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Submerged comminution of lithium-ion batteries
in water in inert atmosphere for safe recyclingf
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We would like to discuss the recycling process of lithium-ion batteries (LIBs) from the viewpoint of
“safety”. We consider that comminution in water is a safer process than dry comminution as water can
deactivate the negative electrode and organic electrolyte immediately. The comminution in water of
relatively large fully-charged LIBs in a N, atmosphere was carried out. However, in spite of the
submerged comminution, white smoke rising from the water was observed. The hydrogen concentration
above the comminution equipment reached a few percent even with N, flow of 15-20 L min~ (or about
4% hydrogen for a comminution of an 895 mA h cell with low N, flow of 4.5 L min~Y). Considering the

high ignition properties of hydrogen—air mixtures, the submerged comminution equipment should be

rsc.li/energy-advances

Introduction

Lithium-ion batteries are playing a key role in climate neutrality
society and their production continues to increase. At the same
time, their recycling is becoming more important due to the
circular economy, the safety over the lifecycle and the environ-
mental impact of LIBs."™ As an example, the European Union
requires the use of recycled materials at a mandatory level.>®
The most critical point in the recycling of lithium-ion batteries
is how to open the cell safely because the battery contains very
active materials. The opening process can be done by a high
temperature process (pyrometallurgical process), a room tem-
perature comminution, or human hand and/or robots for direct
recycling.”® The pyrometallurgical processes are safe and
established processes,’ > which can burn organic components
as well as the batteries are opened, but they essentially con-
sume a large amount of energy to maintain high temperature.
In addition, they require a large-scale furnace and detoxifica-
tion equipment for the exhaust gas including hydrogen fluor-
ide. The direct recycling has the potential to utilize the
materials from the used batteries in new batteries,’>'* but it
is not practical for processing mixtures of various batteries
across a wide range of ages. In recent years, a lot of room
temperature comminution processes have been reported.”>™®
However, fatal accidents have occurred due to explosions.’ It is
important to ensure safety during room temperature comminution.
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installed not in air but in an inert atmosphere to reduce the risk of an explosion accident.

Here we would like to discuss a safe comminution process for end-
of-life LIBs at room temperature.

Lithium-ion batteries are not bombs. Explosions are pre-
sumed to be caused by air and organic gas produced by local
overheating®®* of the LIBs during comminution, or hydrogen
generated by the reaction between water and the negative
electrode or aluminum.?® The greatest care should be therefore
taken not to mix oxygen and hydrogen, or the concentrated
organic gases. The room-temperature comminution process
can be classified into three types: comminution in air,>* com-
minution in an inert atmosphere,**® and comminution in
water or in sprayed water.'®'®?7?% Fig. 1 shows fully-charged
small LIBs being cut with nippers in a N,, Ar, or CO,-Ar
atmosphere. Even though the oxygen concentration in the
atmosphere is low, intense flames can be observed. The cause
is suspected to be an internal short circuit and the reaction of
the electrolyte with the anode and cathode, etc. This is a kind of
chain reaction that results in a violent exothermic reaction.
Sommerville et al. stated “will not stop a fire once started”.”®
Thus, even comminution in an inert atmosphere can be dan-
gerous if the LIBs are still in a charged state. Even if LIBs in a
charged state can be comminuted successfully, the crushed
product taken out of the inert atmosphere into the atmospheric
atmosphere is not safe. Therefore, usually the LIBs are dis-
charged before treatment in most room-temperature comminu-
tion processes. However, damaged batteries cannot be
discharged, or human error is also expected in recycling. We
propose therefore “to design a process for safety based on the
assumption that LIBs in a charged state may be mixed in”.

A comminution in water or in sprayed water'®'%?8
deactivate the negative electrode and dilute the organic electro-
Iyte, and the aqueous solution works as a heatsink. If the

can
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Fig. 1 Photographs of fully-charged small LIBs cut with nippers in Ny, Ar,
or CO,—Ar atmosphere.

hydrogen generated by the reaction between the water and the
negative electrode can be properly treated, the process safety
increases. That is, to avoid hydrogen explosion, it is strongly
recommended that the comminution equipment submerged
under water is installed in an inert atmosphere.

Methods

Preparation of charged LIBs

Prismatic cells dismantled from LIBs for a hybrid electric
vehicle were charged by the CC/CV (constant-current/
constant-voltage) method with a potentiostat/galvanostat (Prin-
ceton Applied Research, VersaSTAT 3). In the CC charging, 0.5 A
of constant current was applied to the cell. When the cell
voltage reached 4.1 V, the charging was switched into CV mode
with a constant cell voltage of 4.1 V. When the current was
decreased to 0.005 A, the CV charging was terminated. The
capacity at state of charge (SOC) = 100% is defined to be
5250 mA h. The open circuit voltage (OCV) was 2.4 V for the
LIB at SOC = 0%. The cells with SOC = 25% and 50% were
prepared by charging from SOC = 0% in a CC mode of 0.5 A.

Submerged comminution of LIBs

Comminution of cells submerged in lime water was performed
with a biaxial crusher in a glove box under N, flow (oxygen
conc. <1%). The glove box was composed of a polycarbonate
box with butyl-gloves and a lime-water tank in which the biaxial
crusher (Endo Kogyo Co. Ltd, EC15-20S-]) was installed. N, gas
was extracted from compressed air by a bundle of polymer
hollow fiber separation membranes (CKD Corp., NS-4L110A-N)
and supplied into the hopper on the biaxial crusher. The lime
water was prepared from approximate 222 L of tap water and
315.91 g of calcium hydroxide (Ca(OH),, Nacalai Tesque, Inc.).
Water temperature was measured by thermocouples above and
under the biaxial crusher. The concentrations of oxygen and

936 | Energy Adv, 2022, 1, 935-940

View Article Online

Energy Advances

hydrogen were analyzed with the gas sensors (Honeywell BW™,
Max XTII) with intervals of 5 seconds. Hydrogen was sampled at
a position of about 15 cm above the water level in the hopper
and oxygen was sampled in the glove box. To analyze hydrogen
concentration, the sampled gas was diluted by air to keep the
oxygen concentration at 9-16 vol%, and the detected value of
lower explosive limits (LEL) was converted by the dilution ratio.
Since the gas contains a small amount of organic compounds
evaporated from the LIBs, the concentration of actual hydrogen
might be slightly smaller than that indicated by the LEL value.
The comminution was observed from the upper side of the
polycarbonate box and through a window at the side of the
lime-water tank. Most of the materials of the comminuted cells
were recovered from the lime water and a part was again
immersed into deionized water at 10, 30, and 60 minutes after
the comminution to check whether or not unreacted lithiated-
carbon in the negative electrode was present. Thereafter, the
recovered LIBs were dried under vacuum at room temperature
for 24-72 hours and identified by X-ray diffraction (XRD,
PANalytical, X'Pert-ProMPD, Cu-Ka,).

Cutting of LIBs in dry atmosphere

Cutting of LIBs in dry atmosphere was performed in a glove box
composed of a polycarbonate box with butyl-gloves. The atmo-
sphere was either N,, Ar, or CO,-Ar (oxygen conc. <1%). The
CO,-Ar atmosphere was prepared by flowing 5 kg of CO, into
the box (800 mm X 500 mm x 1000 mm) filled with Ar gas. The
oxygen concentration was measured by gas sensors (Ichinen
Jikco Co., Ltd, JKO-25 Ver. 3 or Toray Engineering D Solutions
Co., Ltd, SA-25NW/LD300). The small LIB (Al casing), fully-
charged with the producer’s charger (895 mA h, 4.14 V), was cut
with a nipper on a heat-resistant pad, board, bucket, etc. The
progress of cutting the LIB was observed from the outside.

Submerged comminution of LIBs for
a hybrid electric vehicle

Fig. 2 shows the schematic illustration and photographs of the
equipment with the biaxial crusher for submerged comminu-
tion of LIBs in lime water. Lime water was used to avoid the
corrosion of the steel of the biaxial crusher (see in Table S2,
ESI).>%?" N, gas was extracted from compressed air through
hollow fiber separation membranes.

A cell dismantled from LIBs for a hybrid electric vehicle was
comminuted using the crusher immersed in lime water in a N,
glove box. Three different SOCs of the cells, 25%, 50%, and
100%, were examined, where SOC = 100% corresponds to
approximately 5250 mA h (based on our measurement). The
photographs of the submerged comminution and measured
concentration for hydrogen above the water surface and oxygen
in glove box are shown in Fig. 3(a) and (b), respectively. Movies
of the comminution are given as supplemental movies (Movies
S1-S3, ESIt). The comminution in water inevitably produces
hydrogen gas from the reaction of water and the lithiated
carbon in the negative electrode.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Equipment for submerged comminution of LIBs in lime water
under N, flow. (a) Schematic illustration. Photographs of (b) glove box
with lime-water tank and (c) setup for N, gas supply (maximum flow rate
22.0 Lmin~t @ 99.9% N, 56.4 L min™" @ 99% Ny).

Li,C + xH,0 — xLi" + x/2H, + C + xOH~ (1)

In the submerged comminution of cells (SOC = 25% and 50%),
the comminution was gently completed, generating transpar-
ent bubbles as clearly seen in the photographs. Movies S1 and
S2 (ESIY) provide clear observation of the transparent bubbles.
The water temperature measured with thermocouples did not
rise with comminution. The results are given in Fig. S4 in the
ESI.{ After 15 seconds of comminution, hydrogen was detected
in the collected gas in the hopper of the crusher, reaching a
maximum of 0.7-1.2% in the case of SOC = 50 and 100%. The
total amount of hydrogen evolution was larger for the higher
SOC value. Since the inlet of the feed pipe of N, gas of flow rate
15-20 L min ™" is located near the water surface in the hopper of
the crusher, the generated hydrogen gas is rapidly diluted and
its concentration is not high. The detection of hydrogen was
continued for 80-120 seconds. The hydrogen concentration in
the outlet tube of the glove box was detected 50-60 seconds
after comminution with the maximum value of 0.3% in the
experiment of SOC = 100%. This hydrogen concentration was
sufficiently lower than both the lower flammability limit of 4%
and the lower explosive (detonation) limits of 12-18% in air****
(there seems to be discussion about these values®®), proving the
safe gas-emission. In addition, the hydrogen concentration in
another experiment of a small cell of 895 mA h reached about
4% above the surface of water with a low N, flow of 4.5 L min *
(see Fig. S3, ESIt). When processing a large number of cells

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Observation and analysis of the submerged comminution.
(a) Photographs of cell batteries being comminuted. (b) Concentration
trend of hydrogen above the water surface and oxygen in the glove box.
(c) Schematic illustration of the comminution in lime water for the higher
SOC.

industrially, the dilution by nitrogen gas flow is unquestionably
required to prevent hydrogen explosion.

The crushed materials were recovered from the lime water
after a certain period of time. From the products collected after
10 minutes of immersion, there was almost no gas evolution
with only a slight amount of tiny bubbling observed. The
deactivation of the negative electrode is mostly accomplished
in a few minutes, and then gradually residual reaction pro-
ceeds. The aluminum current collector of the positive electrode
remained after 60 minutes, which was confirmed by visual
observation and XRD analysis.

The evolution of white smoke bubbles was a surprise and a
great concern. As shown in Fig. 3(a) and (c), white smoke
bubbles were observed as well as transparent bubbles during
the comminution of the cell (SOC = 100%) even with the
comminution in lime water in a N, glove box; clear observation
is shown in the movie (Movie S3, ESIf). The hydrogen gas
pockets excluded the water and results in loss of the cooling
function, and some volatile components were believed to have
turned into smoke due to the local overheating. Therefore, the
evolution of white smoke bubbles suggests that the risk
remains even in comminution in water if the atmosphere is
not inert. Fire generated by local overheating may reach the

Energy Adv., 2022, 1, 935-940 | 937
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Fig. 4 Overview of the recycling process of LIBs utilizing the submerged
comminution. (a) Flow chart of deactivation and physical sorting process
for spent LIBs by submerged comminution with lime water. (b) Schematic
illustration of processing vehicle for the end-of-life LIBs.

space above the water surface, like with an undersea volcanic
eruption, and cause hydrogen explosion.

A slight odor of organic compounds was detected when
recovering the crushed materials from the lime water. The
exhaust gas and sampling gas to measure hydrogen concen-
tration has such an odor, and deodorizing equipment is
necessary. The comminuted LIB products are easily separated
by the physical sorting process shown in Fig. 4(a) into black
mass (mixture of the active materials of the electrodes), separa-
tor, Al casing, and Cu/Al foils.

Risk statement and assessment

In writing this paper, we agonized over whether the method
presented here is really safe. We were concerned that those who
imitated the method without understanding the essence of the
process might meet with a serious accident. Therefore, we
provide a list of the risks currently perceived to help readers
improve safety. The following list includes those that are
technically solvable and those that can be solved through
education. In addition, some topics require further technolo-
gical innovation. We believe that many future attempts may
reveal new problems that are not currently apparent and that
could be considered risks. Rather than rushing implementa-
tion, it is important to conduct basic research to better under-
stand process safety and reaction mechanisms and share the
results. This paper is one such example. We hope that each
reader will take responsibility for conducting a follow-up study.

Risk identification

(1) Charged state. In this study, experiments were con-
ducted in a charged state, which is risky, and it is obviously
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better to electrically discharge the LIBs beforehand to reduce
the amount of hydrogen produced.

(2) Nitrogen flow stopped. The hydrogen gas from LIB cells
is diluted by a large amount of nitrogen gas to make it safe, but
if the nitrogen gas supply is interrupted, there is a risk of a
hydrogen explosion or other serious accident.

(3) Sensors. For suction type oxygen and hydrogen sensors,
if water droplets or other contaminants enter the suction tube,
the sensor may stop working. It is strongly recommended that
multiple sensors be installed. However, most of the hydrogen
sensors currently in general-use measure hydrogen concen-
tration in air and cannot be used in an inert atmosphere such
as nitrogen. Thus, it is desirable to develop inexpensive hydro-
gen sensors for inert atmospheres.

(4) Slow oxygen evolution. Although not as fast as the
reaction between the negative electrode and water, the positive
electrode can oxidize water to cause oxygen evolution. It is
important to ensure that no positive electrode material remains
in the equipment, that the oxygen concentration is constantly
monitored regardless of whether the equipment is operating or
not, and that nitrogen flushing is continued periodically.

(5) Water temperature. Water temperature should be mon-
itored and care should be taken to ensure that the vapor
pressure of organic materials does not increase. Also, the
experiments in this paper were performed near room tempera-
ture. Unexpected reactions can be expected at higher tempera-
tures than room temperature.

(6) Allowable concentrations. The safe allowable concentra-
tions in aqueous solutions of organic electrolytes and supporting
electrolytes in batteries and the safe allowable concentrations of
substances generated from these electrolytes must be known.

(7) Gas evolution from spent aqueous solution. Gases are
generated from the spent aqueous solution such as hydrogen
gas from fine aluminum fragments that could not be collected
by the filter, oxygen gas from the positive electrode material,
and CO, gas generated by the hydrolysis of carbonate. If the
spent aqueous solution is stored in a sealed container, it is
necessary to take precautions against hydrogen explosions and
internal pressure increases.

(8) Continuous evolution of hydrogen after comminution.
It is strongly recommended that solids be dried immediately after
crushing in water. Otherwise, the reaction between the aluminum
and the aqueous solution may proceed continuously and slowly,
resulting in the continuous evolution of hydrogen. This applies to
the reaction of the positive electrode material as well.

(9) Danger of debris that has not been deactivated. If the
aluminum in certain areas, such as the edges of the battery
case, is accidentally crimped and sealed during crushing,
debris that has not been deactivated may remain.

(10) Safety in long-term storage and transportation. The
long-term storage of crushed materials treated with this
method for more than one year and the effects of transporta-
tion have not yet been evaluated. An evaluation is needed.

(11) Processing speed: number of LIBs processed in unit
time. Industrial processing of a large number of LIBs is a future
challenge. The number of pieces needs to be carefully increased.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(12) Dangers of fine grinding. In our experiments, the LIB
was either cut into two pieces or crushed by a biaxial crusher
with a 12 mm wide blade; crushing LIB finer than this in water
should be done carefully, taking care not to react too rapidly.

(13) Possibility of accelerated oxygen evolution. If hydro-
gen from the negative electrode and oxygen from the positive
electrode are produced at similar reaction rates, there is a
danger of explosion. It is necessary to investigate whether there
are factors that accelerate the rate of oxygen generation.

(14) Operator education and interlock mechanisms.
Hydrogen is transparent and colorless, and its risks are often
unnoticed. It is necessary to thoroughly educate operators on
hydrogen safety and install interlock mechanisms in the equip-
ment to keep it safe.

(15) Environmental risks 1: detoxification of exhaust gases.
The exhaust gas had an odor that was presumed to be that of
organic components in the battery. For the sake of the environ-
ment, it is necessary to establish a method to exclude harmful
components from exhaust gases.

(16) Environmental risks 2: aqueous solution recycling.
Organic electrolytes and supporting electrolytes accumulate in
the aqueous solution in a variety of forms. Those should be
removed and the aqueous solution should be used repeatedly.
Such studies are needed.

Conclusions and future outlook

There are still issues that need to be resolved to develop an
industrializable set-up, but a social system could be established
in which anyone can safely handle end-of-life LIBs anywhere;
an example is shown in Fig. 4(b) in which a vehicle equipped
with a submerged comminution machine in a N, atmosphere is
illustrated. As long as electricity is available, nitrogen can be
inexpensively produced utilizing hollow fiber separation mem-
branes from compressed air. Nitrogen flow reduces the risk of
hydrogen explosion. Water can prevent temperature rise. How-
ever, we emphasize that any additional experiments should be
performed at your own risk.
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