black mass at each
temperature between 25 and 600 °C, assuming in (a)100 vol %
N, and (b) 90 vol % N,-10 vol % H,, are presented in Figure 5.
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Figure S. Calculated mass of black mass heated up to 600 °C under
(a) 100 vol % N, (b) 90 vol % N, —10 vol % H,.

The calculations indicate that the black mass is almost entirely
solid throughout the temperature range of 25 to 600 °C, with
the condensed fraction consistently being around 0.93 g. The
gas phase estimate is, besides N, mainly composed of CO, and
CO, with 0.04 g estimated at 100 °C, 0.06 g at 250 °C, and
only 0.01 g at 600 °C. CO(g) is estimated to be 0.06 g at 400
°C and reaches 0.06 g at 600 °C. When assuming an
atmosphere containing 90 vol % N, and 10 vol % H,, as
presented in Figure Sb, the calculations show that CH, is the
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dominant generated gaseous compound at lower temperatures,
with 0.17 g at 25 °C. This concentration is lower at higher
temperatures, reaching 0.08 g at 400 °C and 0.01 g at 600 °C.
Additionally, trace amounts of H,O and CO are estimated to
be present in the gaseous phase at temperatures above 300 °C.
The condensed phase estimated to be composed of C(s),
Li,CO;(s), LiF(s), CaF,(s), MnO(s), LiAlO,(s) Ni(s), Cu(s),
Co(s) and CoO (s). The calculations indicate that its mass is
higher at high temperatures, from 0.93 g at 200 °C to 0.96 g at
400 °C and 0.97 g at 600 °C. This increase at higher
temperatures, particularly beyond 400 °C, is primarily
attributed to the deposition of solid carbon. At lower
temperatures, CH, (g) is the dominant generated gas-phase
specie, however, as the temperature rises, its calculated mass
decreases while the mass of solid carbon increases. This trend
reflects the thermodynamically favored decomposition of CH,
into solid carbon and hydrogen gas, which contributes to the
higher mass for the condensed phase.

3.3. Thermogravimetric and Mass Spectrometry
Analysis for Evolved Gases. The thermogravimetric analysis
(TGA) of LiPF,, conducted in both 100 vol % N, and a 90 vol
% N, and 10 vol % H, atmosphere as presented in Figure 6,
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Figure 6. TGA curve for LiPF4 heated under 100 vol % N, and in 90
vol % N, —10 vol % H,.

indicates a different two-step mass loss behavior, with
differences in the initial behavior influenced by the gas
composition. The apparent increase in mass that occurs
between 5 and 10 min is due to a buoyancy effect commonly
observed in TGA, caused by changes in gas density as the
furnace heats. In both atmospheres, the initial mass loss begins
at approximately 86.9 °C, corresponding to the release of
volatile fluorine-containing components. However, the extent
of the first mass loss varies, with 11.3 wt % being lost in the
100 vol % N, atmosphere, while only 6.77 wt % is lost in the
N, and H, mixture. The second mass loss step occurs between
87 and 232 °C and is attributed to the thermal decomposition
of LiPF into volatile fluorinated species, such as PF;, leaving
behind a thermally stable LiF residue. The total mass loss is
essentially the same under both atmospheres, with 81.2 wt % in
100 vol % and 79.5 wt % in a mixture of 90 vol % N, and 10
vol % H,. The small difference is likely attributed to initial
variation caused by buoyancy effects in the TGA.

Figure 7 presents the QMS data for the gaseous species
detected when LiPFy is heated to 600 °C in two different
atmospheres. The monitored QMS data presented in Figure 7
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Figure 7. QMS for LiPF, heated under (a) 100 vol % N, (b) 90 vol %
N,-10 vol % H,.

(a) for LiPF; heated in a 100 vol % N, atmosphere,
corresponding to the TGA curve in Figure 6, indicate peaks
at m/z = 19 (F*), m/z = 50 (PF"), which correspond to
fluoride ions (F*) and phosphorus pentafluoride (PF;),
respectively. These peaks confirm the primary decomposition
of LiPF4 into PF; and LiF, with PF; volatilising and
fragmenting into F-containing species. The QMS data
presented in Figure 7 (b) for LiPFy heated in the atmosphere
containing a mixture of 90 vol % N, and 10 vol % H, as shown
in the TGA curve in Figure 6, indicates peaks m/z = 19 (F*)
and m/z = 50 (PF;*) with an additional peak at m/z = 20
(HF"), which corresponds to hydrogen fluoride. Additionally,
the PF;" signal in the H,)-containing atmosphere is broader and
more sustained, suggesting that the presence of hydrogen may
alter secondary decomposition reactions. However, the nearly
identical and overlapping TGA mass loss curves in both
atmospheres indicate that the fundamental decomposition
mechanism of LiPFq is similar, and that hydrogen primarily
influences gas-phase reactions with the evolved species rather
than the decomposition steps of LiPF.

Figure 8 presents the TGA profiles of PVDF samples heated
to 600 °C under two different atmospheres, but with nearly
identical mass loss of 63.5 wt % in 100 vol % N, and 63.7 wt %
in the N, and H, mixture. The degradation begins at a similar
temperature for both atmospheres, indicating that the presence
of hydrogen does not influence the thermal stability of PVDF.
The mass loss behavior can be divided into two distinct
regions. The first region, between about 400 and 500 °C, is
marked by rapid and substantial mass loss, which correlates
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Figure 8. TGA curve for PVDF heated under 100 vol % N, and in a
mixture of 90 vol % N, —10 vol % H,.

with the primary decomposition of PVDF involving the release
of volatile compounds, including HF. The second region, from
500 to 620 °C, extends through the isothermal hold and
exhibits a significantly slower and more gradual mass loss. This
phase indicates the breakdown of more thermally stable PVDF
residues. The gradual mass increase observed between S and
40 min is attributed to a buoyancy effect in the TGA. As the
gas density decreases with increasing temperature, the sample
experiences a transient apparent mass gain, which is an
instrument effect and not a real mass increase.

Figure 9 presents QMS data for PVDF heated under 100 vol
% N, and 90 vol % N, and 10 vol % H, atmospheres. In both
environments, a major gas evolution event occurs between 400
and 500 °C, where the principal mass loss region is observed in
the TGA in Figure 8. The monitored QMS data presented in
Figure 9a for PVDF heated in a 100 vol % N, atmosphere
show peaks at m/z = 19 (F*), m/z = 20 (HF*), and m/z = 31
(C,H,). These peaks correspond to fluoride ions, hydrogen
fluoride (HF), and hydrocarbon (C,H,) fragments, respec-
tively. The presence of these peaks indicates that the
decomposition of PVDF leads to the release of fluorine-
containing compounds, with HF being a primary gaseous
product. In Figure 9b, the QMS data for PVDF heated in a 90
vol % N, and 10 vol % H, atmosphere reveal similar peaks at
m/z =19 (F*), m/z = 20 (HF"), and m/z = 31 (CxHy), along
with an additional peak at m/z = 33 (CH,F*), which
corresponds to fluoroalkyl species. The presence of this
additional peak in the hydrogen-containing environment
suggests that hydrogen may react with the released gases
during the decomposition of PVDF. However, the primary
decomposition pathway of PVDF remains the same in both
atmospheres.

Figure 10 presents the TGA profiles of the synthetic black
mass composed of 70 wt % LiNiCoMnO,, 5.0 wt % activated
carbon, 25 wt % graphite, 1.0 wt % (C,H,F,)n, and 1.0 wt %
LiPF,, heated to 600 °C under two different atmospheres.
When heated in 100 vol % N,, the material experiences a total
mass loss of 2.68 wt %. This process occurs in distinct stages,
with the first stage taking place between 25 and 150 °C,
resulting in a mass loss of 1.0 wt %, likely due to the
evaporation of residual electrolyte solvents. A slight apparent
increase in mass is also observed between 5 and 10 min due to
the buoyancy effect. Between 150 and 400 °C, the mass
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Figure 9. QMS data for PVDF heated under (a) 100% N, (b) 90%
N,-10% H,.
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Figure 10. TGA profile for synthetic black mass heated under 100 vol
% N, and in a mixture of 90 vol % N, —10 vol % H,.

remains stable, as graphite, activated carbon, and the cathode
material are inert within this temperature range. Between 400
and 510 °C, 1.5 wt % is lost, likely due to the degradation of
PVDF. In the final stage, from 510 to 600 °C, the sample
remains stable, with a negligible mass loss of 0.20 wt %. In a
mixture of 90 vol % N, and 10 vol % H,, a mass loss of 1.0 to
1.2 wt % occurs up to approximately 150 °C, primarily due to
the decomposition of LiPF, Between 150 and 350 °C, a
further mass loss occurs, reaching a total of about 2.5 wt %,
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which can primarily be attributed to the decomposition of the
PVDEF. In the temperature range of 400 to 500 °C, a significant
mass loss of around 6 wt % occurs, mainly due to the
decomposition of the PVDF binder and the hydrogen-assisted
reduction of the LiNiCoMnO, cathode material. During the
final holding period between 500 and 600 °C, an additional 2.4
wt % is lost as the reduction reactions of transition-metal
oxides continue, and the remaining PVDF completes its
decomposition. These findings indicate that the presence of
hydrogen alters the thermal behavior of synthetic black mass,
leading to sequential mass loss stages that mainly reflect the
reduction of metal oxides.

Figure 11 presents the QMS data for the synthetic black
mass, which shows a strong initial signal for m/z = 44, which
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Figure 11. QMS data for Synthetic black mass heated under (a) 100
vol % N, (b) 90 vol % N,-10 vol % H,.

corresponds to CO,. This early release of CO, is likely
attributed to the release of gases that were adsorbed onto the
surface of activated carbon.”® Additional minor CO, signals
appear periodically throughout the heating process, indicating
a gradual decomposition reaction. However, the main
components of the synthetic black mass, such as graphite
and LiNiCoMnO,, remain chemically inert in N, atmosphere
for temperatures below 600 °C. In a 90 vol % N, and 10 vol %
H, atmosphere, the QMS shows signals for CH, (m/z = 16),
H,0 (m/z = 18), and CO, (m/z = 44). The CO, signal
appears early, similar to that in an N, atmosphere. An H,O

peak emerges corresponding to the temperature range of 400—
500 °C, likely correlating with the reductive decomposition of
LiNi,Co,Mn.O,.

Figure 12 presents the TGA results for black mass heated in
100 vol % N, and a mixture of 90 vol % N, with 10 vol % H,.
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Figure 12. TGA profile for black mass heated under 100% N, and in a
mixture of 90% N, —10% H,.

In both atmospheres, the temporary rise in mass is observed
during the initial stages of heating due to buoyancy effects.
Under N,, the industrial black mass shows a total mass loss of
approximately 1.0 wt %, which is attributed to the removal of
moisture and residual electrolyte solvents and is considerably
lower than the 3.38 wt % recorded for the synthetic black mass.
This difference can be explained by variations in fluorine and
binder composition. The synthetic black mass contains a
higher proportion of LiPFs and PVDF of 1 wt % each,
corresponding to about twice the total fluorine content of the
industrial sample (1.34 wt % vs 0.63 wt %). The industrial
black mass also contains 0.35 wt % Ca and 0.56 wt % Al, both
of which can stabilize fluorine within condensed fluoride
phases such as CaF,, AlF;, and LiF under inert conditions.
When considered relative to their fluorine content, both
materials would exhibit similar decomposition trends, indicat-
ing that the larger mass loss of the synthetic black mass
primarily arises from its greater fluorine content and lack of
fluoride-stabilizing phases. Between 380 and 600 °C, the
sample in the H,-containing atmosphere experiences a
significant weight loss of 12.7 wt %. This loss is attributed to
the reduction of metal oxides, mainly Ni** to Ni**/Ni with
small contributions from cobalt oxide reduction, CoO/Co, and
the decomposition of PVDF. During the isothermal hold at
600 °C, black mass samples treated in the H,-containing
atmosphere undergo an additional weight loss of 1.85 wt % due
to the continued and slow reduction of metal oxides.

Figure 13 presents QMS data for industrial black mass
heated under 100 vol % N, and in a mixture of 90 vol % N,
and 10 vol % H, corresponding to the TGA in Figure 12. In
100 vol % N,, the QMS in Figure 13 (a) indicates the
detection of carbon dioxide (CO,, m/z = 44) with peaks
observed between 200 and 400 °C, indicating the release of
CO,, possibly originating from organic solvents in the
electrolyte, such as ethylene carbonate and dimethyl carbonate,
which can thermally decompose at these temperatures.”” In the
H,-containing atmosphere presented in Figure 13 (b), strong
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Figure 13. QMS data for Black mass heated under (a) 100 vol % N,
(b) 90 vol % N,-10 vol % H,.

peaks for water (H,O, m/z = 18) and methane (CH,, m/z =
16) are observed, indicating that hydrogen reacts with oxygen
liberated from metal oxides to form H,O, which subsequently
participates in secondary reactions with residual carbon to
produce CH,.

Table 3 summarizes the thermal behavior of LiBs materials
heated to 600 °C in 2 atm. In pure N,, carbon-based materials
show minimal decomposition, while fluorinated compounds
like LiPFs and PVDF experience significant mass loss and
release of hydrogen fluoride (HF). In an H,-containing
atmosphere, both LiPF4 and PVDF exhibit similar mass loss
to that observed in N,, while synthetic and industrial black
mass samples show significantly higher weight loss. The
increased mass loss is primarily due to the reduction of metal
oxides, mainly nickel oxides and cobalt oxides, as well as from
the thermal decomposition of residual organic materials. These
reactions generate significant amounts of gaseous CO,, H,O,
and CH,, contributing directly to the measured weight loss.

4. DISCUSSION

The TGA results indicate that heating black mass in a 100% N,
atmosphere leads to minimal weight loss and the release of
CO,, as revealed by the TGA in Figure 12 and the QMS data
shown in Figure 13a respectively.

Figure 13This black mass is predominantly composed of
metal oxides from Li[NianyCoz] O, cathode materials.
Among these, Ni is the most abundant at 38.2 wt %, followed
by Co at 5.90 wt % and Mn at 3.36 wt %. These metal oxides
contain significant amounts of lattice oxygen, which becomes
available for release upon heating.’>*" Theoretical calculations
estimate that the industrial black used in this study contains
26.0 wt % of oxygen bound to these metal oxides. Upon
heating, this oxygen can combine with the residual carbon
content of 32.3 wt % to generate CO,. However, the
experimentally observed weight loss is significantly lower
than expected for such a redox process. This difference
suggests that the CO, detected in QMS is not primarily a result
of lattice oxygen reacting with carbon but originates from the

Table 3. Thermal Behaviour of LiBs Components Heated up to 600 °C in Inert and H,-Containing Atmosphere

treatment weight loss
material composition conditions (wt %) ionised off-gases (m/z)
graphite C - 99.9 wt % 100 vol %N, 013 -
activated C —99.9 wt % 100 vol % N, 2.95 -
carbon
electrolyte  Li — 4.57 wt %, P — 20.4 wt %, F — 75.1 wt % 100 vol % N, 79.6 19 (F*), 50 (PE*)
(LiPFy)
electrolyte  Li — 4.57 wt %, P — 20.4 wt %, F — 75.1 wt % 90 vol % 812 19 (F%), 20 (HF*), 50
(LiPF,) gz/lo vol % (PF*)
2
PVDF C —37.5wt %, H — 3.10 wt %, F — 37.9 wt % 100 vol % N, 63.5 18 (H,0%), 19 (E*), 20
(CH,F), (HF")
PVDF C — 37.5 wt %, H — 3.10 wt %, F — 37.9 wt % 90 vol % 63.7 18 (H,0), 19 (E*), 20
(C,H,F,), gz/ 10 vol % (HF), 31(C,H,)
2
synthetic Li — 5.04 wt %, Ni — 33.8 wt %, Co — 4.24 wt %, Mn — 3.95 wt %, C — 28.3 wt %, 100 vol % N, 3.38 44 (CO,)
black mass F — 1.34 wt %, H — 0.03 wt %, O — 23.0 wt %
synthetic Li — 5.04 wt %, Ni — 33.8 wt %, Co — 4.24 wt %, Mn — 3.95 wt %, C — 28.3 wt %, 90 vol % 15.1 16 (CH,*), 18 (H,0%),
black mass F — 1.34 wt %, H — 0.03 wt %, O — 23.0 wt % N,/10 vol % 44 (CO,)
H,
black mass Li — 4.69 wt %, Ni — 38.2 wt %, Co — 5.90 wt %, Mn — 3.36 wt %, C — 32.3 wt %, 100 vol % N, 1.00 44 (CO,)
F — 0.63 wt %.
black mass  Li — 4.69 wt %, Ni — 38.2 wt %, Co — 5.90 wt %, Mn — 3.36 wt %, C — 32.3 wt %, 90 vol % 157 16 (CH,*), 18 (H,0%)
F — 0.63 wt %. N,/10 vol %

H,
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thermal decomposition of organic electrolyte residues, such as
ethylene carbonate and dimethyl carbonate, which volatilize
and decompose within the 200—400 °C temperature range.
This also reflects a deviation between the thermodynamic
predictions and the experimental findings. Thermodynamic
models predict 0.96 g of solids remaining at 400 °C,
corresponding to approximately 4 wt % gas release, whereas
experimental results indicate about 15 wt % total mass loss.
This difference is attributed to the simplified assumptions in
the equilibrium calculations and to the volatile components in
the industrial black mass, which were not accounted for in
thermodynamic calculations.

Studies have also indicated that when black mass is heated in
an inert atmosphere below 400 °C, it undergoes minimal mass
loss, largely because its main component, the cathode material,
remains structurally stable under these conditions.”>?
According to the study,”® structural changes in cathode
material begin to occur when heated in an inert atmosphere
beyond 600 °C, with TG-DSC analysis revealing minor mass
loss events accompanied by exothermic peaks, indicating the
onset of thermal transitions. Parallel XRD analysis shows phase
transitions from the original layered structure to more
disordered phases such as spinel. These observations support
the TGA results and the earlier ﬁndings,‘%z’g’3 which reported
minimal mass loss below 400 °C, primarily due to the
structural stability of the cathode materials under inert
conditions. While NMC-type cathodes remain largely stable
and retain their layered or partially disordered structure below
400 °C, further heating above 600 °C drives the transition to
simple oxide phases such as NiO and CoO, particularly in the
presence of reducing agents like Carbon. Thermodynamically,
the reduction of NiO and CoO in NMC black mass by solid
carbon becomes favorable above 600 °C, particularly reduction
occurring between 800 and 1000 °C and requires the prior
decomposition of NMC into its corresponding simple oxides.*
However, the direct reduction of intact or partially disordered
NMC by solid carbon faces significant kinetic barriers,
primarily due to restricted surface contact and interaction
between solid carbon and cathode particles, and strong metal—
oxygen bonds that require high activation energy to break. The
presence of H, even at low partial pressures such as 10 vol %,
fundamentally changes the reduction mechanism and kinetics.
Reduction of NiO and CoO by H, is thermodynamically
favorable at much lower temperatures, between 400—500
°C.**%7 Under this temperature range, H, readily diffuses to
oxide surfaces and reacts, overcoming kinetic barriers that limit
solid—solid reactions.”® This is why the QMS results in

Figure 13b show H,O evolution and significant mass loss
during heating in H,/N, mixtures at 400—600 °C, confirming
the reduction of Ni and Co oxides by H, as described in egs 1
and 2.

NiO(s) + H,(g) — Ni(s) + H,0(g) (1)

CoO(s) + H,(g) - Co(s) + H,0(g) (2)

Stoichiometric calculation based on the industrial black mass
composition (Table 2) also supports these reduction
mechanisms. For a 100 g black mass sample containing 38.2
wt % Ni, 5.9 wt % Co, and 3.36 wt % Mn, complete reduction
of NiO and CoO would remove about 12.0 g of oxygen. This
theoretical range closely matches the observed 12.7 wt % mass
loss in H, (Figure 12), confirming that oxygen removal

through the reduction of Ni, Co oxides is the main cause of
mass loss under reducing conditions.

The QMS results in Figure 13b show that gas evolution
begins with the release of H,O, followed by CH,. This
sequence indicates that methane formation is a secondary
process, and not a primary decomposition product, and arises
from reactions involving residual carbon and H,O. Particularly,
H,O generated through the reduction of metal oxides by
hydrogen can react with carbon to produce CO. The resulting
CO can then form CH, in the presence of H,. Both reactions
are thermodynamically favorable in the 300—600 °C range and
are further promoted by the catalytic activity of transition
metals such as Ni,”” which are present in the industrial black
mass. Experimental studies have also indicated that at
temperatures above 700 °C, CH, becomes an active reductant
for Li(Ni,Co,Mn,_,_,)O, (NMC) as it transitions from a
secondary product to an active reductant capable of directly
engaging in reduction reactions.*”*' Therefore, the QMS data
revealing the presence of CH, in off-gases at temperatures
below 600 °C indicate that CH, originates from secondary
decomposition reactions involving water vapor produced in the
first reactions. The relatively low concentrations of CH, and
HF predicted in the thermodynamic simulations in Figures 4
and S, compared to those observed in the experimental QMS
in Figures 9 and 13, can be attributed to the limitations of the
equilibrium approach. The model assumes complete thermo-
dynamic equilibrium, neglecting the kinetic effects and
decomposition pathways that dominate during actual heating.
However, during experiments, these gases would be released
even before the system reaches equilibrium. As a result, the
experimental data captures these kinetically from the volatile
products, whereas the model reflects the stable equilibrium
composition achieved after the reactions have completed. The
presence of Ca and Al in the black mass also affects its thermal
behavior, particularly by forming stable fluoride phases such as
CaF,, and AlF; under inert conditions. These elements retain
fluorine in the condensed phase, which minimizes volatile
fluoride emissions. Thermodynamic calculations for the
industrial black mass, as shown in Figure S, indicate that
these fluorides remain stable in an N, atmosphere. However,
under an H,-containing atmosphere, these compounds lose
stability, leading to increased HF volatilisation. Previous
studies indicate that adding calcium-based additives, such as
calcium hydroxide (Ca(OH),), to black mass can effectively
reduce HF emissions by immobilizing fluorine as CaF,,
achieving fixation efficiencies exceeding 98%.* In the absence
of these additives, pyrolysis at temperatures between 300 and
600 °C can result in the loss of nearly 90 wt % of fluorine as
HF and related gases, even in inert atrnospheres.43 This
phenomenon explains why experimental results from a QMS in
Figure 13a for industrial black mass heated in 100 vol % N,
indicates that CO, is the predominant gas-phase species
released primarily between 200 and 400 °C, with no detectable
HF. This implies that fluorine remains bound in stable fluoride
phases, confirming the stabilizing influence of Ca and Al when
present in industrial black mass.

5. CONCLUSION

The present paper aimed to study the thermal behavior of LiBs
black mass by analyzing the thermal behavior of its
components when heated to 600 °C in both an inert (100
vol % N,) atmosphere and a mixture of 90 vol % N, and 10 vol
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% H,. Based on the experiments and thermodynamic
calculations, the following was concluded:

i. The breakdown of individual components offers valuable
insights into the behavior of black mass. While graphite
and activated carbon remain relatively stable in an inert
atmosphere, LiPF, and PVDF experience significant
mass loss due to the volatilisation of PF; and HF.

ii. In the presence of 10 vol % H,, the reduction of Ni-
metal oxides in both synthetic and industrial black mass
becomes significant between 400 and 600 °C, leading to
higher overall mass loss (15 wt %) and the evolution of
H,O and CH,.

ili. Thermodynamic modeling of industrial BM confirmed
that H, enhances Ni-oxide reduction and alters fluorine
speciation by favoring PF; and HF formation, whereas
under N, atmospheres fluorine is stabilized within
condensed fluoride phases such as CaF,, and AlF; in
the presence of Ca and Al

iv. These findings highlight that the thermal behavior of
black mass is governed by its components and the
presence of H, in the atmosphere, emphasizing the need
to carefully balance the benefits of using reducing gases
during the recycling process and the mitigation of
releasing volatile fluorine.
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