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Abstract: The global use of lithium-ion batteries of all types has been increasing at a rapid pace
for many years. In order to achieve the goal of an economical and sustainable battery industry,
the recycling and recirculation of materials is a central element on this path. As the achievement of
high 95% recovery rates demanded by the European Union for some metals from today’s lithium
ion batteries is already very challenging, the question arises of how the process chains and safety of
battery recycling as well as the achievement of closed material cycles are affected by the new lithium
battery generations, which are supposed to enter the market in the next 5 to 10 years. Based on a
survey of the potential development of battery technology in the next years, where a diversification
between high-performance and cost-efficient batteries is expected, and today’s knowledge on re-
cycling, the challenges and chances of the new battery generations regarding the development of
recycling processes, hazards in battery dismantling and recycling, as well as establishing a circular
economy are discussed. It becomes clear that the diversification and new developments demand a
proper separation of battery types before recycling, for example by a transnational network of dis-
mantling and sorting locations, and flexible and high sophisticated recycling processes with case-wise
higher safety standards than today. Moreover, for the low-cost batteries, recycling of the batteries
becomes economically unattractive, so legal stipulations become important. However, in general,
it must be still secured that closing the material cycle for all battery types with suitable processes is
achieved to secure the supply of raw materials and also to further advance new developments.

Keywords: lithium-ion battery; LIB; battery recycling; mechanical recycling processes; hydrometal-
lurgy; pyrometallurgy; battery generation; circular economy; solid state batteries

1. Introduction

The goal of economical and sustainable battery cell production remains a key ele-
ment on the way to establishing electromobility as a green technology of the future [1].
Sustainable process management and development also includes the economic recycling
and recirculation of materials used in cell production with a simultaneously low energy
input, which leads to a reduction of the ecological CO, footprint in battery cell produc-
tion [2-5]. Therefore, the establishment and sustainable further development of an inter-
nationally leading, competitive battery cell production must go hand in hand with the
development of appropriate recycling technologies [6-9]. The recycling technologies must
be flexible and adaptable to future production technologies and especially materials that
are processed in the future with regard to new battery generations [10].

Moreover, closing the material cycles for batteries on the basis of scalable production
and recycling technologies is a central component for a CO,-reduced or CO,-neutral battery
cell production and thus for electromobility (e.g., achieving the “Green Deal” goal of the
European Union (EU)). Only closed material cycles in batteries can enable a conversion
from carbon-based energy sources to sustainably produced electrical energy in ecological,
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economic, and social terms [7,11,12]. To achieve closed loop material cycles, appropriate
recycling technologies must be developed. For example, according to the new battery
directive proposal of the EU Nr. 2019/1020, 95% of cobalt (Co), copper (Cu), and nickel
(Ni) as well as 70% of lithium (Li) have to be recovered from spent lithium-ion traction
batteries by 1 January 2030 [13]. Moreover, according to the report on the circular economy
of traction batteries published by the Circular Economy Initiative Deutschland of acatech
(National Academy of Science and Engineering in Germany) 90% of Co, Ni, and Cu as well
as 85% of Li should be recycled from spent lithium battery systems by 2030. In addition,
a recycling rate of 70% of the entire battery should be aimed for [14]. In a worldwide
comparison, the EU sets very high requirements with the Battery Directive. In the USA,
there are no generally applicable requirements for the return of lithium ion batteries (LIBs).
However, voluntary consortia (e.g., the End of Live Vehicle (ELV) Solutions consortium)
work together here to close material cycles. China follows a similar approach to the EU.
Producers are encouraged to take back batteries that have been put into the market and to
return them to the materials cycle [15]. Other countries in Asia (South Korea, Japan) are
pursuing similar goals as the EU (South Korean RoHS/ELV /WEEE Act, 2007 and Japan's
End-of-Life Vehicle Recycling Law).

For the recycling of lithium-ion batteries today, usually at first, a deactivation of the
battery system is realized, which is followed often (but not compulsory) by a disman-
tling of the battery system down to the cell modules (or more seldom individual cells).
The deactivation can be achieved by full electrical discharge and subsequent short cir-
cuiting, by treatment in a saline solution, or by pyrolysis (high heat treatment) of the
battery systems at temperatures of more than 200 °C [16,17]. Afterwards, in general,
three types of process technologies are used, which are combined in a different manner:
mechanical, hydrometallurgical, and pyrometallurgical processes [7,17-22]. Figure 1 gives
an overview of different possibilities to combine the different process types. The different
process steps can be applied in different sequences and above all in different processing
depths [19,23]. One lean way is deactivation by pyrolysis, pyrometallurgical processing,
and slagging. Pyrometallurgical processes are well established for processing primary mate-
rials and can achieve high recovery yields concerning the metals cobalt, nickel, and copper,
but they show challenges regarding the recovery of lithium. Therefore, to recover lithium
and manganese, pyrometallurgical processes have to be combined with hydrometallurgical
processes for processing the slag. Overall, a relatively small overall recovery of the batteries
material can be expected in this case due to graphite, polymers, and electrolyte being
burned, although a very high recovery of Ni, Co, and Cu is possible [24]. A more elaborate
way puts together another combination of processes. Here, the battery cells or modules
are discharged in the first step, for example, before they are mechanically crushed [25].
Subsequently, the black mass or the shredded battery material is pyrometallurgically
processed before it goes into a final hydrometallurgical step. Here, for example, the de-
gree of mechanical processing can be varied [18,24,26]. The amount of recovered ma-
terials increases, as polymer components as well as aluminum can also be recovered.
Furthermore, after deactivation and mechanical processing, there is also the possibility of
proceeding directly to hydrometallurgical processing (as it was proposed for the LithoRec
process [20,27,28]). This route enables early recovery of the polymer battery components
as well as Cu and Al. In addition, hydrometallurgical processing can also recover Mn that
cannot be recovered by pyrometallurgical processes. In addition to the recovery of the
individual substances such as Ni and Co, also, the direct reconditioning of the cathode
material by hydrometallurgical treatment is carried out on an industrial scale. Avoiding py-
rometallurgical processing during battery preparation theoretically reduces the energy
requirement and thus improves the ecological footprint [29]. Furthermore, other process
routes are theoretically possible, but they shall not further be discussed here; they are
discussed in more detail in relevant literature.



Metals 2021, 11, 291

30f17

Housing,
Tabs, etc. Heat Cu

Deactivation

Dismantling

Mechanical Processing
(with electrolyte recovery)

Pyrolysis

Electrical Housing, Cu,Al  Co, Ni Li Co, Ni,
energy Tabs, etc. Mn

Figure 1. General overview of some potential recycling process chains in different combinations.

Overall, the overview of the recycling processes shows that many different recycling
process routes are possible and in industrial use or under development at pilot scale
at least [17,28-30]. As a requirement for a future process chain, besides achieving high
recovery rates of more than 90% or even 95% [13,14] and in parallel sufficient material
purities for further usage as battery material, it is therefore to be set that it should be highly
flexible in order to achieve the most energy-efficient multi-material recovery possible.
To reach this goal, mechanical, thermal, and chemical process steps are to be used and
combined in different ways. Future recycling processes for Li-ion batteries must not only be
able to process new materials but should also replace energy-intensive processes currently
used for classic Li-ion batteries with low-energy, environmentally friendly process steps.

2. Lithium Battery Development

Today, lithium-ion batteries with liquid electrolyte dominate the market for elec-
tromobility. They are also used in portable devices as well as in the field of station-
ary energy storage. On the cathode’s side, particles of lithium transition metal oxides
such as lithium nickel manganese cobalt oxide (NMC, LiNiyMn;Co,0;) and lithium
nickel cobalt aluminum oxide (NCA, LiNi,Co,Al;O;) or also lithium metal phosphates,
especially lithium iron phosphate (LFP), are mainly used. In the case of the NMC and
NCA materials, the nickel content increases steadily, and the cobalt content decreases
continuously. Polyvinylidene fluoride (PVDF) is currently used as a standard binder on the
cathode side. On the anode’s side, graphite is usually used as the anode material; in rare
cases, lithium titanium oxide (LTO) is used. Moreover, the first cells with the addition of
very small amounts of silicon to the graphite are offered by the cell manufactures. A mix-
ture of carboxymethyl cellulose (CMC) and styrene butadiene rubber (SBR) usually acts as
a binder within the anodes. As shown in Figure 2 within the near and medium-term future,
the following developments in next-generation lithium battery technology are expected:

1.  High-performance lithium-ion batteries with liquid electrolyte, but anodes with higher
content of nanosized silicon and cathodes with minimal or no cobalt content [31,32].

2. Cost-efficient lithium-ion batteries with liquid electrolyte, graphite anode, and cath-
ode material based mainly on iron and/or manganese and only small amounts of
nickel and eventually cobalt. In addition to lithium-ion based batteries, also sodium-
ion based batteries are under development, which could replace at least partly the
named cost-efficient lithium-ion batteries [33,34].
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3. Solid-state lithium batteries with lithium or lithium-free anode structure (eventually
graphite anode as intermediate stage) and solid-state electrolytes on the cathode side
and as separator [35].

4. Lithium sulfur batteries with lithium anode and a cathode made out of sulfur—
carbon composites [36].

NCMB811 vs. graphite/Si NCM90505 vs. Li (SSB)

Today's Maximization of

NCM111/NCM622/
NCA vs. graphite

performance

Improvement of
electrode and cell
design

Minimization of costs/
Ecological impact

LFP/LMO vs. graphite

Figure 2. Diversification of lithium battery technologies.

An overview of the materials and their potential contents in the different battery
types is given in Table 1. According to Table 1, it can be concluded that with the use
of the upcoming battery generations, the composition in terms of recyclables will also
vary. While the Ni content will increase significantly in type I, the presence of Fe or Mn
is expected in type II. In both types, the liquid electrolyte including Li conducting salt
is also expected to have high potential for recovery. However, for type II, also sodium
instead of Li has a significant potential. In contrast, for type III and eventually also type IV,
solid electrolytes are employed for the separator and as electrolyte within the composite
cathode. The solid electrolytes can have an oxide, sulfide, or polymer nature, whereby the
compositions and properties can be highly variable (Table 2).

Table 1. Material contents of different battery generations (with a focus on lithium-based batteries).

Amounts of Materials in  Type I (High Ni-NMC) Type II (e.g., LFP) Type III .oh (o
Each Battery Type (%) [37,381 (%) [37,381 (%) (SSB) [39] (%) Type IV (LiS) (%)
Housing 22 (cylindrical) 27 (cylindrical) 27 (pouch) 34 (pouch)
Cathode current collector 7 (Al) 6 (Al) 4 (Al) 5 (Al)
. . 26 (high Ni content, 25 (e.g., Fe content, 42 (high Ni content, y .
Cathode active material i.e, NMC 811) e, LFP) i.e., NIMC 90505) 21 (S-C composite)
Anode current collector 17 (Cu) 10 (Cu) 10 (stainless steel) 14 (Cu)
Anode active material 15 (C/Si) 13 (C) 3 (Ag-C composite) 7 (Li)
Electrolyte 10 (liquid) 16 (liquid) 13 (solid, LigPS5Cl) 19 (solid, LigPS5Cl)
Separator 3 3
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Table 2. Typical components and properties of separator technologies.

Classic Electrolyte Oxides Sulfides Polymeres
Aggregate state liquid solid solid solid
Conducting salt 1M LiPFq LiTFSI
Liquid organic solvents EC, EMC, DMC, PC

Solid electrolyte compounds

e.g., Li3PSy, LigPSsCl,  e.g., PEO, PC, PS, and

LLZO, LATP Li;oSnP,S1, [40] variations [41]

From these points, it is clear that next-generation technologies will include much
fewer critical components, such as cobalt, but also new materials such as silicon, or even
germanium. In the medium to long term, metallic lithium is expected on the anode side
in case of type III and especially type IV. The use of lithium anodes will require the use
of polymeric, sulfidic, and/or oxidic solid electrolytes as separator and as electrolyte on
the cathode’s side. However, more and more also lithium-free anode structures are shown
in the literature [42,43]. In this case, the lithium from the cathode active material moves
to the anode side and is deposited on the lithium-free anode layer. In order to minimize
the formation of dangerous lithium dendrites, also lanthanum, titanium, zirconium or
phosphorus in the solid electrolyte area are presented. Lithium is still indispensable for the
time being, but the commercialization of sodium ion or other batteries in the near future is
also conceivable. Overall, a further increase in the complexity of the battery cells developed
and produced and the use of other economically strategic raw materials can be expected.
The recovery of these should be tackled urgently in order to establish sustainable battery
production with respect to the increasing sales figures.

In view of the rapidly evolving battery technologies, the best possible recycling
routes for the newly developed battery cells should be determined and their recyclability
assessed at an early stage. In addition to battery cells with a higher proportion of silicon,
pure lithium, and/or solid-state electrolytes, the use of novel binders and fibrous additives
or the increase in the adhesive strength of the electrodes can also significantly influence the
recycling processes. In addition, active material mixtures are increasingly being used on
the cathode’s side, so that iron, among other substances, enters the metallurgical material
preparation process. Moreover, a direct reconditioning of the active material gets very
difficult to impossible. Sustainable recycling concepts must be evaluated in advance by
process-based economic and ecological models for the entire life cycle.

Of great interest is the assessment of the coming battery generations with regard to
the change of a future circular production of batteries, the recycling process itself, and the
hazard potential within the recycling process. Accordingly, in the first step, the three
criteria for today’s LIB are briefly presented, and based on this, the potential challenges
posed by the introduction of the different cell generations mentioned above are assessed.

3. State of the Art Recycling Processes for Lithium-Ion Batteries

As shown in Figure 1, different process chains and routes are developed for the re-
cycling of today’s lithium-ion batteries. Today, the most common ones are a combination
of mechanical and hydrometallurgical processes as well as a combination of dismantling
and pyrometallurgical processing. Casing and connection materials of the battery pack
and module are removed in advance or even after comminution in the processes pre-
sented and fed, in the normal case, to the conventional recycling methods for aluminum,
iron, polymers, and others.

3.1. Mechanical-Hydrometallurgical Recycling Technology and Challenges

A common recycling route to be found combines mechanical processing with direct
hydrometallurgical processing of the batteries. The mechanical processing can be fulfilled
in a dry or a wet mode. Moreover, before mechanical treatment, the battery system has to
be deactivated by complete discharge and usually short circuiting and dismantled down
to at least the module level. However, it is also reported that the dismantling goes down
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to the electrode level in order to separate anode and cathode materials already before the
mechanical treatment.

The economically and ecologically attractive mechanical processing of the battery cells
is carried out down to the level of active and inactive materials, and it can be combined
with an evaporation of electrolyte components [20,27,28,44]. Discharged battery cells and
modules are comminuted under inert atmosphere in a shredder process or under water [45].
Then, the components are separated by classification and sieving processes. To achieve
a high separation quality of the materials, several steps can be run consecutively with
different process settings [20,28]. Furthermore, some alternative methods also include
electrolyte recovery steps. The pre-dried shredded material is divided in the separation
process into metallic components (casing material), current collector foils (Al and Cu),
black mass (Li, Co, Ni, and Mn oxides, graphite, PVDEF, carbon black, and impurities) and
organic components (separator) [19,25]. However, today, the mechanical processes are
not able to achieve practical recycling rates of more than 95% regarding cathode active
materials and the necessary purities. Subsequently, the black mass is processed without
any intermediate steps in the hydrometallurgy.

A particular challenge without pyrolysis or pyrometallurgical processes is the han-
dling of the remaining fluorine components, which can be deviated on the routes including
pyrolysis or pyrometallurgical processes due to high temperatures. Hydrometallurgy is a
process at low temperatures in aqueous phases and can be performed in three major steps.
Leaching is the first step and describes the dissolution of metals via the usage of acids
or bases. Typically, at first, the black mass is dissolved in NaOH and afterwards leached
using H»SOy4, with initial impurities such as iron, aluminum, and copper precipitated
by small amounts of NaOH and sieving [46,47]. The purification is the second step in
the process chain where the metals are separated and purified via e.g., selective chemical
reactions. The last step is the final recovery of the metals or the salts. This can be done by
means of e.g., crystallization, ionic precipitation, electrolytic deposition, or further methods.
For example, the individual metals can be further precipitated as sulfate salts by adding
NaOH or other basic agents and increasing the pH. Selectively, this can be controlled by
considering the different solubilities of the metal salts [46,47]. Hydrometallurgical process
steps are capable of producing high product purities. However, plants for counter-flow
are larger than those used in pyrometallurgy and require a larger financial investment
volume for their construction [21,48,49]. In general, important challenges are to achieve
the demanded high recovery rates and, at the same time, high material purities.

An example of the mechanical-hydrometallurgical process chain is the LithoRec
process [19,20,28], which is commercialized in similar form by Duesenfeld and Redux
(Figure 3). The developed process has a high potential to close the loop of the circular
economy in the battery production as well to reduce the CO, footprint in the battery
production and utilization phase due to the high recovery rates of the recyclables and the
low energy consumption. Maximizing the recycling rate was a core objective of the projects.
Among other things, a process was developed in which, depending on the active material,
85 to potentially over 95% of the lithium can be recovered by mechanical (includes drying
step) and hydrometallurgical means (leaching and subsequent precipitation of the lithium).

Discharge

Disassembly

Crushing Drying Mixing 1%t Classification 2" Crushing Sieving 2" Classification

Figure 3. Developed process chain of mechanical /thermal processing of the LithoRec process prior to hydrometallurgical

steps [20,28].

Another example is the process used by Accurec GmbH® (Krefeld, Germany). Here, the bat-
teries are discharged prior to mechanical processing and subjected to vacuum thermal
pretreatment (pyrolysis) [44,50]. In this process step, volatile organic (electrolyte) as well
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as polymeric components (separator) and halogenic compounds can be pyrolyzed at
200400 °C and low pressure. In the further course, the pyrolyzed mass is subjected
to mechanical processing, pyrometallurgical processing, and subsequently hydrometal-
lurgical processing to recover also the lithium. The developed process also has a no-
ticeable potential to close the loop of the circular economy. In addition, the company
Erlos GmbH represents another interesting approach in the recycling of lithium-ion bat-
teries, in which the battery cells are separated by type (anode, separator, cathode, casing).
Subsequently, in the example, the entire cathode coating is separated from the aluminum
substrate foil. Then, the cathode coating is separated into its components—active mate-
rial, binder, and carbon—by wet chemical processes (leaching), and the active material is
reconditioned. This step allows the active materials on the cathode and also anode side to
be reused after the treatment without having to perform a resynthesis based on the purified
substances, i.e., metals. However, the electrolyte, binder, and conductive additives are lost
for reuse. Nevertheless, the active material chemistry is retained and cannot be adapted to
new requirements [47,51].

3.2. Pyrometallurgical Recycling Technology and Challenges

Another approach for the recycling of lithium ion batteries is the pyrometallurgical
(mechanical-pyrometallurgical) way. In this process, the battery cells or modules can be
placed in a direct pyrometallurgical step or they can be mechanically processed in a first step
(analogous to the mechanical-hydrometallurgical), and the obtained valuable black mass
is fed into the pyrometallurgy. Pyrometallurgical processing involves high-temperature
processes such as melting and roasting to produce battery slag [52]. A pyrometallur-
gical recycling process of LIBs starts with an initial heating in the temperature range
of 150-500 °C, during which electrolyte components and organic solvents are removed.
Subsequently, a high-temperature process with temperatures up to 1450 °C using reduc-
ing agents (graphite, coke, NaHSO,4, CaCl,, or NH4Cl) is carried out in the furnace to
obtain battery alloy and slag (Li;O as well as Li,CO3) as products [17,53,54]. Due to
the different meting points, the metals Ni, Co, and Cu can be individually recovered.
However, lithium, manganese, and aluminum get into the slag or the kiln dust. The battery
alloy produced in this way contains the valuable materials (such as Co, Cu, and Ni) and
can then be processed hydrometallurgically. Lithium and other battery components can
only be recovered at great expense or not at all by this process. The advantage of this
process technology is the comparatively high robustness against changing feed material
and a comparatively small plant size with given throughput. The disadvantage is the
comparatively lower overall quantity of recyclable materials. However, the critical metals
are recycled at a high recovery rate. The processes generate only intermediates that have
to be purified by further steps to enable reuse (e.g., further processing by hydrometallur-
gical steps). In addition, they show low economic efficiency when low concentrations of
recyclable materials (e.g., Co, Cu, and Ni) are present [24,52,55].

The process from Umicore Valéas™ (Bruxelles, Belgium) can be cited as an example of
the pyrometallurgical processing route. As a great advantage in advance can be mentioned
the great robustness of this way to various types of batteries [17]. Prior to thermal process-
ing, the batteries are dismantled, whereby plastic and metal housing parts in particular are
removed, and the cells are exposed [56]. Then, these are pyrolyzed in the shaft furnace at
three different process temperatures (400-1450 °C). The alloy obtained contains valuable
materials such as Cu, Co, and Ni. In turn, the slag contains Li. Both are subsequently
hydrometallurgically processed in a leaching process to recover the valuable materials
contained for reuse [17].

3.3. Potential Hazards of Lithium-Ilon Batteries in Recycling Processes

Battery systems of electrically powered vehicles (e.g., EV, PHEV, HEV) contain chemically
stored energy. The systems contain energy quantities of up to 20-100 kWh (TESLA Model S) and
reach system voltages of 300-800 V [2,57]. The associated hazards are particularly relevant
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when the battery is handled separately from its application, such as in the dismantling
and the recycling process [28]. In recycling, due to mechanical process steps in particular,
this should be of major importance. Today’s and future battery generations combine built-
in active materials with high energy densities and partly highly inflammable electrolytes.
In normal use, particularly external factors such as short circuits (internal and external),
high temperatures or mechanical deformation can trigger critical events and lead to the
thermal runaway [58]. Thus, the hazards that can be caused by these faults from the battery
in recycling can be divided into three main areas: (1) electrical, (2) thermal, and (3) chemical
hazards. However, in the real case, they never occur alone but are usually a combination of
hazards. Therefore, in general, a recycling process should be designed and engineered in
such a way that the risks can be avoided as far as possible.

e  Direct electrical shock is one of the main types of hazard when handling batteries.
A direct electric shock can cause severe skin burns at the point of entry and exit,
depending on the current, voltage and type of current (AC/DC). In addition, the paral-
ysis of muscles and, in the worst case, electrolysis of the blood may occur.

e  The thermal hazards of a battery cell are mainly due to the electrolyte components
used. The main components of the current electrolytes are a mixture of organic
solvents (e.g., ethyl carbonate, EC; ethyl methyl carbonate, EMC; and others) and a
conducting salt (lithium hexaflourophosphate, LiPF¢). The carbonates used are highly
flammable hydrocarbons. The reaction of LiPFs with water can result in the highly
toxic and corrosive hydrogen fluoride (HF) [59,60]. Partially high evaporation rates of
electrolyte components in moderate temperature ranges and partially closed process
rooms can lead to explosive mixtures in combination with an oxygen-containing
atmosphere [61]. In addition, if higher temperatures have occurred, the reaction
products of reactions of the different components of a battery cell can also lead to fire
and explosions in the processes (hydrogen, methane, carbon monoxide).

e  Chemical hazards of battery cells are mainly determined by the ingredients but also
by accessible reaction products in case of failure. The materials and products have
irritating, human-toxic, carcinogenic, respiratory, environmentally harmful, and water-
damaging effects. Particularly noteworthy in this case is the active material of the
cathode. The cathode active materials consist mainly of lithium transition metal
oxides such as NMC and NCA or also lithium metal phosphates, especially lithium
iron phosphate (LFP). Especially the significant amounts of the heavy metals nickel
and cobalt are both known to be carcinogenic and toxic for mammals. In addition,
the small particle size (10-15 um) of these can increase the exposure through the
human respiratory system.

Uncontrolled temperature rises up to the so-called thermal runaway of the battery
cells can be caused by external as well as internal short circuits if a critical temperature
is exceeded, which can be generated by handling in recycling. These effects can be trig-
gered during the process by mechanical penetration of foreign bodies, internal cell defects,
or external arrester/electrode contacts [62-65]. In addition, overloading or high ambient
temperatures can cause the thermal runaway to occur. This type of hazard mainly occurs
during the storage and discharge of spent batteries and not during the recycling process.
The thermal runaway involves the reaction of cathode, anode, and electrolyte (Figure 4).
In the first step, the process runaway begins with the decomposition of the solid elec-
trolyte interface (SEI) on the anode. At a critical temperature of about 90-120 °C in a
battery, the chemical decomposition processes start. Under an exothermic reaction process,
the formed SEI is decomposed and leads to different gaseous reaction products (e.g., carbon
dioxide, ethane, ethane) [66]. The energy released from the first exothermic reactions
leads to further heating of the battery cell and can dissolve the subsequent chain reaction
processes. Then, the intercalated lithium begins to react with the electrolyte.



Metals 2021, 11, 291

9of 17

Decomposition
of electrolyte

components Cathode active

SEl layer and conducting material
decomposition salt decompositon

90-120°C >200°C > 250 °C

T > Tcrit due to High temperatures > 600°C
malfuction or | Reactions of Thermal Rur LMDy RIS PSS EAES

abuse

Over pressure

/[ /

Intercalated lithium  Intercalated lithium
with electrolyte with binder
>120°C ~240°C

Figure 4. Schematic sequence of thermal runaway between different battery cell components after a critical cell temperature

has been exceeded.

Electrolyte decomposition starts at approximately 200 °C with the formation of CO5,
hydrogen fluoride, ethene, and other hydrocarbons containing fluoride [67,68]. The exother-
mic reactions of the embedded lithium with the binder and the decomposition of the
cathode active material start at 240 °C and 250 °C, respectively [69]. In actual recycling
processes, the steps that still involve electrolytes are to be regarded as particularly critical.
To reduce hazards related to the electrolyte, it is advisable to remove the electrolyte as
early as possible in the recycling process chain and, in an ideal case, to purify and return it
back into the material cycle. However, how valuable a repeated use of the electrolyte is re-
garding costs and environmental protection is an open question. If a primarily mechanical
process strategy is used, comminution can be carried out under an inert gas atmosphere
(e.g., nitrogen), followed by evaporation of the electrolyte at moderate temperature in-
creases and/or at negative pressures [20,28] or even by further extraction methods [70,71].
Then, the evaporated electrolyte components can be condensed out as in the Lithorec
process. In the case of upstream pyrolysis, the electrolyte can already be removed in ad-
vance at temperatures of approximately 200-400 °C in specialized ovens (Accurec GmbH®).
The comminution takes place downstream. The pyrometallurgical process route can han-
dle the electrolyte removal even more easily. Due to the high temperatures during the
processing of the battery materials (up to 1450 °C) and the addition of reducing agents,
the electrolyte can be safely removed from the cell materials [17]. Moreover, at temperatures
above about 650 °C also, the binder PVDF can be decomposed and removed under the
challenge of handling hydrofluorocarbons. In summary, an improperly handled battery cell
represents some potential hazards. However, with appropriate and orderly process control,
these risks can be reduced to a minimum, and safe process control should be ensured.

4. Circular Economy in the Context of Battery Production

Establishing closed material cycles for batteries on the basis of scalable production and
recycling technologies is a central component for CO,-reduced or CO,-neutral battery cell
production and thus for electromobility, the provision of energy in household and handi-
craft appliances, as well as for the stationary storage of renewable energies [7,72,73]. As a
matter of fact, closed material cycles in batteries are the only way to convert carbon-based
energy sources into sustainably generated electrical energy in ecological, economic, and so-
cial contexts. Consequently, a circular economy for traction batteries, i.e., lithium-ion
battery systems is demanded by the European Union as written in the Battery Directive
2006/66/EC and [13] as well as the Circular Economy Initiative Deutschland (CEID) of
the National Academy of Science and Engineering in Germany [14]. In addition, many re-
search studies are being done on this topic while highlighting the challenges that still exist
and need to be overcome [17,21,52,72]. Such closed circles improve the sustainability of
lithium-ion batteries; they especially decrease the carbon footprint, decrease the material
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costs, and ensure secondary material resources for Europe [73,74]. However, in general,
when closing material cycles, it should be noted that the energy used is in proportion to the
products. With regard to recycling, mechanical treatments are energy-wise recommended,
as they are less energy-intensive than metallurgical processes. Examples of specific con-
sumption parameters of energy are electrical energy and wastewater. Pyrometallurgical
processing requires 4.68 MJ of electrical energy per kg of battery; hydrometallurgical
processing requires 0.125 MJ of electrical energy per kg of battery [75,76]. In addition,
approximately 3.76 L of wastewater are produced per kg of battery during hydrometal-
lurgy. However, as described above, a combined process strategy is necessary for good
product properties and qualities [29].

A possible implementation of such a closed-loop production is shown in Figure 5.
After the utilization phase, batteries are mechanically disassembled, whereby the safety of
the processes is an important aspect of development. Depending on the level of detail of
the mechanical process chain, components such as copper and aluminum foil can already
be separated. Pyro- or hydrometallurgical processes must be applied for further purifica-
tion at the latest after the active materials, the so-called black mass, have been exposed.
Depending on the process, graphite and binder can also be separated. Finally, metal salts are
to be precipitated and re-synthesized to produce new active materials [48,52].
Alternatively, the anode and cathode active materials can be reconditioned by means of pu-
rification processes, lithium enhancement, and functionalization [47,51,77-79].
Direct reconditioning has the advantage of being a fast and less energy-consuming process,
but it cannot directly adapt the cathode chemistry to new developments. For short life
cycle phases or rejects from production (e.g., losses of battery cells during formation),
direct reconditioning can be very attractive [80].

Use phase and recirculation of cells <:| Cell production @

Re-Graphitization
and recirculation to production

3 Hydrometallurgical

Hydrometallurgical processing
process route of black mass or
alloy/slag

Closed-loop process Pyrometallurgical process and products
Direct hydrometallurgical process
and products

mass

Figure 5. Exemplary approach for the cycle of circular battery production with the presentation of both established process-

ing routes, direct hydrometallurgical and upstream pyrometallurgical processing after previous mechanical processing.

In order to realize a circular battery cell production, a number of technological and
organizational prerequisites must be created:
e  Almost 100% of end-of-life batteries must be collected and recycled at the latest after
any second-life application [73]. The expected lifetime of batteries in the automotive
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sector is at least 8 years, and, thus, in the mean, it tends to be more than 10 years.
In the future, the lifetime will probably increase further. However, this value is highly
dependent on the loads (fast charging, temperatures, etc.) [81]. Before recycling, it is
important to check whether a second-life application can be reasonable.

e The condition of the batteries, especially the material composition, must be docu-
mented for the subsequent recycling process [82]. Alternatively, a uniform interface
for reading out specific battery data could be implemented in the systems.

e  With regard to the material composition of batteries, robust recycling processes must be de-
veloped and industrially implemented, especially with regard to future battery generations.

e  The re-synthesis and eventual reconditioning of the active materials, such as Si-
containing anode materials and cathode materials from lithium mixed oxides, has to
function on a large scale without any loss of performance of the later battery. The syn-
thesis processes should be as robust as possible against material contamination [83,84].

e  The design of the battery cells should not only be based on requirements such as
performance, cost, and safety, but also on sustainability and thus recyclability [85].

e The production of the battery cells themselves must be ecologically and economi-
cally sustainable [2].

e  For objective evaluation of the individual technologies, new software tools should
be developed for an “as objective as possible” cost and environmental life cycle
assessment of different battery cells and process technologies.

In order to get an overview of the technological difficulties, an example is given below
to obtain a recycling rate of 95% from a recyclable material in five process steps. If each of
these process steps has a yield of 99%, a total yield of 95.09% can just be obtained with all
five steps. Thus, it is very important to use few very good process steps in the reprocessing
to generate the highest possible yield.

5. Perspective on Recycling and Circular Economy of Future Battery Generations

The focus in future developments is a highly energy-efficient multi-material recovery
with recovery rates of at least more than 90%, most probably more than 95%, which should
be adaptable to variations of respective input streams and current output demand. This re-
sults in the requirements for future recycling processes, which must either have a high
degree of flexibility or which are focused on certain battery types, which in this case have
to be sorted efficiently. In addition, the process routes to be developed must be specialized
with regard to the individual components to be purified, e.g., electrolyte, electrode com-
ponents, and active materials. To achieve this, combinations of mechanical, thermal, and
chemical process steps have to be used and interconnected. These processes have to be de-
signed also with regard to novel battery materials and chemistry (e.g., solid-state batteries).
They should over a long term replace the current energy-intensive processes for classical
LIB. This will render future recycling processes significantly more environmentally friendly
and less energy-intensive.

Various challenges and requirements for recycling processes, closed material cycles
(circular economy), and safety aspects arise from the large-scale use of the four battery
types expected to dominate the future as mentioned in Section 1.

Battery type I (Si-containing anodes, Ni-rich cathodes, liquid electrolyte): Closed-
loop production is economically attractive because of the high nickel content, and regenera-
tion of the anode materials should be very feasible both ecologically and economically. The
recycling processes known today, using hydrometallurgy alone or a combination of pyro-
and hydrometallurgy, should be very well able to process these battery cells, which will
be available on the market in the near future. However, the recycling process chains
must ensure high recovery rates of 95% and higher for critical metals and most possible
lithium. For active materials with high nickel and low cobalt content and already high
specific capacities such as NMC 811, also a reconditioning of the active material can be
attractive because a further increase in specific capacity due to new material developments
is probably relatively small. These reconditioned active materials could also be used for
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the production of battery type II in the near future, especially if the performance is slightly
reduced due to the multiple usage. Regarding safety, battery type I cells will be more
sensitive to mechanical damage and external short circuits due to the high nickel content
and the presence of nanoparticulate silicon. This increases the risk of thermal runaway and
resulting fires.

Battery type II (Graphite anodes, Mn- and Fe-rich cathodes, liquid electrolyte):
This type of battery, which is mainly used in stationary applications and low-cost mobil-
ity concepts, can be well recycled with the existing processes such as the previous one.
The preferential use of Mn and Fe leads to a low-cost batteries and thus, economically less
attractive recycling processes. Therefore, regulations have to be set up to ensure that these
batteries are recycled at the EoL. Due to the high risk of contamination, cells with active
materials containing iron must most probably be separated from batteries of other types
even before recycling. Otherwise, complex purification processes must be used to separate
the transition metals (Ni, Co) from the iron especially in case of hydrometallurgical process
routes. For such batteries, the reconditioning of the active materials is probably also a
cost-efficient and sustainable option for material recovery.

Battery type III (Lithium or lithium-free anodes, Ni-rich cathodes, solid electrolyte):
The solid-state electrolytes used in this type of battery will lead to obstacles in establishing
a closed-loop economy [35]. It makes it difficult to recover the individual materials used
in the battery in high degrees of purity. On the anode’s side, thin lithium foils or, in the
future, metallic lithium deposited on 3D structures (depending on the transfer of current
research results to industry) or even lithium-free 3D-structures are used. These anodes
require that the mechanical treatment of the battery cells be performed in an inert gas
atmosphere. Furthermore, this results in additional equipment and work safety require-
ments during processing. This is also due to additionally required hydrometallurgical
steps of solving and recovering lithium in the form of salt (LiOH), which leads to the
formation of gaseous H,. When considering the possible recycling processes for cathodes
and separators, a distinction must be made between the solid-state electrolytes used:

1.  The use of polymer electrolytes both in the cathode and in the separator results in
a complex task of separation of the individual materials used. As it stands now,
there are two options: On the one hand, the polymer electrolyte can be burned using
thermal processes, and the materials exposed can be further processed in a similar
way to classical LIB. However, the polymer-type solid electrolyte is lost. On the
other hand, complex wet chemical processes can be chosen. Here, the electrolyte
is dissolved in a suitable solvent, and the polymer can be recovered in the process,
but it is not known today if this can be fulfilled with a sufficient quality or purity,
respectively. However, the wet chemical route is not expected to be economically or
environmentally viable, despite an associated increase in recycling yield.

2. When using sulfidic solid electrolytes, the formation of toxic hydrogen sulfide com-
pounds must be avoided during recycling. A mechanical separation of the solid
sulfidic electrolyte from the active material is very difficult and probably not possible
with the required purity or separation efficiency, respectively. Therefore, a recon-
ditioning of the solid electrolyte and the active materials seems to be not possible
from the today ‘s experience. In addition, the frequent use of other elements, such as
germanium, makes it more difficult to recycle these substances in a pure form by
hydrometallurgical processes. Therefore, complex hydrometallurgical processes are
probably required to recover the different materials.

3. If oxidic solid electrolytes are used in the separator and/or cathode, the electrolyte
particles will be firmly sintered together. Thus, mechanical separation is associated
with significantly higher costs, so that pyrometallurgical treatment of entire cells
or at least larger cell fragments probably becomes more attractive compared to a
mechanical /hydrometallurgical process.

Battery type IV (Lithium anodes, S/C-containing cathodes, liquid or solid elec-
trolyte): Apart from lithium, copper, and aluminum, no further valuable materials are
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used in lithium-sulfur batteries. This results in the task of efficiently separating these three
materials from the mechanically treated battery mixture. Presumably, the recovery of sulfur
and carbon for direct use in a battery is not practical, since there are other inexpensive and
reliable sources of sulfur and carbon that promise less effort and the needed higher purity.
Accordingly, a closed-loop production of this cell type does not necessarily make sense
economically and probably also ecologically according to the current state of knowledge.
If solid instead of liquid electrolytes are used, the challenges described for battery type III
apply additionally.

In conclusion, with the exception of battery type II, all other battery types that po-
tentially lead to a higher energy density in Wh/L (battery types I and III) or an increased
specific energy in Wh/kg (Li-sulfur battery) cause additional challenges with regard to
circular economy and closed material cycles, recycling processes as well as safety in the
handling and recycling of batteries. From the current state of research and industrial
implementation, already established or partially established processes can be adapted and
expanded to meet the challenges of the coming battery generations. Nevertheless, this can
be ambitious for some battery types (i.e., battery type II1/IV) with regard to the required
high recycling rates of the total battery of 70% and higher or 95% of individual metals and
make the development of new process steps necessary. Today’s established recycling pro-
cesses allow a recycling rate for individual materials of up to more than 90% in some cases,
depending on the combination of the processes. However, if for example the recovery of
the transition metals such as nickel and cobalt is maximized by a mainly pyrometallurgical
process, a recovery of graphite as an anode material is not practical; i.e., the graphite serves
as an energy source for the heating. Therefore, depending on the regulations, a certain
process route can be worthwhile or not useful at all. Processes routes based on only one
process type (e.g., only mechanical) enable at least lower overall recovery values. Thus,
with the position today, it can be assumed that almost all battery materials can be recycled
and reused within new batteries. However, an open question is how far the substances
have to be purified so that there is no effect on the electrochemical performance, and if also
a reconditioning of the active materials, especially also the cathode materials, is possible
on large scale, as it has been shown on a lab scale. This question is the subject of actual
research and can hopefully be quantitatively answered in the near future. However, it is
expected that the original performance will be achieved in any case when the current active
material is reprocessed to the original material purity via complex processes similar to
the ones applied for primary materials [65,66,68]. For types I and I1I, this is also expected
for the cathode materials, as the reprocessing processes will be very similar. For type I, a
good performance retention result can also be expected for the cathode, since these battery
chemistries and materials are already well researched. For type IV, reuse cannot be reason-
ably implemented from today’s economic perspectives. In addition, direct reconditioning
of the cathode material can be used to recycle type Il and, in some cases, type I materials.
These materials are subject to a longer period of use and application than new and even
higher-energy materials in example for type III. With regard to the graphite-containing
anode in particular (types I and III), recycling is not yet an option from an economic point
of view. However, technically, there are approaches that show a reuse with the same
performance [86]. Since types Il and IV contain a lithium anode, recycling is an economical
option for reuse here.

It becomes clear that the diversification and new developments demand a proper
separation of battery types before recycling, for example by a transnational network of
dismantling and sorting locations, and flexible and high sophisticated recycling processes
with case-wise higher safety standards than today. Moreover, for the low-cost batteries,
recycling of the batteries becomes economically unattractive, so that legal stipulations
become important. However, in general, it must be still secured that closing the material
cycle for all battery types with suitable processes is achieved to secure the supply of raw
materials and also to further advance new developments. Last but not least, it can be stated
that in absolute percentage values, a relatively small step has to be realized until we meet
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the targets, but it will be enormously demanding to achieve the last percentage points in
the quotas especially if more than only the transition metals shall be recovered.
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