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Lithium-ion batteries are the most common energy storage system for consumer electronics and electric
vehicles, and are now emerging into the market for stationary applications. However, their production
depends on critical raw materials, such as lithium, nickel, and cobalt. When reaching the end of their life,
spent batteries are regarded as toxic waste, underscoring the need for efficient and inexpensive
recycling technologies to enable a circular economy. Current recycling technologies exhibit issues, such
as wastewater generation and high consumption of energy and chemicals. While the focus has been on
the recovery of valuable transition metals, lithium is often not recovered. In this study, we present
a deeper investigation of the solvent-free mechanochemical reduction of LiCoO, with Al. The combined
analysis using XRD, SEM and EDX, together with the observation of a characteristic temperature and
pressure profile, proved the reaction to proceed via a mechanically induced self-propagating reaction
pathway. A spike in the pressure, detected by an internal sensor in the milling jar, was used to determine
the length of the activation phase, which enables a kinematic analysis and the systematic study of milling
parameters. Furthermore, the presence of graphite was found to increase the activation time and with
a 20% weight fraction, the self-propagating behavior can be suppressed. This research provides
important information regarding the application of this process on a real black mass or on a larger scale.

Introduction

A substantial increase in lithium-ion battery (LIB) waste is
anticipated in the coming years, mainly driven by the growing
number of electric vehicles (EVs) reaching the end of their life.!
This situation necessitates the development of more efficient
recycling methods. The conventional industrial processes are
designed around the recovery of valuable transition metals, while
the extraction of lithium (Li) remains challenging.” Therefore, the
development of novel recycling concepts is essential to avoid
lithium losses and contribute to the circular economy.

Lithium is indispensable for the production of LIBs, and its
demand is experiencing a pronounced increase. Nowadays,
lithium is primarily extracted from brines in South America or
through mining activities in Australia.®* Although recent
discoveries in Europe have identified additional lithium
reserves, the European Union (EU) has classified it as a critical
raw material.* The recovery of Li from batteries can help to
address the growing demand, reduce reliance on non-European
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sources, and ensure compliance with the EU's regulations
concerning battery production and utilization.>*®

In LIBs, Li is present in the cathode active material (CAM),
which is coated on an aluminum current collector, and in the
conductive salt, dissolved in the electrolyte. After collecting the
end-of-life (EoL) EV batteries, several pretreatment steps are
usually performed, including sorting, discharging, and
dismantling.” Subsequent shredding facilitates the separation
of components based on their physical properties, such as
density, magnetism, and size. One of the fractions obtained is
a fine powder known as black mass, which contains the active
materials from both the anode and cathode, along with impu-
rities from other components, and serves as starting material
for further chemical recycling.*®

Pyrometallurgical processes operate at temperatures above
1000 °C to induce carbothermal reduction, but they suffer from
a high energy consumption and the emission of toxic gas. The
transition metals are recovered as alloys, while lithium is usually
lost to the slag. In hydrometallurgical processes, the Li-containing
CAMs are dissolved in acids, and the transition metals are
subsequently recovered by precipitation or solvent extraction.™
Nonetheless, Li can still be partially lost by co-precipitation or co-
extraction and may become contaminated with process chem-
icals. New approaches are also being explored with a focus on
electrochemical methods or thermal pre-treatments.*
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Recently, mechanochemical routes have been developed to
process the CAMs together with Cu or Al as reactants,”™ fol-
lowed by the selective extraction of Li via acid-free aqueous
leaching and the recovery of transition metals through low-
concentration acid leaching.'® In mechanochemical reactions,
the kinetic energy is transferred to the starting materials,
thereby enabling the solid-state reactions at ambient tempera-
tures." As it has been reported by Dolotko et al., common CAMs
including LiCoO, (LCO), LiMn,O; (LMO), LiNi,Mn,;Co.0,
(NMC), and LiFePO, (LFP) can be reduced with Al in a high-
energy shaker mill.”*'® The strong reducing agent Al, which is
already present in a LIB as the current collector, undergoes an
exothermic thermite-like reaction with transition metal oxides.
Although this process is hindered by high activation energy,*
the mechanical forces inherent in a high-energy ball mill can
overcome the activation barrier and induce the reaction.?*-*?

In the literature,>** similar highly exothermic mechano-
chemical experiments are described as mechanically induced
self-propagating reactions (MSR), which is divided into three
stages. First, collisions, friction, and shear activate the powder
during milling. This initial phase leads to a reduction in primary
particle size, thorough mixing, and distortion of the crystal
structure, but little or no chemical transformation occurs. The
activated powder then begins to agglomerate, and eventually, the
kinetic energy of a collision triggers a reaction, marking the start
of the second stage. The released heat ignites the surrounding
powder and initiates a combustion front that propagates through
the entire reaction volume. Subsequently, further milling is
employed to refine the products.>?* The self-propagating
behavior of the highly exothermic reaction results in an
extremely rapid increase in temperature and, consequently, an
increase in internal pressure.”*** Both parameters can be
measured in situ to determine the exact onset of the reaction.

After Dolotko et al.*® reported the mechanochemical reduc-
tion of common CAMs in a shaker mill, Vauloup® systemati-
cally investigated the influence of milling parameters on the
reduction of LCO with Al in a planetary ball mill. Specifically,
a temperature increase in the milling jar and the formation of
large metallic pieces were observed after a certain period.””
However, the actual reaction mechanism was not completely
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elaborated and no quantitative analysis of introduced milling
energy was provided yet. To bridge this knowledge gap and
improve understanding of the high-energy milling processing,
the present work investigates mechanochemical reactions in
the LiCoO,-Al model system. The study aims to clarify the
influence of key variables at a quantitative level and to investi-
gate the underlying reaction mechanism. Furthermore, it
explores the effect of graphite on the reaction profile, which is
essential for practical applications such as scaling up the
process or its adaption to the industrial black mass.

Materials and methods
Materials

The starting materials for this study were obtained from the
following suppliers. The LiCoO, powder (97%) was purchased
from Thermo Fisher Scientific, metallic Aluminum powder
(—325 mesh, 99.5%) from Alfa Aesar, and the battery grade
graphite from Imerys Graphite & Carbon. All materials were
used as received.

The LCO cathode material was selected for this study,
because layered oxides are commonly used cathode materials in
LIBs and the small number of elements facilitate the analysis.
Based on standard formation enthalpies, oxidation states and
the identical crystal structure, layered oxide materials with the
formula LiNi,Co,Mn,0,, with x + y + z = 1, are expected to react
similarly. Metallic Al was used as the reducing agent because it
is cheap and already present in LIBs as the current collector,
which might reduce the operating costs. Although, the current
collector is a foil, a powder was used in the present work to
suppress the influence of different particle sizes. Al is a strong
reducing agent, which provides 3 electrons but is covered with
an inert aluminum oxide layer allowing safe handling in air and
finally the utilization of Al allows the comparison to previous
literature.™>*>127

Mechanochemical experiments

All experiments were performed in a Pulverisette 7 premium line
(Fritsch GmbH) planetary mill using an 80 mL stainless-steel
milling jar (440C/X105CrMo17 grade) equipped with an
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(a) Experimental setup and (b) recorded pressure and temperature curves during the mechanochemical reaction of LCO and Alat 650 rpm

with 60 balls (6.35 mm), 2.0 g of powder, LCO/Al = 1.0 and a SBR of 0.033 using repeating cycles of 5 min milling and 5 min resting.
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EasyGTM® lid to monitor the internal temperature and pressure.
As shown in Fig. 1a, the milling jar is closed with a punctured
stainless-steel lid and sealed with a silicon ring. A plastic housing
containing the electronics and the sensor for temperature and
pressure is placed on top of the steel lid and the device is sealed
airtight by six screws. The steel lid protects the sensor from
collisions with balls and particles but the small holes enable an
exchange with the atmosphere in the milling jar and allow the
measurement of the internal temperature and pressure.

Before all experiments, an 80 mL stainless steel vial was
loaded with about 65 g of steel balls and the respective amount
of powder inside the argon filled glovebox. Three different ball
diameters were used in this study, namely 3 mm, 6.35 mm and
12.7 mm corresponding to a ball mass of 0.109 g, 1.011 g and
8.202 g respectively. Based on the exact total ball mass, the
required amount of powder was calculated according to the
respective sample-to-ball ratio (SBR) using 78.39 wt% LCO and
21.61 wt% Al powder, which represents a 1:1 molar ratio.
Unless stated otherwise, an SBR of 0.033 was used for most
experiments.

After loading the milling vial, the powder was properly mixed
with a spatula to prevent strong local concentration differences
during the first milling seconds, and then the vial was sealed
gas-tight. The milling was performed in alternating cycles of
5 min at the experiment-specific speed, followed by 5 min of
rotation at 150 rpm to allow the machine to cool down. When
a rotation speed of 200 rpm was used, the duration of cooling
was reduced to 1 min. The reported milling times refer to the
total time excluding the cooling cycles. A detailed list of the
reaction parameters is presented in the SI.

Characterization

The phase composition of the milled materials was carried out
using X-ray powder diffraction (XRD) on a STOE Stadi P powder
diffractometer with Mo-K,, radiation (A = 0.70932 A) in trans-
mission geometry. Before the analysis, the powdered samples
were deposited onto adhesive Kapton foils. The XRD measure-
ments were performed at room temperature with a step of
0.015° between 5 and 35 degrees of 2 Theta.

The morphology of the processed materials was studied by
scanning electron microscopy (SEM) in combination with
energy-dispersive X-ray spectroscopy (EDX) on a Zeiss Merlin
setup with Gatan detector. Images with EDX overlay were
plotted using HyperSpy package for python 3.?® Optical light
microscopy was performed on a LEICA M205 C, equipped with
a camera.

The elemental analysis of the obtained materials was per-
formed using Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES) on an iCAP 7600 DUO (Thermo Fisher
Scientific). Samples were dissolved with acid in a graphite oven.

Results and discussion
Evolution of the reaction

The mechanochemical reduction of pristine LiCoO, with
metallic Al was carried out in a planetary ball mill equipped

© 2026 The Author(s). Published by the Royal Society of Chemistry
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with stainless steel vials and an EasyGTM® lid to monitor the
internal pressure and temperature (Fig. 1a). With this setup, the
pressure and temperature can be measured in situ, with data
points collected every 1-2 seconds, providing a good time
resolution. The stoichiometry of the reactions during experi-
ments was planned according to the following equation:

LiCoO, + Al — Co + LiAlO,

The recorded profiles in Fig. 1b show a zigzag course,
produced by the alternating milling and resting cycles of
five min each. Within the first milling cycle, a spike in the
pressure curve is noticeable after 3.2 min. The temperature
starts to rise from the beginning, even before the spike in
pressure. To exclude the contribution of the milling itself to the
temperature, the temperature profile of a blank experiment was
subtracted from the reaction profile, revealing an increase of
about 4.5 °C with an onset at 3.2 min (Fig. S1). The pressure
spike was used as a reaction marker to analyze the experiment
at specific time points, and samples were collected according to
Table 1 (their subsequent analysis is discussed in the
following).

To gain deeper insight into the reduction process, samples
recovered after different milling times were analyzed by SEM
and EDX (Fig. 2). Before milling, the gray powder of mixed
starting materials in Sample I consists of well distinguishable
particles between 3 and 15 pm with a small contact area. The Al
particles can be clearly distinguished from a mixed Co-O con-
taining phase (Fig. 2a-e). Sample II, obtained just before the
spike in pressure, is a fine black powder. Within this first period
of 2.7 min, the crystallite sizes are reduced and agglomerates
are formed, which contain all three elements (Fig. 2f-j).

For a better analysis of the elemental distribution in the
agglomerates, the powder was cast in resin, cut and polished to
obtain a smooth surface of the cross section. It shows a coarse
matrix with capsules of a few microns in diameter, which break
off during the cutting and reveal a nanoscale needle-like
structure inside with high oxygen content (Fig. 3a). In the
EDX maps, the signals from oxygen and cobalt still overlap,
while Al is separated from the rest of elements (Fig. 3b).
However, the Co-O and the Al phases are mixed on the nano-
scale, forming a lamellar structure.

Immediately after the increase in pressure the mill was
stopped to collect Sample III. An inhomogeneous mixture of

Table 1 Samples taken from the mechanochemical reaction of LCO
and Al at 650 rpm with 60 balls (6.35 mm), 2.0 g of powder, LCO/Al =
1.0 and a SBR of 0.033 using repeating cycles of 5 minutes milling and
5 min resting

Sample Total time [min] Description

I 0 Before milling

I 2.7 Shortly before pressure spike
11 3.2 Directly after pressure spike
v 15 After 10 min of milling

\ 115 After 60 min of milling

RSC Mechanochem., 2026, 3, 243-253 | 245
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Sample IV Sample V

Fig. 2 Microscopy images and respective EDX images for Co (blue), Al (red) and O (green) of the Samples |-V (a—e, f—j, k-0, p—t and u-vy,
respectively) collected during the mechanochemical reaction between LCO and Al at 650 rpm with 60 balls (6.35 mm), 2.0 g of powder, LCO/Al
= 1.0 and a SBR of 0.033 using repeating cycles of 5 min milling and 5 min resting.

coarse gray powder and metallic pieces up to the centimeter
scale was obtained. In the SEM (Fig. 21) particles with smooth
surfaces and sharp edges can be distinguished from smooth
spheres and porous agglomerates. The EDX micrographs show
a partial separation of spherical cobalt pieces from the
aluminum phase (Fig. 2m-o0). The mixture was sieved and the

Fig.3 SEMand EDX images of cross sections of Sample Il (aand b) and
Sample Ill (c and d). Co, Aland O are presented in blue, red and green
color respectively.

246 | RSC Mechanochem., 2026, 3, 243-253

fraction smaller than 500 um was cast in resin and cut to obtain
a smooth cross section, which allows a better analysis of the
elemental distribution (Fig. 3¢ and d).

Much larger particles are present in Sample III (Fig. 3¢, d and
S2) than in Sample II (Fig. 3a and b) and they can be roughly
divided into a cobalt phase, an aluminum oxide phase and
agglomerates of intensively mixed starting material, similar to
the agglomerates in Sample II. In Fig. 3d, the Co-phase shows
only a weak signal from aluminum and oxygen. Its surface
appears smooth, with clearly visible grain boundaries and small
spherical holes, suggesting the former presence of an inclusion.
The Al-O phases have almost no contribution from cobalt.
Some particles show a rough surface with crystalline needles,
which might have formed by the reaction with humid air and
others are spherical which could indicate partial melting during
the reaction. These small spherical particles are most likely
responsible for the spherical holes in the cobalt phase.

After 10 min of milling, the large pieces were crushed and
Sample IV became a homogeneous fine black powder again. The
signals from Co, Al and O are distributed in all agglomerates
with some local enrichment in cobalt (Fig. 2p-t). With further
milling, Sample V resembles Sample IV but with slightly smaller

© 2026 The Author(s). Published by the Royal Society of Chemistry
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secondary particles and fewer localized high-intensity signals
from any element (Fig. 2u-y). However, prolonged milling times
result in an increased presence of iron and chromium in the
EDX spectra, attributed to abrasion of the milling balls (Fig. S3).

The evolution of phase composition in the five samples was
analyzed by XRD. Before milling, the mixture in Sample I
consists of two distinct crystallographic phases, namely LiCoO,
and Al (Fig. 4, 0 min). The XRD pattern of Sample II does not
show any new reflections, indicating that little or no chemical
reaction has occurred, but the peaks become much broader
representing size reduction and an increase in stress (Fig. 4a,
2.7 min). However, after only 30 s of further milling and directly
after the spike in pressure, the XRD patterns of Sample III
indicate a considerable evolution of peaks (Fig. 4a, 3.2 min).
Tetragonal y-LiAlO, in the space group P4,2,2 (No. 92) has
formed as a new phase with sharp reflections and elemental
cobalt is present in a cubic closed-packed structure corre-
sponding to the space group Fm3m (No. 225) and hexagonal
structure described by the space group P63/mmc (No. 194). The
cubic phase of cobalt is its high temperature modification and
is usually thermodynamically stable above 450 °C. However, the
observation of the cubic phase at room temperature could be
explained either by the presence of nanocrystalline domains®
or a by a stabilization due to impurity atoms® or mechanical
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Fig. 4 Evolution of XRD patterns for the Samples |-V, collectd during
the mechanochemical reaction between LCO and Al at 650 rpm with
60 balls (6.35 mm), 2.0 g of powder, LCO/Al = 1.0 and a SBR of 0.033
using repeating cycles of 5 min milling and 5 min resting.
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strain.*** The starting materials LCO and Al are still present in
small amounts and some new reflections can be assigned best
to a cubic Li-deficient Liy_¢.2)C0(0.s—1)O phase® in the space
group Fm3m (No. 225).

In Sample IV, the reflections of both Co phases become
dominant in the XRD pattern (Fig. 4a, 10 min), while the LiAlO,
reflections are difficult to identify due to significant broadening
resulting from amorphization. With further milling, the broad-
ening of the peaks is more pronounced and only four reflections
are visible in Sample V (Fig. 4, 60 min). The presence of broad,
undefined, or absent reflections suggest that the phases are highly
strained, and have small domain sizes. Three of the visible
reflections can be assigned to a nanocomposite of cubic Co metal.
Due to the undefined peaks, no phase was found to fit well for the
reflection at 29.3° of 2 Theta. Vauloup® proposed a cubic CoFe
alloy in the space group Im3m (No. 229) which would show
reflections at 20.3° and 28.9° of 2 Theta. This seems reasonable, as
the first and most intense reflection shows an asymmetry on the
high angle side, while one of the peaks at 29.3° of 2 Theta is
slightly shifted, potentially caused by a different stoichiometric
composition. Further, iron and chromium which are introduced
by abrasion, were detected in EDX spectra (Fig. S2) and in the ICP-
OES analysis of the reaction products, milled for 60 min (Table S7)
and verify the possible presence of the CoFe alloy in the mixture.

The larger metallic pieces in Sample III can be separated
using a 500-um sieve, and the attached particles can be removed
through sonication in deionized water. The XRD analysis of
such a metallic piece reveals the presence of cobalt in the hcp
structure (No. 194), alongside with a minor amount of its cubic
phase (No. 225) (Fig. 5). No other phases are visible and based
on the ICP-OES analysis (Table S7), the metallic piece is
composed of 97% (+1.9) Co and only of 0.24% Al. The residual
mass was not identified by ICP-OES and is assumed to corre-
spond to oxygen or iron.

The results above clearly indicate that all transformations
occur according to the MSR mechanism.***** Before the

Co (ccp)
Co (hcp)

Intensity [a.u.]

A L
5 10 15 20 25 30 35
2 Theta [deg]
Fig. 5 XRD pattern of an isolated metallic piece, collected after

3.2 min of milling LCO and Al at 650 rpm using 60 balls (6.35 mm),
2.0 g of powder, LCO/Al = 1.0 and a SBR of 0.033.
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increase in pressure, the starting materials in Sample II were
thoroughly mixed and the crystals were fractured by the colli-
sions. The XRD analysis indicates that the crystallites decreased
in size and experienced strain while merging into large
agglomerates. At this stage, an activated mixture is formed from
the starting materials, but no reaction is detected yet. This
activation reduces the energy required to initiate a reaction
until it reaches a threshold and a collision with powder trapped
between a ball and the wall provides sufficient energy to initiate
the reaction (Sample III). The heat released by the exothermic
reaction provides the thermal energy needed to trigger further
reactions in the surrounding powder, leading to self-heating. As
a result, a reaction front spreads through the entire volume,
releasing more heat in a short time. During this fast high-
temperature reaction, well crystalline phases of LiAlO, and
metallic cobalt are formed, but when the milling is continued,
the collisions lead to particle size reduction and distortion of
the crystallites. In consequence, hexagonal cobalt transforms
into the cubic phase and the product mixture becomes appears
amorphous. The amorphization is faster for the brittle LiAlO,
than for the ductile cobalt.

In thermite-like reactions, the internal temperature usually
exceeds the products melting points, which are 1495 °C and
1625 °C for Co and LiAlO,, respectively,***” and is limited by the
products lowest boiling point. However, the high thermal
conductivity of the stainless-steel milling media allows a fast
heat dissipation, preventing the internal temperature from
attaining such elevated values. The reaction mixture could be
locally molten at the particle scale, and the different phases
separate to produce an almost pure metallic cobalt fraction,
alongside the LiAlO, fraction. The fast reaction kinetics cause
a rapid temperature rise, leading to gas expansion, which result
in a sudden increase in internal pressure in the sealed milling
jar. Heat dissipation then cools the reactants quickly, allowing
the system to return to a moderate temperature and pressure. In
the EasyGTM design, the temperature and pressure sensors are
well protected in the lid. This arrangement allows the pressure
increase can be tracked immediately, while the temperature
curve is damped and measured with a delay. Although the
sensors transmit data every 1-2 seconds, the time for the MSR
event can be detected accurately, though maximal pressure may
occur between measuring points and can exceed the detected
value. The heat from the reaction spreads into the milling
media, and only the average temperature increase of the milling
vial is observed. Under such conditions, the reaction front
might not reach all the starting material, requiring further
milling to complete the reaction. Continued milling breaks
down the metallic particles and coarse agglomerates, forming
a finely mixed powder.

The rapid reaction kinetics associated with the MSR process
might pose significant challenges when attempting to scale up
for industrial application, as the abrupt temperature changes
impose limitations on the materials that can be used. Ceramics,
such as ZrO, can fracture due to these rapid temperature
changes,*® potentially leading to contamination and increased
operating costs, as the grinding media must be replaced
frequently. More durable materials like steel are less prone to

248 | RSC Mechanochem., 2026, 3, 243-253
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failure, but during the high-temperature stage, collisions can
lead to deformation of the grinding balls. This results in
increased abrasion, especially when large, cobalt particles are
present. Indeed, after many experiments, a small number of
balls showed indentations. In addition to the high temperature,
the milling reactor must also withstand abrupt increases in
pressure to ensure safe operation.

Despite the challenges posed by the MSR mechanism, the
resulting pressure spike can be used to investigate how milling
parameters affect the activation time. This can be achieved
through a kinematic analysis, which might prove beneficial for
optimizing the reaction and allows the comparison to other
reactions and milling types.

Kinematic analysis

As follows from the XRD analysis, the majority of the starting
mixture reacts after the activation phase within less than
a second, which is consistent with Vauloups observations.”” The
length of the activation phase can be accurately determined
with the onset of the spike in pressure. This onset is called
ignition time (¢g) and marks the initiation of the fast, self-
propagating reaction. During the activation phase, the start-
ing powders are mixed and crushed by repeated collisions. The
collision frequency and the impact energy, which depend on the
ball's velocity, mass and the number of balls, affect the t;,
parameter directly.*

With the kinematic equations, derived by Burgio** and
adapted by Kessler for the Pulverisette 7 (Fritsch),** the impact
energies and frequencies can be calculated and used to evaluate
the effect of milling parameters. However, it should be noted
that such model neglects the influence of friction, which could
have a notable contribution to the transferred energy in plan-
etary ball mills.**»** All the equations used and respective
parameters are presented in the SI.

At first, the influence of the rotation speed (vg) on the igni-
tion time (t,) was investigated within the range of 200 to
950 rpm (Fig. 6a). Triplicates were performed for each rotation
speed, but the respective ignition times shown in Fig. 6a reveal
almost no deviation between identical experiments, appearing
as single entries with the exception of those performed at
200 rpm. Assuming a purely inelastic collision model, the
kinetic energy transferred from one ball to the powder (AE;) by
a single collision can be calculated according to eqn (1), taking
the mass (my,) and diameter (d}) of a milling ball, the radius of
the central plate (Rp) and of the milling jar (R;) and the v into
account. Additionally, it should be corrected with the yield
coefficient (¢p,) to include the ball-to-ball interactions. Accord-
ing to eqn (2), the number of total collisions (Ny,) can be
determined by considering the collision frequency (f;,), the
number of balls (N},) and ti,. The eqn (1) and (2) imply, that AE],
and Ny, should depend on the rotation speed to the power of 2
and the power of 1 respectively.

Furthermore, the milling energy accumulated up to the ¢,
should be invariable, irrespective of the rotational speed,**
while in contrast ¢, should depend on the power of —3 on vg.
However, when the measured ¢, values were fitted with

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Influence of the rotation speed on the mechanochemical reaction of LCO with Al using 65 balls (6.35 mm), 2.1 g of powder, LCO/Al=1.0

and a SBR of 0.033 with repeating cycles of 5 minutes milling and 5 min resting. (a) ignition time (tg) vs. rotation speed (vg), (b) reciprocal number
of collisions (Nie) vs. impact energy (AE,), (c) specific energy dose (Dig) and activation energy dose (Djy) vs. impact energy (AE;).

a potential function of the form ¢, = A ve® the best fit in Fig. 6a
exhibited a dependency on the power of —4.6 £ 1.0. The lower
exponential factor indicates that a greater amount of energy in
total is required to initiate a reaction when the kinetic energy of
a single collision is lower. Besides, at 200 rpm the deviations in
tig between identical experiments is much greater than at higher
rotation speeds. Both observations could be attributed to either
an increase in the elastic portion of a collision, the adoption of
less efficient motion patterns by the balls** or a higher contri-
bution of friction at low rotation speeds.*®

Additionally, it is important to determine the impact energy
threshold E,, which is required to initiate an activation in the
powder and ultimately trigger the combustion.*” The E, can be
obtained by plotting the reciprocal of Nio: against the AE;.** A
linear correlation emerges when the rotation speed is varied
while maintaining all other parameters constant, as shown in
Fig. 6b. The intercept of the best linear fit with the x-axis yields
an E, of 2.0 = 1 m]J.

. 2 dy\’ d
AEb = Smb <%) <4(R_] - ;) +Rp <R_] - ?b)>(pb (1)

KVRNb[ig

Nlm:beNbXtig: 20 (2)

The lower milling efficiency at less energetic impacts is
underlined by considering the specific energy dose (Djg),
calculated according to eqn (3), which quantifies the mechan-
ical energy transferred to the powder until the MSR initiates.*
As depicted in Fig. 6c, Dj, decreases with increasing impact
energy and converges around 4.5 kJ g~ '. When the minimum
energy required to initiate the ignition E, is subtracted from the
AE;, for each collision, the activation energy dose (ng) can be
calculated according to eqn (4). The values obtained and pre-
sented in Fig. 6¢ are nearly constant at 4.2 kJ g~ ', demonstrating
the invariance of the milling energy dose for MSR reactions
when the activation threshold E, is taken into account. As soon
as the threshold of ng is reached, the ignition inside the milling

© 2026 The Author(s). Published by the Royal Society of Chemistry

jar can be expected, which allows the calculation of the required
milling time under different conditions.

Nufoti AE;
Dy = % 3)
P
. Nufoti.(AES — E
), — MM~ ) @
g mp

Even for other types of ball mills, the length of the activation
phase or the minimum requirements on the mill can be esti-
mated based on E, and ng. For example, in drum mills the
processing can be assumed to be many free fall experiments
with a gravitational acceleration and a free fall height of 55% of
the drum diameter.*® With these assumptions, the drum
diameter necessary to achieve the same velocity as in the
planetary mill can be calculated according to eqn (S12). The ball
velocity corresponding to the minimum impact energy E, is
2 m s~ ! for the 6.35 mm steel balls, which would translate in
a minimum drum diameter of only 0.3 m. However, a compar-
ison with a rotation speed of 200 rpm may be more appropriate,
as the reaction was actually initiated. At this rotation speed, the
ball velocity at impact is 2.4 m s~ ' translating to a drum
diameter of 0.5 m.

Furthermore, the influence of the SBR on the tj; and D;, was
investigated for three different ball sizes (S, M, L) ranging from
3 mm to 12.7 mm in diameter. The SBR is directly related to the
milling intensity, as the kinetic energy of the balls has to be
distributed to a certain amount of powder. The SBR can be
changed either by changing the number of balls, their density or
the amount of powder.* In this study, the latter approach was
chosen due to its high flexibility, while keeping all other
parameters constant. As the ignition time can be highly sensi-
tive to the exact experimental condition,* each condition was
repeated at least three times (Tables S4-S6) to calculate the
mean and standard deviation of the measured ignition times.
While t; shows only a small deviation between identical
experiments for balls with 6.35 and 12.7 mm in diameter, its
deviation is larger for the 3 mm balls (Fig. 7a).
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and Al using 65 g of balls, LCO/Al = 1.0 and a rotation speed of 650 with repeating cycles of 5 minutes milling and 5 min resting.

A linear increase is observed for the large and medium-sized
balls, which is expected since the power input is assumed to
remain constant for identical milling parameters (rotation
speed, ball size, and number of balls). However, as the powder
mass increases, the parameter ¢, also rises, since the power
must be distributed across the growing powder mass. In
contrast, when small balls are used, a linear increase is only
visible at a SBR below 0.07, while at a higher SBR, ¢;; does not
increase anymore. This shift in the trend may indicate a change
in ball movement or how energy is transferred to the powder.
For instance, the ratio of friction to collision forces could
change.

Based on the values of t;,, D, can be calculated according to
eqn (3) to evaluate the milling efficiency. Assuming the powder
requires always the same degree of activation before the igni-
tion, a constant value would be expected for Dj,. As it is shown
in Fig. 7b this is true for the medium-sized balls, where the
average specific energy dose is 4.8 kJ g~ .

In case of the large balls, Dy, first decreases until it converges
around 2.7 k] g~ . At a low SBR, only a small fraction of the high
impact energy can be absorbed by the powder, resulting in an
activation, while a significant fraction dissipates as heat. With
an increasing SBR, more powder will be trapped within a single
collision, and more of the impact energy can be absorbed by he
powder. This, in turn, leads to a reduction in the generation of
heat, thereby enhancing the milling efficiency.

For the small balls, D;, shows a maximum in Fig. 7b at a SBR
of 0.067, marking this milling condition as outstanding ineffi-
cient. However, despite this maximum, a generally decreasing
trend with increasing SBR is observed and at high SBR, the
small balls show a lower Dj; than the medium-sized balls. The
impact energy of a single collision between a small ball and the
wall (2.9 m]J) is only slightly higher than E, (2.0 m]). Similar to
the low rotation speed for the medium-sized balls, the activa-
tion may not be efficient. With an increasing SBR, the already
low impact energy is distributed over an increasing amount of
powder, and t;, increases disproportionately leading to
a decreasing efficiency. However, this does not provide a satis-
factory explanation for the observed plateau in Fig. 7a. It is
possible that the high surface area of the small balls could have
a significant influence. The majority of the powder might be

250 | RSC Mechanochem., 2026, 3, 243-253

attached to the balls and due to the low impact energy, the
exchange between attached and unattached powder might be
low. This could result in an inhomogeneous activation and
ultimately in unpredictable t;,. Moreover, the large amount of
small balls result in significant high contribution of frictional
forces.* Since the used model exclude these contribution, the
calculated energies might not be accurate.

Influence of graphite

After the investigation of the milling parameters and the kine-
matic analysis of the pure reaction, it is important to examine
the influence of additives. In the industrially produced black
mass, graphite from anode is the second largest fraction by
mass.* To test its influence on the process, the weight fraction
of graphite in the starting powder was increased from 0-60 wt%
while keeping all other parameters constant. In these experi-
ments, 2.0 g of powder mixture was milled with 6.35 mm balls at
a SBR of 0.033. The medium-sized balls were used due to the
fact that the SBR does not have a high impact on the efficiency.
The rotation speed was set to 950 rpm, which is the maximum
recommended speed for this ball size, to achieve the fastest
reactions.

The spike in pressure can be detected for the graphite-free
experiment after a tj; of 50 s, which increased to 167 s for
10 wt% graphite content. However, when the graphite content is
increased further, no spike in pressure can be detected within
1 h and only the zig-zag profile in temperature and pressure
produced by the alternating milling and resting cycles are
measured (Fig. S4). The XRD analysis after 10 min (Fig. 8a)
reveals complete consumption of LCO in the first two patterns
(0 wt% and 10 wt% of graphite) and the formation of metallic
cobalt, matching the patterns of the MSR process in Fig. 4 after
60 min of milling. At a graphite content of 20 wt%, the reflec-
tions of metallic cobalt indicate the reduction of LCO, but
additionally, a high fraction of intermediate Li-containing cubic
cobalt oxide phase*® and pristine LCO is also visible.

With further increasing graphite content, the reflections cor-
responding to metallic cobalt and cobalt oxide become less
pronounced and LCO remains visible as the main phase. Pristine
graphite shows an intense reflection around 12 degrees of 2 Theta
caused by the stacking of honeycomb-like carbon layers® (Fig. S5).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.0 g of powder was milled with 60 balls of 6.35 mm diameter, a SBR of 0.033, LCO/Al= 1.0 at 950 rpm in repeating cycles of 5 minutes milling

and 5 min resting.

However, after 10 min of milling, this reflection is hardly visible in
any XRD patterns of Fig. 8 indicating the graphite's exfoliation to
a disordered structure. The y-LiAlO, phase is only slightly visible
in the XRD with 10 wt% graphite, while it is not yet formed or
already amorphized in the other patterns.

After 60 min of milling, the absence of the 003 reflection at
8.6 degree of 2 Theta, indicates full consumption of LCO in all
five experiments (Fig. 8b). However, between 0 wt% and 40 wt%
graphite content, the patterns appear roughly identical,
showing reflections corresponding to metallic cobalt and
a second phase which could be a Co-Fe alloy. In contrast at
60 wt% graphite, the reflections of a Li-containing cobalt oxide
phase dominate the pattern.

Between a graphite content of 10 and 20 wt%, the disap-
pearance of the pressure spike indicates suppression of the
combustive, self-propagating behavior in the MSR reaction
(Fig. S4). This observation is consistent with the XRD results,
which confirm that, at 20 wt% graphite content and above, the
LCO is not consumed in a single rapid reaction. Instead, the
cathode material is slowly reduced by the aluminum, first
forming a Li-deficient intermediate and then subsequently
transforming into metallic cobalt. Graphite does not appear to
participate directly in the reaction and can be seen as an inert
additive, even though it modifies the reactions mechanism.

In the suppression of the MSR, some factors must be
considered. Graphite can cover the surface of the reactants and
consequently reduce their contact area, thereby slowing down

© 2026 The Author(s). Published by the Royal Society of Chemistry

the reaction rate.** Inert additives can reduce the tendency to
form agglomerates,® which are crucial to generate the initial
heat for the ignition and can act as an insulator by reducing the
contact between activated reactants. Chakurov® introduced the
concept of a critical agglomerate radius, below which no self-
propagating behavior is possible. Graphite could slow down
the growth of the agglomerates, thus increasing the activation
time and diluting the reaction, which in turn results in a lower
heat release per gram of powder.

Even in the presence of graphite, the mixture still becomes
activated during milling and can reach the threshold for
areaction. However, the reaction heat released from the powder
trapped in a collision is not sufficient to ignite the surrounding
powder, and the reaction remains localized to a small area.
Consequently, the result is a local heating rather than a rapid
increase in the overall temperature, which is insufficient to melt
the cobalt.

Another important characteristic of graphite is layered
structure in combination with the tendency to exfoliate, which
makes it well suited as a solid lubricant.> Lubricants can alter
the balls trajectory*® and reduce friction. As a result, less energy
is transferred to the system and local hotspots are reduced.®
The reduced contact area between reactants, less agglomeration
and less friction delay the ignition time and could eventually
suppress the ignition.

The suppression of the MSR process by graphite may be of
great importance for scaling up of the process to an industrial
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level. In the absence of the self-propagating reaction, the heat
release is distributed over a longer timescale, thereby di-
minishing the increase in internal temperature. Consequently,
no significant pressure builds up, and the reaction becomes
safer and more controllable.

Conclusion

The mechanochemical reaction of LiCoO, with Al to produce
metallic cobalt and LiAlO, using a planetary ball mill was
investigated systematically, with in situ measurements of the
internal temperature and pressure. The reaction was found to
proceed via a mechanically induced self-propagating reaction
(MSR) pathway, during which the starting materials underwent
the following sequence of transition. After the activation phase,
a collision initiates a reaction in a localized area. The released
heat ignites the surrounding activated powder, and a combus-
tion front spread through the volume. The majority of starting
powder transforms into metallic cobalt and LiAlO, in a very
short time, but not all LCO converts at this stage of reaction,
and a part of it exists as a Li-containing Co(u) oxide phase.
Further milling then leads to a complete conversion but crushes
the large metallic pieces and degrades the crystalline structure
of LiAlO,. This mechanism results in a rapid increase in
internal temperature and pressure.

The characteristic ignition time, detected by a spike in
pressure, was used to precisely determine the length of the
activation stage and allows a kinematic analysis. The minimum
impact energy E, was calculated to be as low as 2.0 mJ per hit,
indicating that even small drum mills could provide enough
energy to induce the reaction. The kinematic analysis further
shows the process becomes more efficient with increasing
impact energy, which can be achieved by higher rotation speeds
or larger ball diameters.

The effect of graphite was found to be crucial for improving
the control over reaction conditions. Small amounts of graphite
prolong the activation stage, but at a mass fraction of 20 wt% or
higher, the self-propagating behavior is suppressed, and a more
linear profile is observed. At the same time, the temperature
increase is diminished, preventing a fast pressure build up.
Therefore, the process can be suitable not only to pure materials
but also shows a high potential for processing back mass to
selectively extract lithium by a subsequent aqueous leaching.
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