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Abstract

Rapid development in future battery technologies, including solid-state batteries
(SSBs) and sodium-ion batteries (SIBs), is diversifying battery chemistries, bringing
both opportunities and challenges to end-of-life (EoL) battery recycling with the ex-
isting recycling infrastructures. This study explores the feasibility of integration of
emerging battery chemistries into existing lithium-ion battery (LIB) recycling flow
sheets, with a focus on hydrometallurgical and pyrometallurgical approaches. Also,
a novel type EoL Sodium-SO. battery CAM characterization and leaching behaviour
has been studied.

In theory, pyrometallurgy offers high tolerance to compositional variability, yet fur-
ther hydrometallurgical treatment is needed. In contrast, hydrometallurgy enables
selective, high-yield material recovery but faces uncertainties related to contamina-
tion risks of battery-grade materials and needs extra purification steps. Water-based
selective leaching emerges as a potential preliminary treatment for certain solid-
state electrolytes (SSEs) and to remove sodium ions from the cathode active mate-
rial (CAM), potentially mitigating contamination during CAM separation. In the ex-
periments, while effective leaching of NaCl is detected in the sodium deactivation
step, a new phase formation in the presence of halide and sulfur is observed. Leach-
ing efficiency out of this new phase shows fast leaching behavior in the first few
minutes using different lixiviants for Al and S (~90% Al in 1 M H,SO., 60-70% Al
and 50-65% S in 1 M HCI).

In conclusion, the results highlight the potential for separating new chemistries,
while underscoring the need for accurate battery identification, aided by tools like

the battery passport, to ensure safe and efficient recycling.

Keywords Solid-state batteries, Sodium-ion batteries, Industrial battery recy-
cling, Hydrometallurgy, Pyrometallurgy
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1 Introduction

One of the foremost objectives of the EU in driving the green revolutionary
transition is the decarbonization of transport, made possible by the mass use
of electric vehicles (EVs) that have recorded phenomenal expansion during
the last decades[1],[2]. Electrification via batteries will be the core to elimi-
nating greenhouse gas (GHG) emissions from road transportation[2], which
was responsible for 11.8% of total worldwide emissions in 2021[3]. Further-
more, batteries have an important role in the storage of surplus electricity
generated by renewable technologies, enhancing storage efficiency, facilitat-
ing electricity arbitrage through the storage of energy during low demand,
and releasing it at peak times[4], frequency regulation, and grid balance ap-

plications to maintain grid stability[5].

Electrochemical energy storage systems, or secondary rechargeable batter-
ies, have developed remarkably in the past decades, and new technologies
have entered the market. Some of the most common technologies having a
considerable market share are lead-acid, nickel-cadmium, and lithium-ion
(LIB) technologies. Lead-acid batteries accounted for roughly 90% of the
global battery market until 2010; however, LIB technology outperformed them
in 2021, with increased demand for electromobility being largely responsi-
ble[6]. In spite of upcoming emerging battery chemistries, LIB technology is
expected to keep up market dominance until 2030, due to successful market

penetration and a well-established industrial value chain[7].

Although the technical performance of LIBs in the green transition has been
proven, there are still some life cycle issues, especially related to material
constraints in their production. These constrained resources primarily affect
cathode materials and the lithium-based electrolyte[8]. Since policymakers
and vehicle manufacturers are more and more motivating consumers toward
EVs, the growth of LIBs in the next 5-10 years is projected to be exponential.
This, in turn, drives the demand for raw materials and resources, particularly

critical raw materials, to their limits[9].
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The constraints on the availability of resources are one of the motivations for
the development of next-generation batteries. Potentially increasing eco-
nomic instability for lithium extraction has raised long-term energy security
alarms that have led to a need for other battery chemistries. The limited avail-
ability of resources, coupled with growing costs of lithium, have motivated
scientists to replace battery cathode materials with abundant metals, includ-
ing sodium, aluminium, calcium, potassium, magnesium, and zinc. The inclu-
sion of these aspects within battery technologies would allow for a greater
prevalence of supply security and an advancement of a more robust and

sustainable energy storage ecosystem[10].

Another approach to developing conventional LIBs is derived from techno-
logical advancements in next-generation batteries. Incremental demand for
LIBs is leading to higher capacities of battery manufacturing infrastructure.
Cost reduction and higher energy densities are growing requirements for im-
provements in traditional battery technologies. For this approach, further
post-lithium-ion batteries are under investigation[11]. Among these technol-
ogies, solid-state batteries (SSBs) stand out as a promising innovation due
to their higher energy densities and improved safety. Their use of solid-state
electrolytes (SSEs) eliminates electrode crosstalk, reducing chemical insta-
bility, while bipolar stacking and lithium metal or silicon anodes can boost

performance[12].

As mentioned above, there are different types of future batteries being stud-
ied. Meanwhile, sodium-based and solid-state batteries have attracted lots
of attention among other emerging battery types with a higher Technology
Readiness Level (TRL) Factor.

Having this in mind, the main goals of the current master’s thesis are as be-

low:

1- Theoretical evaluation of the recyclability of solid-state and sodium-

ion batteries with integration to the existing hydrometallurgical and
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pyrometallurgical recycling plants, and assess alternative recycling
processes.

2- Theoretical investigation on selective water separation potential of
solid-state and sodium-ion batteries.

3- Experimental analysis of novel end-of-life disassembled sodium-SOg,
cathode active material characterization, and leaching behaviour with

the main focus on Na, S, and Al elements, under different lixiviants.
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2 Future Battery Materials and Criticality

Studying the criticality and environmental impacts of raw materials being
used in batteries is of the highest importance for the battery stakeholders.
Lead acid batteries and LIBs are mostly used and mature secondary battery
types, which have a variety of compositions with materials of a wide range of
criticality. Nowadays, more than 98% of the mass of lead acid batteries is
being recycled, which is mainly because of the simplicity of battery chemistry,
composed of Pb and PbO:2 for anode and cathode, respectively. Achieving
the same yield with lithium-ion batteries is still challenging. This arises from

the complexity of the materials being used and the cell design[6].

Based on information in Table 1, for a car with 100 kWh capacity of lithium
nickel cobalt aluminium oxide (NCA) battery, there would be a need for a
considerable amount of metals: 10 kg of lithium, 13 kg of cobalt, and 67 kg
of nickel. Only for the EV batteries and energy storage, an 18-fold increase
in lithium and a 5-fold increase in cobalt demand are projected by 2030. In-
evitably, this can cause a supply risk not only in the EU but also worldwide,
and due to that, both of the materials have been added to the EU’s Critical
Raw Materials (CRMSs) list. Although nickel is not as critical as lithium, its
reserves are of concern. As nickel is increasingly replacing cobalt in LIB cath-
ode materials, the nickel demand may have a 60-times boost in the EU from
2017 to 2060[13].

Table 1. Different Lithium-ion batteries, Raw material requirement in

kg/kWh([14]
Battery Type Lithium Cobalt Nickel Manganese
LCO 0.11 0.96 0 0
NCA 0.1 0.13 0.67 0
NMC 111 0.15 0.4 0.4 0.37
NMC 662 0.13 0.61 0.19 0.2
NMC 811 0.11 0.75 0.09 0.09

LFP 0.1
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The next material is manganese, which poses considerable supply risk re-
lated to the substitutability and the limited lifespan of known reserves at cur-
rent extraction rates. Current available manganese reserves will be depleted
in 34 years, and there are limited alternatives capable of providing the same
range of battery capacity and life span. The rest of the materials in LIBs are

copper, aluminium, steel, and graphite or silicon in future generations|[6].

Rapid changes in the chemical composition and structure of the batteries in
the market are the main issues for recycling plants. Thus, more generic re-
cycling plants capable of digesting different types suffer from lower recycling
yield and lower purity levels. For the existing battery types, the absence of
compositional labelling for identification and ease of shredding is a constraint
on employing more advanced recycling methods. Most battery packs do not
provide information about the anode, cathode, or electrolyte chemistry, so all
cells from various packs must be processed in the same way. Due to that,
pyrometallurgy and shredding are the most available recycling tech-
niques[14]. This raises the importance of the battery passport that would en-
able sorting of different batteries in various forms by providing labels to QR
codes or even RFID tags. Scanning of the above-mentioned labels would

enable the separation based on different chemistries and battery types[15].

While market penetration predictions of the batteries at 2030 mainly show
the dominance of different types of NMC (NMC811, NMC622, NMC900), be-
ing followed by LFP, coupled with graphite or some minor SiO2 anodes, other

novel types of batteries are expected to occupy a market share[16].

In this chapter, reviews from different materials involving future batteries are
presented with a focus on their availability and criticality. This is to introduce
the major materials utilized in future batteries, their supply risk level, and the
main precursors. With this in mind, the foundation for determining how ma-
terial selection influences the circular economy and long-term sustainability

of battery technologies is being established.
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Although the emergence of future batteries relying only on abundant materi-
als would decrease the raw material risk in terms of material scarcity, there
are still environmental aspects to be considered. These motivations for recy-
cling can stem from environmental concerns, either mining or the deposited

end-of-life battery contamination of water, soil, and air.

Among different emerging battery types, some have higher Technological
Readiness Levels (TRL) and seem promising for commercialization in the
near future. Considering this, the focus of the current thesis is on solid-state
lithium-ion batteries and liquid electrolyte sodium-ion batteries with high TRL

factors.

2.1 Solid-state Batteries

Solid-state batteries (SSBs) are one of the future batteries in the pre-com-
mercialization stage, likely to partially replace market-dominant conventional
LIBs in the future. This projection is primarily due to their claimed advanta-
geous features, particularly with higher energy densities, besides greater fire
safety. Being a significant development, SSBs may provide improved energy
and power densities facilitated by bipolar stacking, along with the utilization
of lithium metal or silicon anodes. Further, incorporating solid-state electro-
lytes (SSEs) may improve safety through the elimination of electrode cross-
talk, thereby reducing the chemical interactions that lead to the long-term
instability of liquid-electrolyte LIBs. A characteristic of inorganic solid electro-
lytes is enhanced high charging capability with no electrolyte polarization,
hence providing high power density. The mentioned characteristics render
solid-state batteries a potential additional future battery, an alternative to tra-
ditional LIBs, efficiently solving performance and safety issues of energy stor-
age applications. Although there may be clear advantages of these types of
batteries, their commercial feasibility still highly depends on issues related to
specific capacity, safety, and finally, the availability of material resources, as
well as the costs. Cost not only includes the material but also the scalability,

synthesis, and processing[12].

14



At the level of the cell, considering all internal components of the batteries
(including materials, binders, current collectors, housing, poles, and gas-
kets), a cost comparison shows a comparable commercial potential for SSBs
to conventional LIBs. This is because a conventional LIB using NCA
(LiNio.sCo0.15Al0.0502) with a graphite anode delivers specific energy and en-
ergy density of 265 Wh/kg and 635 Wh/L, respectively, and a lithium metal
anode SSB can reach 393 Wh/kg and 1143 Wh/L (based on theoretical val-
ues). This potential has become so promising that it has initiated progress by
leading companies like Samsung, Solid Power, QuantumScape, and Toyota.
However, the broad commercialization of SSBs will depend not just on elec-
trochemical advancements relative to LIBs but also on engineering chal-
lenges and cost-related factors, as different process units are required for
manufacturing[12], [17]. Figure 1 illustrates the main material structures be-
ing used in SSBs. As it is shown, the cathode material remains the same as
in typical LIBs, while for the solidification of the current LIB batteries, lithium
metal anode or silicon can be combined with a wide range of available
SSEs[12].

Various types of SSEs have been developed, which can be classified into
two main groups: inorganic (e.g. oxides, sulfides, and halides) and organic
polymer[18], [19]. While garnet-type (e.g. Li7-y-3xAlxLasZr2-yTayO12) oxide-
based SSEs have been the main material discussed in the literature due to
their high ionic conductivity, perovskite-type (e.g. LisxLaz3-xTiO3), NASICON-
type (e.g. Lit+x(Al,Ge)xTi2-x(PO4)3), and glass-ceramic materials (e.g. LiPON),
have also been researched for their electrochemical stability and potential
compatibility with lithium metal[20], [21], [22], [23], [24]. The main methods
of synthesizing the above-mentioned materials are either through solid-state
reactions at high temperatures or solvent-based methods such as sol-gel and
spray-pyrolysis, followed by sintering to improve ionic conductivity[25], [26],
[27], [28], [29]. Despite the advantages of sintering, the SSB fabrication using
these approaches poses challenges such as volumetric changes in the elec-
trode materials, impacting cycling stability. To overcome these drawbacks,
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studies have been conducted on the creation of hybrid electrolytes, integrat-
ing ceramic and polymeric components to achieve mechanical flexibility and

superior electrochemical performance[30], [31], [32].

Li*

Anode Cathode Electrolyte

Sulfides

Li-metal free Canversion

Halides

Li metal LNO

NMC Polymers

Si thin film

Composites LiCoO, Oxides

LiFePO,

Figure 1. Typical structure of lithium SSB[12]

Figure 2, illustrates a comparative assessment for three different composi-
tions of the electrolyte. As it is obvious, besides the ionic conductivity, chem-
ical stability to both cathode and anode is of importance in SSBs. In this mas-

ter's thesis, halide-based SSE has also been evaluated as a newly evolved

type.
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Ionic Conductivity
b

4.

Suitability as catholyte 3 Li metal compatibility

Suitability as separator Long-term operational stability

High-potential compatibility

Oxide-based SSEs Sulfide-based SSEs Polymer-based SSEs

Figure 2. Properties comparison of Oxide/Sulfide, and Polymer-based elec-
trolyte(modified from D. T. Schmaltz, “Solid-State Battery Roadmap
2035+7[33]).

The term solid-state battery refers to the specific all-solid-state battery
category. Due to the similar cathode active materials being used as LIBs, the
focus of this master's thesis would be the introduction of anode and different

electrolytes as the main deviations from traditional LIBs.

2.1.1 Anode

There are different types of SSB designs coupled with different SSEs com-
bined with a wide range of materials, and the mass of these materials can
sometimes be different from that of LIB, as their predecessors[34]. Typically,
the interface of electrolyte and electrode is of much importance in SSBs.
Thus, studies are focused on choosing the most compatible materials. In this
regard, various types of anodes have been used, such as lithium, silicon, tin,

etc. The most common anode type in the majority of the studies is lithium
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metal[35]. Particularly due to the implementation of the lithium-based anode
and SSEs also containing lithium, the recovery of lithium is more critical[34].
Lithium as a pure metal is very reactive and can oxidise easily, so there are
some requirements to reduce the risk of reaction both during the manufac-

turing and usage[36], as well as recycling.

2.1.2 Oxide-based SSEs

Oxide-based solid electrolytes are a large variety of lithium- and oxygen-con-
taining compounds combined with elements like phosphorus, titanium, alu-
minum, lanthanum, or zirconium. This category of electrolytes has been in-
vestigated with early solid-state rechargeable battery efforts, initially with
thin-film batteries in the 1970s. Around 1980, with the invention of lithium-ion
batteries, solid oxide batteries with bulk electrolyte layers were researched.
Oxide-based solid electrolytes have high mechanical and chemical stability,
a wide electrochemical window, and compatibility with lithium metal anodes
and high-voltage cathodes. Figure 2, illustrates the properties window of the
oxide-based electrolytes. Due to the chemical stability, there are no high pro-
cessing requirements. Mechanical properties of these electrolytes can also
introduce some disadvantages in terms of brittleness and stiffness to the
structure. This is an obstacle in terms of industrial manufacturing of these
types of batteries, which can be reduced by hybrid SSEs combined with pol-
ymers. Also, in order to increase the ionic conductivity, oxide-based solid
electrolytes are sintered to the cathode[33], which needs to be considered in

the recycling efforts.

Schneider et.al, evaluated the material criticality and the recyclability poten-
tial of the garnet-type LizLazZr2012(LLZO) SSE as one of the most promising
solid electrolytes. Regarding their study, LLZO SSE accounts for above 50
wt% of the cell without considering the housing, followed by the cathode,
accounting for roughly 30 wt%. Adding to the complexity, elements such as
La and Zr are introduced to the battery cell, as well as Ta, which is the main

doping element, while the current LIB battery cells do not contain them[37].
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Critical Raw Materials (CRMs) are defined by the European Union as those
elements strictly necessary for the EU economy and with a high risk of supply
problems. Criticality is evaluated using two primary parameters: Economic
Importance (El), which indicates the contribution of a material to final-use
applications, and Supply Risk (SR), which estimates the risk of disruption of
supply. The materials with SR = 1 and El = 2.8 are being classified as CRMs.
Moreover, aspects such as the End-of-Life Recycling Input Rate (EoL-RIR,
ratio of recycled material replacing primary raw material input within the EU)

are also included [38].

In Table 2, the highlighted rows show the critical materials involved in LLZO
SSEs. Considering LLZO SSEs, 3 out of 4 elements involved in their struc-
ture are being classified as CRMs; thus, there should be a great focus on the

recycling of these elements.

Oxide-based solid electrolytes are composed of metals whose oxidation
states in their final compounds resemble those found in natural minerals. Re-
garding the strong metal-oxygen bonding, the electrochemical stability of
these materials is high, resistant to reduction and oxidation, even in contact
with highly reactive metallic lithium[39], [40]. However, the scarce natural
amounts of key oxides like ZrOz2, Ta20s, La20s, TiO2, and Li20 have a strong
impact on recycling efforts. Significant energy input is required for the recla-
mation of these materials since the reduction of their oxides to the metallic
state is much more energy-intensive than the reduction of first-row transition

metals during traditional pyrometallurgical recycling methods[40].
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Table 2. EU CRM assessment for Oxide and Sulfide-based SSEs (Data
from “Study on the critical Raw Materials for the EU 2023”[37], [38]).

Raw material Elec- Stage' Supply Economic EoL- Com-
trolyte risk(SR) im- RIR(%) pared to
portance(El) 2020

Sulfur B-LisPSs,  Pro- 0.3 5.0 0 El 1t
LiPSsX. cessing
LGPS
cessing
Zirconium LLZO Extraction 0.8 3.5 12 El1

") The stage refers to the material stage within the life cycle at which the criticality assess-

ment has been performed. The extraction stage concerns mining, while the processing

stage concerns refinement.
2.1.3 Sulfide-based SSEs

Research on sulfide-based SSEs has attracted much attention for next-gen-
eration energy storage systems, such as SSBs[40]. Their excellent perfor-
mance stems from the high polarizability of sulfur atoms and the softness of
the material, which together reduce interactions with Li-ions and enhance
ionic mobility[41]. The softness and plasticity also improve processability and
electrode interface quality. They may be produced through cold pressing or
calendaring at high pressure, avoiding costly high-temperature sintering.
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These processing pathways also yield dense, low-grain boundary resistant
layers, improving electrode contact and inhibiting dendrite growth. Unlike
fragile oxides, sulfides are more tolerant of volume change upon cycling, fur-
ther facilitating their deployment in next-generation solid-state battery de-

signs[33].

Thiophosphate-based electrolytes (e.g. B-LisPSa4), argyrodite-type com-
pounds (LisPSsX, where X = ClI, Br, I), and Li1oGeP2S12 (LGPS), which are
the three classes of materials currently under consideration as sulfide-based
SSBs[42], [43], [44]. These materials share the common characteristic that
their synthesis depends on sulfide precursors (Li2S, P2Ss, GeSz2, SnS2) and
lithium halides (LiX, X = ClI, Br, ). These types of sulfides are not common in
nature, and their chemical transformation processes pose supply constraints.
In contrast to oxide-based electrolytes, which are usually extracted from na-
ture, the precursors of sulfide-based SSE can only be prepared by chemical
synthesis from their elemental species like Li, P, Sn, Ge, and S. This can be
accomplished by the reaction of the elemental sulfur and elemental Li, P, Ge,
Sn, or their oxides (e.g. GeOz2) with H2S[40].

As it is demonstrated in Table 2, all of the listed elements, except for sulfur
and tin, are being categorized in the EU CRMs list. Same as oxide-based
electrolytes, the incremental reliance on lithium sources (expanding the lith-
ium dependence from cathode to electrode and anode) exacerbates the ma-

terial scarcity caused by LIBs.

Development of sulfide-based SSEs was triggered with Li2S-SiS2 systems in
the 1980s[45]. Weak bonds between lithium and sulfur elements have been
reported as the main reason for the free movement of lithium ions and con-
tributing to high conductivity. Although the softness and mechanical flexibility
of sulfide-based SSEs over their oxide counterparts provide a higher com-
patibility of cathode/electrolyte, their chemical instability in contact with hu-
midity raises safety concerns in the manufacturing and recycling pro-

cesses[41].
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Sulfur is a non-critical material that can be obtained from natural sources or
as a by-product of other industries. The criticality of sulfide-based SSEs is
primarily driven by concerns regarding the availability and supply chain vul-
nerabilities of other involved materials: Li, P, Ge, and Sn. Lithium, phospho-
rus, germanium, and tin are more limited as they are primarily extracted from
unique mineral ores or widely used in industrial processes. Extracting such
materials typically requires heating them to high temperatures (e.g., phos-
phorus from apatite-based minerals), followed by chemical processing (e.g.,
metallic lithium can be recovered from lithium chloride electrolysis). The en-
ergy-intensive extraction and synthesis routes also highlight the importance
of evaluating their long-term sustainability and economic consequences in

the context of the next-generation solid-state battery[40].

2.1.4 Halide-based SSEs

For decades, halide-based electrolytes have been known for their high ionic
conductivity. Nevertheless, this was limited to high operating tempera-
tures[46]. For example, the LiAICl4 spinel type, developed in 1976, couldn’t
illustrate high ionic conductivity at room temperature[47]. Only in 2018 did
Asano et al. develop a room temperature operating, high conductivity trigonal
LisYCls and monoclinic LizYBres[48].

The high conductivity and good chemical stability of the halides have recently
made them another alternative for SSBs[49], which provides potential with
the combination of an uncoated cathode[50], and can positively affect the
recyclability potential[34]. The instability of halides in contact with moisture
and the ion-exchanging feature might add complexity to their recycling pro-

cesses[49].

The crystallographic structure of metal halide is in the form of LisMXs (M =
trivalent rare earth metal, X = F, Cl, Br, and |). There are three main produc-
tion routes for halide-based SSEs; mechanochemical synthesis[51], comelt-
ing[52], and wet-chemistry[53]. The chosen production method can affect the

particle size distribution, crystallinity, and ionic conductivity. Besides these
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factors, scalability, cost-effectiveness, and environmental impact can affect

the selected production process[49].

Raw Electro- Stage1 Supply Economic EoL Compared
material lyte risk importance RIR to 2020
(SR) (E1) (%)

Indium Li3InCle Pro- 0.6 2.6 1 SR&EI|

Li3InBr6 cessing

The material requisition of halide-based SSEs needs to be considered thor-

oughly due to the insertion of rare earth elements with high costs and low
availability. Considering the cobalt price (~33.34 $/kg, LME July 2025[54]) as
a reference, most trivalent metals are significantly more expensive than co-
balt (for example, holmium’s price is ~ $65.165/kg, metal July 2025[55]), ex-
cept for a few (Y, Eu, Gd, Er, Yb, Sn, La, and Ce). Also, the less expensive
metals are still not abundant materials in the Earth's crust[49]. As it is illus-

trated in
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Table 3, rather than Indium, all of the elements in the structure of halide-
based SSEs are categorized as CRM list of EU, which emphasizes the ne-

cessity for recycling and circular economic design in SSB batteries.

2.1.5 Polymer-based SSEs

Although the inorganic solid-state electrolytes (oxide, sulfide, and halide-
based SSEs) exhibit better performance in terms of ionic conductivity, com-
bined with safety[56], [57], organic-based electrolytes improve electrode
compatibility, cost-effectiveness, and durability, and environmentally friendly
structure. These, in turn, position polymer-based SSEs as potential candi-

dates for storing energy on a large scale[58], [59], [60].

Unlike inorganic solid electrolytes, solid polymer electrolytes not only mini-
mize safety issues arising from lithium dendrite growth but also exhibit
greater adhesion and cohesion, resulting in improved electrode-electrolyte

interface compatibility[56].
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Table 3. EU CRM assessment for halide-based SSEs (Data from “Study on
the critical Raw Materials for the EU 2023”[38]).

Raw Electro- Stage' Supply Economic EoL Compared
material lyte risk importance RIR to 2020
(SR) (E1) (%)

Indium LisInCls Pro- 0.6 2.6 1 SR&EI|

LalnBre — cessing

Solid polymer electrolytes were found in 1975 when Wright studied the ionic

conductivity of metal salt complexes of polyethylene oxide (PEO)[57]. This
was then preceded by Armand et al.'s proposal that mixtures of polymer and
salts are utilized as solid electrolytes for electrochemical devices[58], which
caused the rise of an increasing amount of research in this area. Standard
polymer electrolytes being applied presently include PEO, polyvinylidene
difluoride (PVDF), polyvinylidene fluoride-co-hexafluoropropylene (PVDF-
HFP), polymethylmethacrylate (PMMA), and polyacrylonitrile (PAN). These

materials have gained interest for their flexibility, low flammability, improved
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safety, and stable electrode interface. One of the largest limitations of solid
polymer electrolytes is their comparatively lower ionic conductivity than inor-
ganic SSEs and traditional liquid electrolytes, which presently hinders their

broad commercialization[56].

Polymer-based SSEs are mainly composed of a Li-ion salt being added to
the aforementioned polymeric hosts. Ceramic fillers are added to the polymer
composites to increase the ionic conductivity of the material, such as LiAlOz,
Al203, SiO2 or LLZO. The source of carbon in the monomers of these poly-
meric hosts in the SSEs determines the sustainability of the material. This

can be considered in the recovery and recycling of the material[40].

Achieving simultaneous enhancement of electrochemical as well as mechan-
ical solid-state electrolyte properties is a significant challenge. As a trial to
satisfy this demand, composite solid-state electrolytes (CSSEs) that combine
the benefits of both inorganic materials as well as polymers are gaining at-
tention[56]. CSSEs have traditionally been categorized into two broad clas-
ses: polymer-based and ceramic-based solid electrolytes[59]. Ceramic-
based CSSEs have been found to be non-flammable, along with a strong
dendrite growth inhibitor for lithium. However, despite these advantages, high
ceramics content CSSEs implementation are still limited by challenges in the
production methods, and extensive scientific research in the area is
needed[56].

Overall, considering all types of SSEs, Figure 3 depicts the share of the
global supply of fundamental materials requisite for the extraction (E) and
processing (P) stages of solid-state electrolytes (SSEs) manufacturing. Even
though tin is regarded as non-critical in the EU’'s CRM 2023 report, its pro-
cessing is shown to be highly reliant on non-EU territories. The figure high-
lights the geopolitical dependencies in the SSB supply chain, emphasizing
the growing need to take actions towards materials recycling, substitution,

and local processing for economic and enduring sustainability.
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Figure 3. Global Supply share of materials involved in SSE (P = Pro-

cessing, E = Extraction)(Data from “Study on the critical Raw Materials for
the EU 20237[38]).

Generally, environmental drawbacks stem from the mining and material scar-
city of elements such as lithium, cobalt, and nickel, which compose the cath-
ode materials and elements involved in SSEs. Furthermore, production of
SSBs is being considered highly energy-intensive due to the sintering pro-
cess being used for electrolyte production[16], [60]. The main advantage of
SSBs is related to the end user phase, where these next-generation batteries
with higher energy density, higher efficiency, and longer life span require a
lower rate of replacement. This results in lower raw material usage, hand in

hand with lower energy demand for the production itself[61], [62].
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Figure 4, illustrates the comparative composition for LIB of a conventional
NMC811 cell structure containing electrolyte, separator, current collectors,
and binders. The structure of SSB contains a 5 ym thick metallic lithium an-
ode, coupled with NMC811 cathode and 10 uym thick solid electrolyte (cath-
ode: electrolyte volumetric ratio of 3:1). Copper is the current collector on the
anode side with the thickness of 8 um and aluminium as the current collector
for cathode side with the thickness of 10 um for both LIB and SSBs. In each
of the SSE categories, one specific composition is being considered as the
reference: PEO/LITFSI for Polymer SSE, 10% Li1.3Alo.3Ti1.7(POa4)3(LATP) filler
in the PEO/LITFSI hybrid SSE, LisPSsClI for sulfide SSE, LisInCls for halide
SSE, and for LATP oxide type, a cover layer of LLZO due to its instability in

contact with the lithium anode[34].
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Figure 4. Comparative composition for LIB and different SSBs (%wt) for the
theoretical capacity of 200 mAh g~"[34].

Figure 4 indicates that SSBs are shifting the battery sector to more metal-
dominant content with more complex chemistries. Compared to conventional
LIBs, SSBs involve a broader range of elements, such as critical raw materi-
als (CRMs) and even rare earth elements, as mentioned before, making
sourcing and recyclability more complex. On the positive side, SSBs reduce
carbon content and eliminate fluorine, which can be environmentally friendly

and reduce emissions. However, the increased elemental diversity has major
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implications for cost, materials supply risk, and recycling practices, all of
which need to be explored further to facilitate sustainable scaling of next-

generation batteries.
2.2 Sodium-ion batteries

The three main criteria for a compatible energy storage solution are price of
the stored energy ($ Wh-'kg™), lifetime (cycle life or years), and power (W kg
N[63]. In the previous section, a future technology that aims to cover the
enhancement in lifetime and energy efficiency has been assessed, while in
this section, another main focus of future technologies related to cost reduc-
tions is being evaluated. For this purpose, reliance on abundant materials will
not only reduce the cost of batteries but also can effect the environmental

and geopolitical concerns.

Sodium is one of the elements with reserves that can be considered infinite
globally. The first sparks of sodium ion batteries (SIBs) started with Faraday’s
observations on analysing the ionic conductivity with high-temperature solid
state electrolyte (PbF2 and Ag2S) in 1839. With this inspiration, other re-
searchers started focusing on the ionic conductivity of Na*. Ford company
was one of the early adopters looking for sodium-sulfur battery (NaS) in the
late 1960s. This cell was operating at 300-350°C, and the main issue with
this technology was related to the dense sintering of B-Al203 as a solid elec-
trolyte, which indeed needs to show high temperature resistance in a reactive
condition. With the emergence of the rocking chair battery concept and, fur-
ther on, Sony commercializing the LIB, the focus of the research shifted to-
ward LIBs. This, in turn, caused a delay in the development of the SIBs, while
since 2008, an increasing number of researchers have focused on SIBs as
a potential alternative for LIBs[63]. It is being predicted that the market share
of SIBs would increase and potentially reach a yearly demand of 500 GWh
by 2030[10].
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There are different types of sodium batteries implementing the sodium ion
technology in the main structure. Sodium metal batteries, Sodium-ion batter-
ies (SIBs), all solid-state sodium metal batteries, Na-S, and Na-O2 are types
that may benefit from sustainable production in the precursors, secure supply
of the raw materials, and, specifically, low cost[6]. SIBs are one of the most
viable alternatives among the mentioned sodium-based types for next-gen-
eration batteries due to their similar design and operational mechanism to
LIBs[10]. SIBs include a cathode with a sodium composition, a solid anode
free from sodium and mainly carbon-based structure (such as hard carbon
material), and an electrolyte, which is typically in a liquid state[64]. Figure 5
illustrates different structures of the above-mentioned sodium-based batter-

ies.

The structure of the cathode is an important factor in the performance of
SIBs, in terms of providing sodium ions and voltage. There are various types
of cathode materials for SIBs, such as layered metal oxides, polyanionic

compounds, Prussian blue analogous (PBAs), and organic compounds[65].

Just like LIBs, the electrochemical process of intercalation and deintercala-
tion of ions between the cathode and anode governs the corresponding
charge/discharge cycles, with sodium ions instead of lithium ions. Due to the
larger ionic radius and higher atomic weight of sodium compared to lithium,
different challenges are being introduced to the battery structure. Regarding
these properties, graphite becomes an incompatible choice for integration
into SIBs as the ions can get trapped or can cause mechanical stress to the
structure, and hard carbon is instead being used as the anode[66], [67].
Thus, the material selection and battery design optimization, along with the
proper ion transport, have recently been the main focus of research on
SIBs[68].

On the other hand, lithium and sodium are both elements of the first group in
the periodic table, so they share many features. Both of them have a single

electron in their valence shell that is readily interacting in the vicinity of other
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elements, donating the electron and turning into an ionic form. In other words,

both have very high reactive features[66].

Porous composite Porous composite
(@) electrode insertion electrode (b)

Composite insertion
electrode

Liquid electrolyte Solid electrolyte

Liquid electrolyte Liquid electrolyte
(c) °' # (d) a y

Carbon matrix Carbon matrix
Na metal

Na metal gas diffusion |ayer filled with S

Figure 5. Schematic illustration of the common architectures of sodium-
based batteries: (a) sodium-ion battery (SIB); (b) all-solid-state sodium
battery with sodium metal anode; (c) Na/O2 battery (d) Na/S bat-
tery[64].

Similar to the development of the materials from the LiCoO:2 to polyanion
LiFePO4, sodium ion-based technology is mimicking the same patterns in the
research, such as NaxCoOz2, NaFePOg4, or ternary sodium layered oxides[69],
[70]. For both solid and liquid electrolytes, the same electrolyte types of LIB
can be used, with the replacement of the lithium ion with sodium ion. Similar
to the basic structure of sodium ion batteries resembling the LIBs, the cell
formats also follow the same patterns (pouch, cylindrical, and prismatic).
These similarities in the main structures provide a great potential for the LIB
production infrastructure to be used in SIBs as well. Thus, SIBs can benefit

from existing plants for their scaling up to get accelerated[66].
2.21 Cathode
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Cathode materials in SIBs can vary from layered metal oxides to polyanions
and Prussian blue analogous, all consisting of inexpensive elements[10]. The
basic characteristic of sodium metal oxides is in the form of NaTMOz2, in which
TM represents the transition metals in the structure, like Ti, Ni, Cu, Mn, and
Fe[71]. The manufacturing of these layered metal oxides will have several
advantages due to the similarity of the sodium metal oxide with their prede-
cessors in LIBs, such as LiCoO2 and LiNio.33C00.33Mno.3302 (NMC111). While
Faradion and TerraPower are implementing NaNio.33Feo0.33Mno.3302, Hina

Battery is using Nao.9Cuo.22Fe0.3Mno.4s02[10].

One of the most important factors in assessing SIB cathode materials is their
chemical instability in contact with air and/or water. This is mainly due to the
intrinsic characteristics of sodium with high alkalinity, large ionic radius, and
hydrophilic potential of sodium salt, compared to lithium[62]. For instance,
layered transition metal oxides have a higher tendency to react with moisture
and carbon dioxide than their lithium counterparts. These cause structural
damage through Na*/H* exchange and surface complexation using com-
pounds such as NaOH, Na2COs, and NaHCO3[63], which need to be consid-

ered in terms of integrating into the recycling processes.

Another type of cathode material is polyanion cathodes with a stable struc-
ture, high ionic conductivity, and high cycling life. This type of cathode mate-
rial is comparable to LiFePO4 in LIBs. Due to the proven stability of over
10,000 cycles for NasV2(POa4)s (Nasicon) and NaVPO4F, various companies
have been looking to commercialize batteries using polyanions, such as

Guangzhou Great Power Energy & Technology[10].

While polyanionic compounds are readily acknowledged as being more sta-
ble due to their three-dimensional covalent frameworks, they can undergo
strong moisture absorption. For example, NazFe2(SO4)3, when exposed to
moisture in the air, forms NazFe(S0O4)224H20 hydrate[64].

Cathode materials with prussian blue analogous containing the structure of

(NaxMa[Mb(CN)s], where Ma and M, stand for transition metals, have
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demonstrated faster charging patterns with higher ion diffusion. This is mainly
because of their 3D Na* channels and higher stability[72]. CATL and Natron
Energy are two of the companies working on the commercialization of bat-

teries using Prussian blue technology in cathode materials[10].

Analogous of Prussian blue shows its own unique feature of significant hy-
groscopicity. Water molecules may exist in different forms, incorporated into
the crystal lattice, residing in interstitial positions, or adsorbed to a surface,
which in turn changes their electrochemical activity[65]. In general, compared
to LIBs, SIB cathode active material shows higher sensitivity to air due to the

tendency to react with water[59].

2.2.2 Anode, Electrolyte, and Other Parts

While the typical anode for LIB is graphite, its structure is not proper for SIBs
due to the differences in lithium and sodium ions[73]. Prevention of interca-
lation and deintercalation of sodium ions to the packed layer structure of
graphite causes irreversible ion transfer, reducing the cycle life, and causing
capacity decay. Hard and soft carbon are being used in commercialized SIBs.
It is foreseen that in the future, sodium alloys or sodium metal can be used,

similar to silicon and lithium metal in LIBs[74].

SIBs use the same organic solvents based on liquid electrolytes as LIBs, a
combination of ethylene carbonate, dimethyl carbonate, ethyl methyl car-
bonate, propylene carbonate, fluoroethylene carbonate, and/or vinyl car-
bonate[75], with LiPFs being replaced by NaPFs[10].

Except for the binders and current collectors, the same shell, conductive
agents, and separators as LIBs are being used in SIBs, too. The common
binder for SIBs is PVDF for both electrodes, while in LIBs, it is only used for
cathode materials, and sodium carboxymethyl cellulose/styrene-butadiene
rubber is being used for the anode. Current collectors of SIBs can be made
of aluminum for both of the electrodes, while for LIBs, Cu is being imple-

mented in the anode. Although SIBs utilize a safer and more environmentally
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friendly alternative to lithium-ion batteries from the perspective of material
availability and cost, they still contain toxic or flammable substances. Specif-
ically, SIBs consist of ca. 13 wt.% flammable materials, 26 wt.% carbon-con-

taining components, and ca. 1.4 mol kg™ fluorine-containing compounds[10].

If SIB wastes are disposed of improperly, considering landfilling or incinera-
tion, they would pose severe fire hazards, result in a high carbon footprint,
and release toxic substances, causing risks to the environment and human
health. Therefore, recycling technologies need to be implemented at this
early stage of SIB commercialization. These actions will not only minimize
environmental and safety risks but also help optimize SIB material systems
and create a more sustainable, circular battery value chain in the future[76].
Thus, the focus on recovering elements involved in current collectors (alumi-
num), binders, and electrolytes, which are not being targeted for LIB recycling
at the moment, can be considered in recycling methods of these batteries.
But how a low economic potential can cover the gap for the feasibility of the

SIBs recycling is still a case that needs to be investigated.
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3 Recycling Technologies and Future Batteries’ Re-
cyclability
Considering a LIB cell as the market-dominant battery type, the cathode ma-
terial, which stands for the highest economic value, is around 40% of the
whole battery cell weight[77]. The main target of the recycling plants is the
recovery of the most valuable elements (e.g. Li, Co, Ni, ...)[15]. For this pur-
pose, different methods based on pyrometallurgy, hydrometallurgy, and di-
rect recycling have been developed so far, in which some pyrometallurgical
and hydrometallurgical processes have already been commercialized, while
direct recycling methods are still under further investigation[40]. Figure 6, il-

lustrates the general recycling units.

Prior to any recycling process, pre-treatment activities such as discharging
and dismantling of battery packs and modules are required for any type of
battery cell[78]. Discharging with thermal, chemical, or electrochemical pro-
cesses is carried out in order to minimize safety risks such as electric shock,
fire, explosion, or chemical exposure from the organic liquid electrolyte[79].
Dismantling then follows, where mechanical processes are employed to re-
move current collectors (e.g., Cu and Al foil), separators, and electrode ma-
terials based on properties like hydrophobicity, hydrophilicity, and density[78].
Various techniques can be employed to recycle and recover cathode active

material from used lithium-ion batteries[40].

Chains of battery recycling processes, such as the resynthesis and recondi-
tioning of active material, are still at the development stage[80]. These pro-
cess cycles employ different combinations of mechanical, thermal, hydromet-
allurgical, and pyrometallurgical processes, each having its respective pros
and cons[81]. Recycling can be generally classified into indirect processes,
which decompose functional materials into their elemental precursors, and
direct processes, which maintain the material's crystal structure at the func-

tional level[34]. The effectiveness of recycling and subsequent resynthesis
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technology depends on factors such as recycling levels, cost-efficiency, and

quality of reclaimed secondary materials[15], [81].
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Figure 6. Generalized schematic illustrating key recycling pathways for

spent batteries. Pyrometallurgical and hydrometallurgical recycling are in-
dustrially feasible recycling routes (high TRL). Direct recycling is not mature
technology (low TRL)[2], [40], [82], [83].

To ensure that composite cathode materials enter recycling streams with
minimal impurities, selective material separation is required. Since solid-state
batteries (SSBs) employ nearly identical cathodes as lithium-ion batteries

(LIBs), existing recycling methods, direct recycling, resynthesis, and
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reconditioning are still valid. However, protective coatings over cathodes, in-
cluding LiNbOs3, ZrO2, Al20s3, SiO2, LiTaOs, Li2SiOs, and LisPOs, introduce ad-
ditional material types, complicating recycling[82]. After initial separation
steps such as discharging and disassembling, SSB's black mass would con-
tain both CAM and SSE particles[40]. This increases the complexity of the

materials to be integrated into the recycling plants.

Although the economic motivation for recycling SIBs is lower due to their re-
duced battery value, the initial focus should be on recovering the cathode
active material (CAM), followed by anode and electrolyte recovery in subse-
quent steps. Among the various CAM types in SIBs, layered metal oxides
(NaxTMO2) share similar compositions with their LIB counterparts[10]. This
similarity increases the feasibility of integrating SIB recycling into existing LIB
processes, while also enabling assessment of recovery efficiency, required
process adaptations, material degradation, and potential contamination from

precious material recovery.
3.1 Hydrometallurgical Recycling

Hydrometallurgy refers to the chemical process of extraction that involves
leaching or dissolution of powder forms of substances (in case of battery re-
cycling, “black mass”) followed by solution purification unit processes (e.g.
via cementation or precipitation), separation processes (e.g. solvent extrac-
tion) and recovery unit processes via precipitation, crystallization, reduction
or electrowinning for single-element or high-purity salt recovery. Leaching is
most commonly carried out by using sulfuric acid (H2SO4) or hydrochloric
acid (HCI), respectively. Other acids, such as nitric acid (HNOs3) or phosphoric
acid (HsPOa4), and different organic acids such as citric acid (CsHsO7) and
acetic acid (C2H402) have also been studied in scientific literature [83], [84],
[85], [86]. To improve leaching efficiency for a specific electrode material con-
taining transition metals, redox-active agents like hydrogen peroxide (H202)
(reductant) and sodium bisulfite (NaHSO3) (reductant) are added to enhance

dissolution of transition metal oxides from Li-ion battery waste, e.g., Co*
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present in the LCO or NMC material needs to be reduced to Co?* to enable
dissolution [87], [88].

In addition, alkali leaching with ammonia may enable selective extraction of
battery metals, due to the fact that it prefers the formation of stable metal
ammonia complexes (Ni, Co). This may potentially simplify the process by
reducing the number of precipitation and purification steps [89], [90], [91].
Sodium hydroxide (NaOH), sodium carbonate (Na2CO3s), and sodium phos-
phate (NasPOa4) allow the precipitation/crystallization of transition metals as
hydroxides, carbonates, or phosphates, respectively, depending on the spe-
cific pH conditions used[89], [90], [91], [92].

The main advantages of hydrometallurgical recycling have been reported as
high element recovery rates, making it an alternative and/or complementary
process to pyrometallurgical processes[93]. Challenges still exist, such as
co-precipitation issues arising from the common solution chemistry of Fe, Co,
and Mn, which can complicate the element separation. Certain reaction path-
ways can also produce gas emissions, such as chlorine (Cl2) and nitrogen
oxides (NOx), which require proper containment and management. Another
significant issue is aqueous waste treatment, since hydrometallurgical pro-
cessing creates a large quantity of liquid residue that needs to be treated
safely[94]. Also, high environmental load of solvent extraction and neutrali-

zation chemicals may challenge the hydrometallurgical operations[95].

Different industrial recycling plants are operating around Europe. One of the
emerging hydrometallurgical recycling processes has been implemented by
LithoRec, Germany. By combining different recycling approaches from me-
chanical and electrical to thermal and hydrometallurgical methods, this plant
has been specifically designed to recover the NMC cathode material for
LIBs[2]. Overall, recycling efficiency has been reported being 75-80% of bat-
tery mass, while the potential for graphite recycling has also been sug-
gested[2], [96]. There is also increasing interest towards electrolyte salt re-

moval, on the method studied on lab scale. Initial mechanical pretreatment
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starts with discharging and manual disassembly, followed by crushing and
electrolyte extraction using COz. Different steps of crushing, air classification,
and sieving are implemented to recover the steel and Al casing, besides light
plastic particles, Cu, and Al foils. The extracted black mass is then fed to the
hydrometallurgical treatment. The hydrometallurgical treatment is designed
based on the co-precipitation of Ni, Co, and Mn in the form of hydroxides and

Li2COs. These precursors then get sintered to form NMC powder[2].

Figure 7, illustrates the hydrometallurgical recycling flow sheet for LithoRec.
In this master's thesis, the leaching condition of LithoRec has been consid-
ered for the integration potential of different components of emerging battery
types, and recommended steps for the separation of the CRMs have been
investigated from literature sources. Figure 7 shows no separation (solvent
extraction) for single transition metals, indicating that solution purification via
impurity removal should be of high level in order to reach battery purity in co-
precipitation stage. Alternatively, intermediates could be further purified by

other operators.
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Figure 7. LithoRec hydrometallurgical recycling flow sheet[2].
3.1.1 Hydrometallurgical Recyclability of Oxide-based SSBs
Understanding the degradation pattern of SSBs is essential for an efficient

and safe integration into the recycling methods. SSBs would generally reach
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the end of their useful life following degradation mechanisms associated with
the interface between the solid electrolyte and electrode. Many mechanisms
may exist, including the existence of a space charge region, interdiffusion of
elements, and electrochemical shocks on the interfaces of the active materi-
als and electrolyte[97], [98]. The SSE layer may experience cracking and
voiding because of volume changes that accompany the cathode on electro-
chemical cycling, and thereby experience degradation in the ionic conductiv-
ity of the cell[99]. Besides, SSEs cannot effectively prohibit the growth of lith-
ium dendrites, which have the potential to grow along grain boundaries and

lead to internal short circuits[100].

Although the disassembly and discharge process of solid-state battery (SSB)
is similar to that of lithium-ion batteries (LIBs), there are structural differences
in their design that generate new challenges and opportunities in recycling.
The differences follow largely from anode designs and the use of solid in-
stead of liquid electrolytes. As mentioned before, various SSB anode designs
exist, and lithium metal and, to some extent, silicon-based anodes are highly
reactive, an issue that must be addressed at an early stage of recycling. Me-
chanical separation is impossible due to adhesive properties, especially for
the lithium foil, excluding its direct reuse. Hydrometallurgical pathways in-
volving solvents or acids have a potential solution, allowing recovery of lith-
ium as a salt compound, e.g., Li2COs, with secondary lithium metal repro-

cessing prospects [101], [102].

Utilization of lithium metal anodes enhances cell energy density, while pre-
senting challenges in recycling due to potential internal short circuits within
modules, leading to significant residual lithium that complicates mechanical
separation methods and poses safety hazards due to its reactivity in non-
ideal environments. Even conventional lithium-ion batteries, despite not em-
ploying lithium metal anodes, have historically presented safety hazards ow-
ing to their intrinsic reactivity, with numerous incidents arising from the accu-
mulation of substantial lithium-ion battery waste over the last ten years.

Mainly, in SSBs reaching their end of life, the metallic lithium anode is
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completely converted to non-elemental form, and, at most, only a small por-
tion of the initial anode is left. Regarding the reactive nature of the metallic
anode, these types of batteries need to be discharged in a way that all of the
metallic lithium is reacted before disassembling. With this in mind, the main
focus of the recycling approach is basically the recycling of CAM and SSE.
EoL battery failure monitoring depicts that SSEs undergo solid electrolyte in-
terphase (SEI) and cathode electrolyte interface (CEIl) decompositions[103],
[104].

Another challenge in SSB battery recycling is related to the composition of
the inorganic electrolytes, which includes a wider range of elements. This, in
turn, might cause some difficulties in terms of co-precipitation and also the

synthesis of pure precursors[40].

An advantage of recycling SSBs is that the same CAM is used as in LIBs.
This means that the recovery and resynthesis of the CAM would not be dif-
ferent from an existing plant's focus. However, the coatings being used in
these types of batteries can increase the complexity. Not to mention that the
mass percentage of different parts of SSBs differs from those of LIBs. As
electrolytes occupy 20-25 wt% of an SSB cell, recycling of these electrolytes
needs to be studied in advance[35]. Additionally, the target recovery of Li is
80% in regulation (EU) 2023/1542 regardless of Li being in cathode, anode,
or electrolyte[105].

The structure of oxide-based solid-state electrolytes (SSEs) presents greater
complexity compared to conventional lithium-ion batteries (LIBs) due to the
greater number of elements. Solid oxide electrolyte recycling is critically hin-
dered due to its ceramic structure and hardness (200 GPa elastic modu-
lus)[106]. Mechanical treatment by conventional means may lead to severe

wear on equipment and fine fraction contamination[34].

Following discharge, oxide-based SSBs can undergo mechanical treatment,
wet, dry room, or cryogenic conditions, to maximize recycling. Though oxide

layer brittleness restricts processing, it also promotes efficient shredding into
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a 'black mass-like fraction' consisting of oxide electrolyte and cathode. The
fraction is separated by screening or density-based processes before hydro-

metallurgical treatment [104].

The next step, considering the hydrometallurgy, is highly dependent on the
solubility of the metals in the structure. Complete dissolution or selective sep-
aration can be applied based on material composition[86,87]. One major dis-
advantage of hydrometallurgical processing of SSBs is, however, material

complexity, with high costs of selective precipitation of precious elements[94].

Dissolution behaviour of oxide-based SSEs, specifically garnet-type Liz-
axMxLasZr2012 (M = Al or Ta-substituted LLZO), has been examined in the
literature under various acidic solutions. Table 4, illustrates the elemental

composition of different LLZO electrolytes.

Schwich et al. have examined water leaching as the most cost-effective and
available lixiviant, prior to any other lixiviants. Based on their analysis, 40%
of Al and 57% of Li were leached out in deionized water leaching, while La,
Ta, and Zr could not be leached out due to forming more stable oxide struc-
tures[107]. Different literature has examined the stability of LLZO in contact
with humidity, which confirms the water leaching results. For instance, Xia
et.al, have admitted the unstable nature of Ta-substituted LLZO and leaching
of Li in contact with moisture, due to the ion exchange of Li*/H* [108]. Thus,

the leaching of LLZO would follow the reaction below:

Li7La3ZT2012 + XHzo > Li7_xHxLa3ZT2012 + xLiOH (1)
Table 4. Elemental weight distribution in LLZO-Type garnet electrolytes

Element LLZO(LisLasZr:012) Ta-LLZO(LissLasZrisTaos012)  Al-LLZO(Lis2sAlo25La3Zr2015)
Li 5.79% 512% 5.16%

La 49.62% 47.29% 49.53%

Zr 21.72% 15.53% 21.69%

Ta - 10.27% -

Al - - 0.80%
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Based on Feng Yow et al., increasing the pH to 11-12 will lead the above-
mentioned ion exchange reaction to shift toward the formation of LiOH in the
water lixiviant. Based on their observations, longer contact with CO2-contain-
ing air would result in the creation of Li2COs3 as a byproduct[109].

The findings of Schneider et al. indicate that a two-stage water and acid
leaching with 1 M hydrochloric (HCI) or sulfuric (H2SO4) acid, with the S/L
ratio of 50 g/L at 25°C, would result in leaching efficiency of 100% for Li and
Al, followed by 95% La, 94% Zr, and 91% of Ta[107]. Adding specific steps
for precipitating elements like Zr, La, and Ta in hydrometallurgical LIB recy-

cling would enhance the extractive hydrometallurgy in LLZO recycling.

Figure 8, demonstrates the behavior of the Ta modelled with the HSC data-
base, in different pH values. Based on the graph, precipitation of Ta is inde-

pendent of the pH, and no clear border is identified.

Ta - system at 25¢C

Eh(Volts)
(=]

0,0 2,0 4,0 6,0 ! 10,0 12,0 14,0
pH

Figure 8. EpH diagram of Ta dependent on pH at 25 °C and 1 atm — Ta
Concentration: 1 mol/l. HSC database
Based on the observations by Deblonde et al., alkaline leaching combined
with the pH adjustment of 2-7 would result in the precipitation of Ta[110].
Considering this, Schwich et al. concluded that Ta can be precipitated in
acidic media, which in turn can cause contamination of the Cu-cementation
or aluminum and iron hydroxide precipitation[111]. Due to this fact, Chen et

al. conducted a pressure leaching with hydrofluoric acid and a solvent
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extraction method for Ta recovery. They reported a 98% efficiency in recov-
ering Ta20s5 with above 99.9% purity[112]. Ta mainly gets decomposed from
its ores with the use of HF, while 6-7% of HF can be lost due to high volatility,
which is hazardous; besides that, the wastewater containing fluorine requires
further treatment. Thus, another method has been developed recently using
KOH (sub-molten salt) at atmospheric pressure, which increases the yield by
10%, although KOH solution evaporation and recycling are energy-intensive
[113]. Tantalum pentoxide is highly insoluble in any solvent except for strong
bases or HF[114].

3(Fe, Mn)O0.(Ta, Nb),0s + 8KOH + (n — 4)H,0 — Kg[(Ta, Nb)¢019.nH,0] +
3(Fe,Mn)0 (2)

Based on the equation 3(Fe,Mn)O0.(Ta,Nb),05 + 8KOH + (n —4)H,0 —
Kg[(Ta,Nb)¢019.nH,0] + 3(Fe, Mn)0 (2), in the presence of KOH at a tem-
perature of 150-200°C in the first step, unstable Kg[(Ta, Nb);0,9.nH,0] is
formed in the first step, which in the next reaction can turn into an insoluble
K(Ta, Nb)O5. The reaction conditions, such as the concentration of KOH and

temperature, can control the evolution of the product types[113].

Three different tantalum purification methods exist: distillation (or chlorina-
tion), solvent extraction, and ion exchange. The distillation method involves
the lixiviant and carbon, reacting with chlorine gas at 600-800 °C. In the pres-
ence of niobium, separation can face difficulties due to the close boiling
points of niobium chloride (249 °C) and tantalum chloride (239 °C). Thus,
solvent extraction and ion exchange are recommended for a high degree of
purity. Due to the difficult dissolution behavior of tantalum pentoxide, even
when using HF, a long contact dissolution process is needed, while greater
amounts of HF compared to the stochiometric values are needed[115]. Due
to the structural difference of Ta-substituted LLZO compared with Taz0s, the
leaching behavior needs to be further investigated. The next steps are La

and Zr precipitation, which also happen in acidic conditions.
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Although a high ratio for leaching has been reported in the literature men-
tioned above for all elements involved in Ta-LLZO, Schwich et al. admitted
that leaching of Ta would not be possible even in the case of using highly
strong acid, except for the HF and pressure leaching[111]. This, in turn, sup-
ports their recommended process as illustrated in Figure 12 b. in which un-

leached Ta is being recovered by filtration after the leaching with strong acid.

Figure 9, illustrates Zr precipitation based on two different studies. Schwich
et al. modelled the EpH diagram for Zr using StabCal with the Helgeson (Sup-
Crt) database. Figure 9 left), demonstrates that Zr ions can undergo precipi-
tation at pH of ~4.5[111]. Figure 9 right), Ma et al. reported the precipitation
of ZrO2 from the PLS at pH of 2.5 with Na2CO3[116].
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Figure 9. left) EpH diagram of Zr dependent on pH at 25 °C and 1 atm - Zr
Concentration: 6 g/l. StabCal and Helgeson (SupCrt) databases[98]. right)
pH effect on the precipitation of Zr, in H2SO4 with Na2CO3[100].

Figure 10, using LLNL database and StabCal, Schwich et al. reported that
La-ions can be precipitated at pH 7.4 at a concentration of 18 g/I[111]. Yahya
et al. have reported that at 25°C and a concentration of 0.01 M, La can pre-
cipitate at approximately pH 8[117]. Figure 11. Precipitation diagram of hy-
droxides at 25 °C[118], supports that in low concentrations, below 1 M, La
can precipitate above a pH of 8. Overall, it illustrates that the La precipitation

can occur under the basic condition above pH of 7.
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Figure 10. EpH diagram of La dependent on pH at 25 °C and 1 atm - La
Concentration: 18 g/I. StabCal LLNL (Cp(T)) database[98].
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Figure 11. Precipitation diagram of hydroxides at 25 °C[118].

Figure 11, illustrates the precipitation of different elements' hydroxides at am-
bient temperature. This graph illustrates how the co-precipitation of different
elements can be a challenge in more complex environments.

Nowroozi et al., demonstrated that leaching of Li7-3xAlxLasZr2012, LiFePOa4,
and LisTisO12 by hydrochloric acid treatment and NaOH precipitation results
in relatively pure recovery of La203 and ZrOz2, but at the cost of having to use
extremely long precipitation sequences. They declared that the coprecipita-

tion of Fe and La can cause the formation of LaFeOs perovskite type[119].
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Figure 12, proposes two theoretical recovery processes for a system of LLZO
+ NMC: one by complete dissolution of both electrode and electrolyte mate-
rials in a single-step leaching process under strong acidic solution, followed
by chemical precipitation in multi-steps at predetermined pH values; and an-
other by selective leaching, where the electrode material dissolves first under
mild acidity, but the electrolyte remains dissolved in a stronger acidic solution.
The selective process minimizes co-precipitation, enabling efficient separa-

tion and recovery of the individual elements[111].
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'
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]
Base + H20 —[Al-Fe-precipitation + filtration 4 ]—’ Al, Fe
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(b) Black Mass
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Figure 12. The proposed hydrometallurgical recycling process for an LLZO +
NMC cell system following two paths:(a) Complete dissolution, where both
the electrode and electrolyte materials are subjected to a single leaching in a
highly acidic medium.(b) Selective leaching, which first leaches the electrode
material under mild acidic conditions without leaching the electrolyte. The

electrolyte is then treated separately with a strong acid[111].
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Table 5. Precipitation pH windows of key elements in LLZO-type garnet

electrolytes.

Ele- Precipi- Approx. Precipita- Notes Refer-
ment tating tion pH ence
species
Li LiOHor >11 (as LiOH); with Leaches even with [109]
Li2CO3 CO2—Li2C0O3 water; can form
LiOH in alkaline
pH, converts to
Li2COs in air
La La(OH)s ~6.5 (HSC), ~7.4 Different pH val- [111],
(LLNL/StabCal), 9- ues have been re- [118]
9.5 (Hydroxide pre- ported
cipitation diagram)
Zr ZrO2 225,45, 2-25 Different pH re- [111],
(Hydroxide precipi- ported for ZrO2 [1186],
tation diagram) precipitation [118]
Ta TaOs 2-7 (precipitation pH-independent [110]
possible), No bor-  trend; can precipi-
der (HSC) tate even in acidic
conditions
Al Al(OH)3 ~4-5 (Hydroxide - [118]

precipitation dia-
gram)

Based on Table 5, the integration of Al- and Ta-substituted LLZO into the

LithoRec hydro process requires a re-evaluation of the metal separation

strategy to enable selective recovery of elements such as La, Al, Ta, and Zr.

In the original process, copper was removed via precipitation as Cu(OH)2.

However, the overlap in precipitation pH between Cu(OH)2 and La(OH)s or
Al(OH)3[111], (typically around pH 4-7) introduces the risk of co-precipitation,
thereby lowering the separation selectivity. Therefore, copper cementation

under acidic conditions (low pH) is now recommended to prevent this inter-

ference and enhance downstream recovery of LLZO-related dopants.

According to various studies, the precipitation mechanisms for these ele-

ments can involve oxides, hydroxides, or sulfides, depending on the pH,
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redox potential, and reagent availability. For example, La and Al are predom-
inantly precipitated as hydroxides, while Zr and Ta may form oxides or mixed

solid phases depending on conditions[111], [120].

Furthermore, due to the potential formation of complex compounds between
oxide-based solid electrolytes and cathode elements, co-recycling is not rec-
ommended. Even though hydrometallurgical processing can enable leaching
to a range, the presence of dopants and different elements in the electrolyte
can reduce the purity of recycled CAM elements and complicate downstream
separation. However, as noted earlier, the brittleness of the oxide electrolyte
allows for effective mechanical comminution, and sieving or density separa-
tion becomes an effective pre-step to chemical treatment. Therefore, dedi-
cated recycling streams with physical separation are preferred in order to

prevent cross-contamination and to ensure material purity.

3.1.2 Hydrometallurgical Recyclability of Sulfide-based SSBs

Although sulfide-based electrolytes have higher ionic conductivity compared
to the previous oxide-based category of SSEs, their chemical instability in
contact with the cathode causes challenges in the battery life cycle. During
this phenomenon, the lithium content decreases, and elemental sulfur can

be formed on the SSE surface as an irreversible structure[103].

As it was discussed before, in the sulfide-based SSE category, argyrodite
thiophosphates LisPSsX (X=CI, Br, I), have showed a superior ionic conduc-
tivity[121]. Recycling sulfide-based solid-state batteries (SSBs) is especially
difficult because sulfide/thiophosphate electrolytes are unstable in room tem-
perature atmosphere or humidity. They can react with water molecules to
produce toxic hydrogen sulfide (H2S), and thus require strict safety protocols
for handling and processing. Sulfide-based electrolytes also become non-
electrolytic when exposed to water, so production in an inert environment is

a significant cost factor[122].

50



To eliminate Hz2S formation, researchers have explored dry mechanical pro-
cessing under a water-free environment and solvent stabilization. Introducing
MxOy nanoparticles (such as Fe203 or ZnO) into sulfide electrolytes can in-
hibit H2S formation[123].

Mechanical processing, however, needs special requirements such as inert
gas or dry room conditions, which can be energy-intensive, or inert gas re-
source-consuming, and is therefore expensive and potentially hazardous in
the event of H2S gas leaks. On the other hand, the flexible structure of these
electrolytes can cause some problems in comminution. Considering the less
adhesive structure of these materials compared to the other LIB electrodes,
the separation of compounds can be more feasible. This, in turn, leads to
higher recoveries in terms of purity and yield of both electrodes and electro-
lytes[124].

A pretreatment method based on solvents is a good option as it dissolves the
SSE with negligible safety issues. Suitable solvents such as ethanol, ace-
tonitrile, or N-methyl formamide (NMF) can deactivate sulfide electrolytes,
but their interaction with lithium and other components of the battery must be
considered strictly [125], [126]. Solvent-based recycling also offers the ben-
efit of enabling direct resynthesis and reconditioning from solution, and

hence enabling material recovery optimization[127], [128].

Finally, these elements can be recovered using a hydrometallurgical ap-
proach. Because of the stringent safety conditions and technical advance-
ment of sulfide-based SSB recycling, a hybrid process incorporating me-
chanical separation, hydrometallurgical extraction, and solvent-based resyn-

thesis offers an economically viable route for high recovery rates[119], [120].

Ten et al. were the early researchers reporting the dissolution technique for
the recovery of the sulfide-based SSEs with organic solvents. In their model,
dissolution of SSB with lithium anode, LisPSsCl SSE, and LiCoO2 cathode
has been studied[128]. Their studies contributed to the possibility of the sep-

aration of electrode and electrolyte. However, the effect of the organic solvent
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type to be chosen, the ratio of electrolyte concentration to the solvent, and,
importantly, the contact time, as well as the effect of different electrode ma-

terials, was not investigated[121].

Wissel et al. declared that the contact of different electrode materials with the
dissolved sulfide-based electrolytes can lead to various chemical reactions.
This is basically due to the chemically unstable nature of LisPSsX(X=ClI, Br,
I) with a narrow electrochemical window. The dissolution of argyrodite elec-

trolytes follows the reaction below:

LigPSsX(X = CL,Br,I) > 6Li* + PS3, + 5?2 + X~ (3)

Existing Cl-, Br-, I-, and S- in the solution can interact with the electrode ma-
terial surface and generate complex chemicals. In this regard, different as-
pects need to be studied, such as the redox potentials, the effect of different
factors in forming complex compounds, and the stability, including solubili-ty
and precipitation, etc. Divalent cations such as Mn, Fe, Co, and Ni form
sulfides with a low solubility, while the halides can have a higher solubili-
ty[121].

In conclusion, while sulfide-based electrolytes recycling can face different
challenges, especially in terms of safety, it can be considered economically
feasible with mechanical disassembling followed by hydrometallurgical recy-
cling[129].

Considering the LithoRec Flow Diagram (Section 3.1, Figure 7)[130], integra-
tion of these materials into the flow sheets is incompatible with an initial pre-
treatment step. After manually disassembling the battery packs and separat-
ing the parts, the cells get shredded under an inert atmosphere of nitrogen
purging at around 100-140 °C. The processed black mass then passes
through several sequential steps, such as an air classifier to separate the
lighter parts. Although the solid sulfide-based electrolytes would remain after
the heating step, which has been designed for removing the volatile liquid
electrolytes in LIB counterparts, contact with the air humidity would cause

H2S gas generation as discussed before. Not only does the weak stability of
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these types of electrolytes lead to the generation of H2S gas, but they also
undergo side reactions in the presence of lithium to form LiCl, Li2S, and
LiPO4[131]. Considering the leaching of these electrolytes, higher levels of
safety need to be considered, especially in terms of gas scrubbers or incin-
erators. Phosphorus also needs to be washed away from the NMC precursor

compositions, as it can deteriorate the quality of the CAM[132].

The EU's report on the potential of recycling the sulfide-based solid-state
batteries shows that LisPSsCl argyrodite can be dissolved in solvents like
ethanol and methanol, while cathodes would stay unleached. Based on their
report, approximately 90% of the electrolyte dissolution is achievable, while

the CAM can be leached out with following acid leaching[133].

3.1.3 Hydrometallurgical Recyclability of Halide-based SSBs

Halides represent a novel family of SSEs that exhibit high ionic conductivities
(>1 mS cm-") and superior (electro)chemical oxidation stability[49]. Such sta-
bility enables their application as catholytes for an uncoated cathode, poten-
tially enabling recycling simplification[50]. However, halides are unstable in
contact with metallic lithium, which necessitates hybrid cell designs with sul-
fide separators or anode-side protective layers, both introducing complexity
for recycling. Having an elastic modulus of around 20 GPa[134], halides also
have similar advantages when compared to sulfides, but introduce difficulties

in comminution[34].

Copper is the dominant metal in the battery due to the anode current collec-
tor. Chloride solution attacks copper surfaces by corroding them and forming
CuCl, which is highly insoluble. However, this can be prevented by optimal
exposure[40]. Another consideration in halide recycling is the acidification of
aqueous solutions due to the influence of strongly charged metal cations as
Lewis acids. It proceeds through the reaction:

M(H,0)Z* + H,0 - M(H,0)s(0H)@ V" + H,0* (4)
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As a result, acidification influences the solubility of cathode materials such
as phospho-olivine (LiFePOa4) or layered structures such as Li(Ni, Co, Mn)Oz,
which have been found to dissolve at moderate pH levels[135]. Understand-
ing these interactions is important for optimizing halide separation and the

recovery processes in battery recycling[40].

Acid leaching is not required for the extraction of the metals from these types
of SSEs. Water dissolution provides a great potential for the extraction of the
metals, skipping the electrode dissolution simultaneously and in this way

providing inexpensive, selective leaching[136].

Due to their moisture sensitivity and tendency for ion-exchange reactions,
recycling of halides has to be conducted in a controlled dry-room facility after
mechanical disassembly[49]. Subsequent treatment depends on the cell de-
sign. For hybrid cell types with polymer components, mechanical treatment
tends to be ineffective, and thermal or solvent-based processes need to be
employed. On the other hand, pure halide SSEs can undergo dry comminu-
tion and electrolyte separation, similar to that with sulfide SSEs. Separation
based on density is difficult due to halides' relatively high densities, e.g., 2.71
g cm for LisInCls [137].

Halides, excluding fluorides, are found to be extremely soluble in water or
alcohols providing a viable route for recycling. Most metal chlorides are sol-
uble except for AgClI, PbCl2, HgClz2, TiCl, and CuCl. But since the maijority of
metals cannot be stabilized in a solution as chloride complexes, the direct
precipitation of pure metal chlorides (MCly) is not feasible. Thus, additional
purification steps, i.e., distillation or reaction with ammonium chloride
(NH4Cl), are required[40].

Based on the literature, LisOCI is an electrolyte type highly soluble in water
and methanol. This would lead to the formation of LiCl and Li2COs. Separat-
ing these two compounds is possible using selective ethanol leaching of LiCl.
Heating the remaining Li2CO3 above the decomposition point under a vac-
uum condition converts the Li2COs to Li2O[40].
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3.1.4 Hydrometallurgical Recyclability of Polymer-based SSBs

The drawbacks of using inorganic SSEs are complicated preparation proce-
dures, high expense, low durability, and low mechanical properties. In con-
trast, implementing the polymeric solid-state electrolyte shows excellent
electrode interface stability as well as flexibility, thereby effectively resolving
the interfacial problems of the inorganic solid-state electrolyte. Moreover, due
to its favourable ductility, simplicity in the formation of a film, and simple prep-
aration procedure, the polymer can be prepared on a large scale and is
hence readily available for further commercialization. Although lots of re-
search has been focused on the advancement of these types of electrolytes,
a single structure (organic or inorganic-based) can not help achieve good
performance. Thus, a combined organic/inorganic structure is generally re-

quired to achieve the best performance[138].

Regarding non-toxic nature and less safety requirements, polymer-based
SSEs enable the simpler recycling process compared to other SSEs. Due to
the solubility of the polymer-based SSE in acidic or basic solutions, it is pre-
dictable that co-precipitation would occur with CAM elements in following
precipitation process. Ether groups can break up in contact with strong acids
or bases, which, in turn, can affect the recovery of the elements from the
CAM, as well as from the filler and the lithium salt, and also slow down the
recovery of the polymers. Some of the salts being used in the structure of the
polymers, such as LiTFSI (Lithium bis trifluoromethanesulfonyl imide), are
highly soluble in water, and they can interact with the CAM. Not to mention
that the existence of the filler materials in the electrolytes can lead to un-
wanted side reactions and co-precipitation. Thus, the separation of the poly-
mers before the leaching of the electrodes would be beneficial[40], [139].
Mechanical shredding, sieving, and mechanical separation from the current
collectors can face similar challenges as sulfide-based SSEs, due to the flex-
ible nature of the polymer-based SSEs[104].
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Although there are different types of polymer-based SSEs under investiga-
tion, one of the widely investigated old species is polyethylene oxide (PEO).
PEO and almost all of the involved phases are water-soluble, except for the
ceramic fillers (Oxide-based SSE section). Although this can be a viable ap-
proach to separate the electrolyte and other components involved in the
black mass, it is essential to consider that possible side reactions with the
existing phases need to be investigated[139], [140], [141], [142].

Due to the high viscosity of dissolved PEOQO, the dissolution procedure of PEO
can be done by using water or a water/alcohol mixture at 50 °C[143]. The
filtered leachate would have high viscosity, which has a repelling effect on
the precipitation of the metals. The dissolved solution would contain PEO
monomers and the dissolved lithium salt, which can later be recovered by
evaporating the solvent. However, the quality and purity level are uncer-
tain[104], [144].

According to Thielen et. al, contact with water can lead to above 98% decoat-
ing of the material in long runs (360 minutes) while using the wet agitated
media mill, PEO dissolution efficiency can reach the same level in 10 minutes
[144]. Different methods for recovering the PEO from the leachate are avail-
able. Adding an anti-solvent to reduce the solubility of PEO in water and pre-
cipitation is one of the methods[145]. Additionally, PEO can be separated
through temperature-induced precipitation[146]. Also, PEO recrystallization

can take place following the evaporation—concentration of the solution [144].

While not yet reaching the cycle stability of traditional LIBs, current SSBs are
still undergoing research and are not yet commercialized. Not to mention that
all above mentioned possible recycling paths are theoretically evaluated and

need to be experimentally investigated for practical proof.

Overall, considering all types of SSB cell packs using metallic lithium anode,
water leaching might not be practical. This is basically due to the safety con-
cerns and the leaching efficiency. Contact of water and lithium can cause an

exothermic reaction, which can lead to thermal runaway or even fire.
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Moreover, this reaction would generation of H2 gas, which is also combustible
and can cause safety risks. As a solution, controlled reaction either under an
inert atmosphere using N2, Ar, or even CO2 leading to lithium carbonate de-
velopment is recommended. In all of the cases, proper gas ventilation and

monitoring are required[144].

3.1.5 Hydrometallurgical Recyclability of SIBs

Due to the similarities in the structure of both LIB and SIB batteries, besides
the material compositions, generally, the developed recycling routes for LIBs
can be used for SIBs as well, with some adjustments regarding the recover-
able materials. On the other hand, the safety risks are similar in both of these
battery types, firstly due to the same procedure of metal plating in the anode,
followed by the short circuits and gas generation. Considering the highly ex-
othermic sodium reaction with water, full discharge is required before recy-
cling. Due to the less complex structures and more abundant material inte-
gration, the subsequent steps for recycling of SIBs are more straightforward

than in LIB recycling[10].

Although sodium is mainly considered abundant and economically of lower
value compared to lithium, the presence of Ni, Cu, Mn, V, P, and F highlights
the importance of recycling. Not to mention that the economic value of SIBs
is 30-40% lower than that of LIBs, but still in theory, recycling of these types
of batteries can be economically viable[10]. The degradation of SIBs mainly
follows the same patterns as with LIBs, and is mainly due to the loss of so-
dium, material interface degradation, and structural damage to the bat-
tery[147].

Among different types of cathode active materials, transition metal oxide
types (M = Mn, Ni, Co, Fe, Cr, Ti, V, and their combined forms) show the most
promising performance for SIBs. This is mainly because of their simple struc-
ture, easy synthesis process, and feasibility of industrialization, besides the

good operating potential. In contrast to their lithium counterparts, in which
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only lithium ions can intercalate into LiCoO2 and LiNiOz, intercalation of so-
dium ions is possible in almost all types of NaxMOz2. Further, various transition
metal species are blended to synthesize NaxMO2 compounds with variable
properties[148], [149].

Based on the literature, the layered sodium oxide type of NFM (sodium iron
manganese oxide) is unstable in contact with air and moisture. This should
be considered in any aqueous leaching process as the presence of sodium
ions in contact with moisture can form NaOH. Furthermore, NaOH contacting
to aluminum current collector can cause the formation of AIO%, hence de-
grading the current collector. Battery degradation patterns show that the EoL
salts such as NaF, Na2COs, Naz20, and organic compounds are highly water-
soluble. Thus, immersing these materials of CAM in the water can help with
the separation from the current collector i.e., dissolution and removal of EoL
salts and leaving residual Al. Nevertheless, some CAM material loss is pos-
sible being adhesive to the aluminum current collector. On the other hand,
the surface analysis on the cathode shows that using water can completely
remove the Cathode Electrolyte Interface (CEIl) layer from the CAM sur-
face[76].

Mechanical separation is less challenging for SIBs compared to the LIBs.
This is mainly because of the limited number of integrated materials, for ex-
ample, the current collector in SIBs being only aluminum-based. This in-
creases the possibility of pulverizing both SIBs and LIBs together. It needs to
be noted that the main purpose of recycling in this concept needs to be the
same, and based on the recovery of the most valuable components for both
battery types[10], [150].

Although the recycling of SIBs seems to be less technically challenging, mod-
ifications to the existing recycling paths are required to align with the materi-
als integrated. As it was mentioned, hydrometallurgical recycling of SIBs can
follow LIBs, particularly for layered oxide cathodes. As an example, cathode

materials such as P2-Na23Ni13Mn2302 can be leached using inorganic acids
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in the presence of a reductant, using the same procedure used for LCO or
NMC CAMs in LIBs. However, an important distinction exists in the economic
drivers: sodium is inexpensive and abundant, reducing the incentive to recy-
cle it. Therefore, only high-value metals such as Al, Ni, and Mn are typically
targeted for recycling from SIBs with layered metal oxide cathodes, whereas
in LIBs, Li, Cu, Al, Co, Ni, and Mn are recycled. Another advantage of SIBs
processing is that Al impurities can be more easily eliminated due to the am-
photeric character of Al. However, there are still problems. For instance, while
Na2V2(POa4)3 cathode materials readily dissolve in 1 M HCI at room tempera-
ture, vanadium does not precipitate easily through neutralization. Thus, va-
nadium recycling from such PLS will require the further development of new

separation techniques[10].

Zhang et al. conducted an evaluation of the recycling process for the layered
oxide-type cathode material NaNi13Fe13sMn1302 (NFM), drawing parallels to
the well-known LiNi1/3Co13Mn1302 type. Their findings indicate that while the
pretreatment of NFM cathode active material is comparatively easier than
that of its lithium counterpart, several challenges remain in achieving efficient
leaching. Their investigation revealed that water can effectively separate the
cathode active material (CAM) from the aluminum foil current collector, as
well as wash away the solid electrolyte interphase (SEI) layer. This method
has also proven effective for separating the anode from its current collector.
However, the presence of high sodium concentrations in the cathode results
in an alkaline wash, which can lead to the reduction of aluminum. This effect
is less important in the anode due to its lower sodium content and, conse-
quently, a lower pH. During the battery's charge and discharge cycles, nickel
transitions between oxidation states of 2* and 3*, while iron and manganese
remain relatively stable. When the battery reaches a fully discharged state
prior to recycling, the nickel is predominantly in the 2* state, and sodium ions
are intercalated within the CAM layers. As sodium is washed away from the

CAM, the nickel oxidation state shifts to 3*. This change makes the nickel
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structure more resistant to leaching, necessitating the use of a reducing

agent such as hydrogen peroxide (H202)[76].

Based on their observation, water can effectively be used for moving the CEl
layer out of the CAM surface while also helping the effective separation of
the current collector and CAM. During water leaching, H/Na exchange takes
place. This phenomenon reduces the leaching efficiency of transition metals
with 1 M H2SO4 containing 5% H202, reaching roughly 15% at 80 °C, while
without initial water leaching, it can reach 57% . After removing the CEI and
sodium from the CAM surface, instead of leaching, the filtrate can be regen-
erated using Na2COs, which is sintered at 900 °C[76].

Figure 13, illustrates two potential processing strategies for recycling of metal
layered oxide SIB cathode materials (M referring to Fe, Mn, Ni), in which an
integration to the LithoRec is suggested by the author. Considering there is
a significant potential for effective CEIl removal and the re-sodiation of the
water-leached residue, the integration of these CAM materials into the
LithoRec recycling plant with strong acid leaching seems not to be logical.
Given the low economic value of sodium, its removal with water leaching
could be practical not only for reducing complexity in lithium-ion battery (LIB)
material recycling but also for minimizing acid usage. While Zhang et al.
found that the recycled CAM exhibits high electrochemical performance[76],
this strategy not only enhances the sustainability of the recycling process but
also maximizes the recovery of valuable materials, thereby contributing to a

circular economy in battery technology.
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Figure 13. Potential processing approach for NaxMO:2 type CAM recycling:
a) Direct recycling[76], and b) an additional step for integration to LithoRec

flow sheet.

Considering the characteristics of black mass, as it was mentioned, the struc-
ture composition of SIBs generally follows that of LIBs but with less complex-
ity (e.g., substituting copper current collectors with aluminum). Furthermore,
given the present status of recycling initiatives for LIBs, where components
such as carbon-based anodes and electrolytes are typically excluded from
the recycling scope, the integration of SIBs into the existing recycling infra-
structure appears to be doable. It should be noted that other compositions of
CAM, integrating with different elements such as vanadium, would need fur-

ther adjustments to the flow diagram for recycling them.
3.2 Pyrometallurgical Recycling

Pyrometallurgical recycling represents a well-established and predominant
methodology within the realm of industrial battery recycling processes[77].
The process can be either a direct thermal battery cell processing or a com-
bined process with a preliminary mechanical treatment stage, followed by
pyrometallurgical processing of the recovered black mass. Pyrometallurgical
processes are high-temperature processes involving roasting and melting,
ultimately yielding battery slag and metal alloy[151]. The pyrometallurgical
recycling of lithium-ion batteries begins with the heating of 150-500°C to
break down the electrolyte and organic solvents. The substances are then
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subjected to high temperature treatment to as high as 1450°C, where reduc-
ing agents like graphite, coke, or other salts (NaHSO4, CaCl2, NH4Cl) facili-
tate the recovery of battery alloy and slag, including lithium compounds like
Li2O and Li2CO3[152], [153], [154].

Pyrometallurgical treatment is typically integrated with hydrometallurgical
processing to recover single elements from transition-metal alloys containing
iron, cobalt, and copper. The process generates by-products such as slag
and gases, some of which are toxic, such as carbon dioxide emissions from
reductants based on carbon. Other gases are derived from electrolyte and
binder degradation. As lithium ends up in mineral-based slag, further hydro-
metallurgical processing is required for final recovery. Smelting is widely ap-
plied across industries due to its efficiency and established use for the ex-
traction of metals from ores. Its drawback is a heavy CO2 impact, release of
poisonous gases (e.g., those resulting from incomplete removal of fluoride),
a high energy input and cost, as well as a need for additional purification
stages[79], [94]. Although if the entering feed contains high aluminium con-
tent, the process can be considered autothermal, while the existing of graph-

ite providing the reduction capability[155], [156].

In addition, lithium's volatility at high temperatures is a problem in this pro-
cess. LIOH can readily be generated when oxidic samples come into contact
with atmospheric moisture. Due to its low melting and evaporation points, it
is susceptible to chemical vapor transport and consequent losses since it will
disperse in the air[40]. Although this might have previously been considered
a disadvantage, recent studies have proved the possibility of recovering lith-
ium from off-gas. Adding enough chloride sources can result in the recovery
of lithium from the dust in the form of volatile LiCl. CaCl2 or MgClz can be
considered as the main sources of the chloride, which have the boiling points
of 1935 °C and 1412 °C, and can provide a good contact of chloride with the

Li2O in the smelter[157]. Based on Rinne et al. recovering the lithium from
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the off-gas being followed by leaching and carbonate precipitation, is envi-

ronmentally beneficial compared to primary production[158].

The principles of the pyrometallurgical reduction are based on the Ellingham
diagram and Gibbs free energy. The Ellingham diagram is a thermodynamic
tool that illustrates the stability of various metal oxides as a function of tem-
perature, providing essential insight into their reducibility in the presence of
a reducing agent like coke (carbon). Figure 14 illustrates the Ellingham dia-
gram being used in pyrometallurgical reduction and slag formation principles.
Metals whose oxide curves lie above the carbon monoxide (CO or CO,) line
at a given temperature can be thermodynamically reduced by coke, whereas
metals below this line form oxides that are too stable to undergo reduction
under those conditions. For example, oxides of transition metals such as iron
(FeO), copper (CuO), and nickel (NiO) lie above the carbon line at around
1400°C, indicating that they can be reduced to their metallic forms. In con-
trast, oxides of aluminum or magnesium remain below the carbon line, mean-
ing they resist reduction, and instead, the metals themselves may oxi-
dize[159].

Figure 15, illustrates the Umicore pyrometallurgical recycling plant, where not
shredded batteries enter the furnace shaft. Battery wastes initially get mixed
with an efficient amount of coke and slag former, and based on the feed,
silicon or limestone also might be added. The shaft furnace consists of three
different zones, the first one is the low temperature section with around 300
°C, in which the liquid electrolyte of the traditional LIB batteries evaporates.
The stepwise heating is due to the safety requirements, as the fast increase
in the heating temperature might indeed cause an explosion. The second
zone is the mid-temperature zone with the temperature reaching 700 °C. In
this section, organic materials such as binders and separators undergo py-
rolysis. And lastly, the materials flow enters to the high temperature zone with
1200-1450 °C. In this section of the furnace, smelting and the reduction of

inorganic components take place[160].
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The preliminary thermal treatment guarantees that combustible or volatile
substances are eliminated and burned in a controlled manner prior to the
completion of the smelting process. When material reaches the highest tem-
perature zone, residual metals such as cobalt, nickel, copper, and iron, melt
and get separated from lighter fractions. The furnace operation utilized by
Umicore is based on a reducing atmosphere boosted with carbon, frequently
from decomposed plastic wastes or added coke, in order to reduce metal

oxides to their elemental metal forms[160].
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Figure 14. Ellingham diagram, AG vs T(°C), calculated under the atmos-

pheric pressure[161].
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Figure 15 demonstrates the gas preheating and treatment in the Umicore
Pyrometallurgical process. Gases emitted by the furnace are treated through
an afterburner and a scrubbing system. Umicore recycles a part of the emis-
sions from the mid-temperature zone back to the low-temperature zone, en-
abling vaporization of the electrolyte and improvement in overall energy effi-
ciency. The furnace design in Umicore’s flow diagram contains mitigations of
emissions and captures them from the off-gas. For this purpose, Na, Ca, or
ZnO are being added to the slag to trap halogens and the volatile com-
pounds. The high-temperature off-gas gets cooled quickly to quench the di-
oxins/furans formation (from plastic burning), and after that is filtered[160].
Sulfur in some feedstocks is oxidized to SO2, which is then converted into
sulfuric acid as a byproduct[162]. Umicore claims that carbon dioxide emis-
sions as well as energy consumption for the production of LiCoO2 can be up
to 70% lower using the recycled materials rather than using virgin materials

from ores and mining[160].
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Figure 15 Umicore battery recycling flow diagram[160].

3.2.1 Pyrometallurgical Recyclability of Oxide-based SSBs

Pyrometallurgy is the mainstream method for conventional lithium-ion battery

(LIB) recycling, and its adaptation for recycling SSBs should be considered.
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One of the major benefits of recycling SSBs using pyrometallurgy lies in the
elimination of the need for sorting or pre-treatment procedures, as complete
battery packs and modules can be fed directly as input materials. Addition-
ally, the process poses minimal reactivity concerns and safety risks to work-
ers and reactivity concerns, since the elevated furnace temperatures effec-

tively neutralize potential hazardous components[104].

Pyrometallurgical recycling of oxide-based SSBs involves the heating of
electrode and solid electrolyte materials along with carbon, which leads to
elemental redistribution and cross-reactions, which have been reported due
to the fabrication of the SSBs [163], [164], [165]. While late transition metals
(Cu, Ni, and Co) may be easily separated due to their greater reducibility
[166], earlier transition metals (Ti, Zr, Nb, Ta) and rare earth metals (La)
would remain in the slag. Moreover, excess carbon in the process can con-
vert titanium-group metals to carbides, which complicates extraction [167].
Such carbides require further treatment by chlorine and form metal chlorides,
which must be reduced by magnesium, making the process highly energy-
intensive[40]. The effect of this cross-contamination during the recycling pro-

cess is still unclear and needs to be further investigated.

Schirmer et al. suggested an engineered artificial mineral (EnAM) method,
making a synthetic slag by adding Ca, Al, Si, Ti, and P oxides to the mixture
containing Li, La, Zr, and Ta of oxide-based SSB electrolyte. Flotation is an
effective processing technique for efficiently separating individual mineral
phases when crystal sizes are sufficiently large. Beside the crystal formation,
complex mixtures with thermodynamically stable phases have been detected
after the heating and controlled cooling process, which needs to be further

investigated in non-equilibrium thermodynamic modelling[168].

Furthermore, mixing different solid-state electrolytes (SSEs) e.g., Li1+xAlxTiz2-
x(POa4)3 and Li7-3xAlxLasZr2012 may result in an element redistribution that

makes recycling more complex compared to processing a single SSE type.
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This will, in turn, add more branches in the flow chart for conversion
steps[168].

Considering all solid-state batteries that do not undergo an exothermic reac-
tion due to the lack of combustible compositions, using pyrometallurgy to re-
cycle these materials would result in the formation of large amounts of slags.
Although one of the main disadvantages of SSBs over LIBs is their complex
structures, the absence of fluorine or phosphorus species is an advantage
considering ecotoxicity. This would, in turn, result in less hazardous gas
emissions from thermal treatments[111]. The formed slag can later be treated
by hydrometallurgical recycling, considering the terms mentioned in the pre-

vious section for material recovery.

3.2.2 Pyrometallurgical Recyclability of Sulfide-based SSBs

Considering the recycling of sulfide-based SSEs, pyrometallurgical treatment
is not appropriate, as sulfide-based electrolytes will either get burned or be-
come a part of the slag beside generating gases as a hydrolysing byproduct,
which needs to be scrubbed[104]. This makes the processing of these mate-
rials in industrial plants less attractive. The problem can be targeted with me-

chanical processing under an inert or dry atmosphere[40].

This highlights the importance of bringing these types of batteries into the
recycling process without prior shredding, enabling direct feeding into the
furnace, as at Umicore's plant. Considering the Umicore recycling plant, in
which the battery cells enter to the furnace without being shredded[122],

these types of SSEs can be fed into the process.

In the presence of humidity, the hydrolysis reaction in equation 5 for argy-
rodite-type SSEs is predicted. The following equation 6 is the neutralization
of LiIOH, in which, as a byproduct, Li2COs is formed by the reaction of LiOH
with atmospheric CO2[169].
LigPSsCl + 6H,0 — LiCl + LizPO, + 5H,S + 2LiOH (5)
2LiOH + C0, - Li,CO5 + H,0 (6)
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Li2SO4 can be created by the reaction between argyrodite and H20 and Oz
in the atmosphere, as demonstrated in equation 7 [169].

LigPSsCl+ 4H,0 + 20, = LiCl + LizP0, + 4H,S + Li,S04(7)
On the other hand, other procedures highlight the conversion of thiophos-
phates to their oxide analogues. This permits lithium, phosphorus, and other
metals to be recovered in secondary operations, even though the production
of sulfur dioxide (SO2) necessitates gas-washing in order to prevent environ-

mental pollution while facilitating sulfur recovery[170].

On the other hand, regarding the presence of halides in these types of SSEs,
Na, Ca, or ZnO are typically added to capture halogens and volatile species
during processing. However, if alkaline batteries are part of the feed, then

their original ZnO content will typically be sufficient for this function[160].

Unlike conventional lithium-ion battery recycling, sulfide-based SSE recy-
cling will have to overcome the challenge of re-forming Li/P/Ge/Sn-S bonds.
Fortunately, sulfur supply is not facing supply risk in the near future due to

collusive reserves from natural gas, oil, and coal desulfurization[38], [171].

While the flexibility of the Umicore recycling plant enables the processing of
these types of SSEs, there are some uncertainties regarding the environ-
mental impacts, material usage, and economic feasibility. By integrating
these materials into the Umicore pyrometallurgical process, sulfur is con-
verted to SO2 with subsequent sulfuric acid production[162] and lithium is
potentially recovered from off-gas[157]. These offset some of the economic
burdens, however, further investigation is needed to assess the extent of val-
uable material losses. This raises a critical question: does the combined re-
covery of sulfur dioxide and lithium, sufficiently justify the pyrometallurgical

recycling of sulfide-based SSEs.

3.2.3 Pyrometallurgical Recyclability of Halide-based SSBs

Pyrometallurgical processing of chloride-type material is especially daunting

compared to oxides or thiophosphates. Chloride molten salts are corrosive
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and will react with other components of the battery. Humidity also comes into
focus in a significant way because exposure at elevated temperature can
lead to the formation of corrosive hydrogen chloride (HCI) gas, thus rendering

processing even more difficult[40].

Even with such limitations, pyrometallurgy can have potential in some of the
metal chlorides with similarly low melting points and high vapor pressure. In
strictly controlled heating process, such molecules could be separated from
other residues, such as oxides, so that unwanted cross-reaction is pre-
vented. For instance, ZrCls sublimes at only 331°C, providing the potential of
chloride elimination at similarly modest thermal inputs without excessive ther-

mal application[40].

Not all chlorides can be separated successfully by thermal methods. Some
chlorides, such as YCIs, have much higher melting and boiling points (721°C
and 1507°C, respectively), and therefore are more difficult to be separated.
At such high temperatures, YCls can also chemically react with other compo-

nents of the battery and reduce pyrometallurgical treatment efficiency[40].

Generally, while pyrometallurgy may be a possible processing option for a
few chlorides, tight temperature control and reaction condition observation is
necessary to ensure material degradation and unwanted chemical contami-

nation are not incurred[40].

3.2.4 Pyrometallurgical Recyclability of Polymer-based SSBs

In the cutting-edge smelters, aside from copper and precious metals, plastics
or polymeric organics can efficiently be utilized to reduce the coke and en-
ergy consumption. The Umicore smelter uses a submerged lance combus-
tion system in which the oxygen-rich air is injected together with the fuel and
coke into the molten bath. So, the modern smelters have a significant impact
not only on the elements being recycled but also on the value that is being

recovered[162].
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Based on the literature, introducing these polymer-based SSEs to the pyro-
metallurgical recycling plants would not result in the recovery of the materials
from them, and instead, they would be burnt just the same as their sulfide
counterparts[104]. This is basically due to the presence of oxygen in the fur-
nace, which in turn would end in burning of polymers and emitting the CO2,

CO, NOx, and aromatic hydrocarbons, etc[172].

Burning these types of materials in pyrometallurgical recycling plants would
negligibly reduce their environmental footprint in terms of CO2 emissions to
the air. One important ecological term to be considered is the potential of the
fluorinated organic compounds in their structure, which can cause the for-
mation of volatile fluorinated organics. This can be eliminated by considering

the appropriate incinerations[173].

The presence of the fluorinated lithium salt in the structure of these types of
electrolytes raises the importance of the pretreatment in order to prevent HF
formation. As mentioned earlier, mechanical separation from the current col-
lectors can face similar challenges as with the sulfide-based SSEs, due to

the flexible nature of the polymer-based SSEs[40].

Polymers and the conducting salts tend to break down at comparatively low
temperatures. For instance, poly(ethylene oxide) (PEO) decomposes at
around 200 °C, polyvinylidene fluoride-hexafluoropropylene (PVDF-HFP) co-
polymer at around 450 °C, pentaerythritol tetraacrylate (PAN) below 300 °C,
poly(methyl methacrylate) (PMMA) under 360 °C, and lithium bis(trifluoro-
methanesulfonyl)imide (LiTFSI) at around 300 °C. Additionally, these materi-

als can potentially react with the active components at high temperatures[34].

Cryogenic comminution offers a promising approach for processing polymer-
based electrolytes. By cooling the battery components to cryogenic temper-
atures (e.g., ~85 K), typically with liquid argon, solid or gel electrolytes un-
dergo a ductile-to-brittle transition. This allows for effective mechanical com-

minution, enabling subsequent separation steps. The resulting fine polymer
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fragments can be selectively removed, incinerated, or chemically di-
gested[174].

Considering the chemical properties of the polymers, heating them up in the
high temperatures of pyrometallurgical recycling process would not be ben-
eficial in terms of recycling. This, as mentioned before, would be an exother-
mic reaction and generate heat, as well as off-gas. In turn, considering the
circular economy, integrating these materials into the pyrometallurgical
plants only would only add to the gas treatment; besides, the circularity only
means that the carbon is from renewable sources. The ceramic fillers being
used in these types of SSEs would accordingly follow the same path as the

oxide-based SSEs mentioned previously.

3.2.5 Pyrometallurgical Recyclability of SIBs

Pyrometallurgical recycling seems to be more beneficial for SIBs compared
to LIBs. The main reason for this arises from that sodium has a lower poten-
tial for volatilization than lithium and sodium is an abundant element. In ad-
dition, as tabs and current collectors are all out of aluminium in SIBs, there
is less complexity in integration to pyrometallurgy while for LIBs, the anode
current collector is made of copper and tabs can contain nickel coatings. Ac-
cording to Zhang et al., the pulverization and shredding of SIBs can be done

simultaneously with LIBs, with the goal of recovering valuable elements[10].

Due to the lack of studies on the possibility of pyrometallurgical recycling, no
scientific proof for the behaviour of the material in detailed studies exists.
Theoretically based on the Ellingham diagram in Figure 14, mainly all ele-
ments except iron (Na, V, P) will end in the slag. Therefore, further treatments
considering hydrometallurgical leaching and recovery of elements from slag

need to be considered for increasing the recycling yield.

In thermal treatment, the fluorinated substances in SIBs can cause problem,
stemming from NaPFs and PVDF. These substances accounts for only 3% of

the total battery mass. However, monitoring these materials and
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implementing proper removal methods needs to be considered. Although the
recycling and circular economy are basically based on the principle of follow-
ing the same recycled materials for the battery manufacturing itself, down-
graded materials such as extracted carbon can be converted for other struc-

tures as well[10].

73



4 Research Material and Methods

4.1 Sample Origin and Classification

The novel industrial prototype battery studied in this master's thesis has a
structural basis close to lithium-SOz2 batteries, which are typically made of a
lithium metal anode, porous carbon-based cathode, and highly conductive
SO2-containing inorganic electrolyte. In these types of batteries, electrolytes
are in the form of LiAICI4+-xSO2. Electrochemical discharge normally yields
solid products such as LiCl and Li2S204[175].

The end-of-life battery sample in this master's thesis differs in two general re-
spects from lithium-SO2 peers: sodium is replaced as active metal, and the
cathode composition includes a metal oxide as cathode active material
with carbon black to increase the conductivity by implementing a binder. The
cathode material sample sourced from end-of-life cells contains residual
NaAICls, possible dithionates, and NaCl as a discharge product, with
trace metallic sodium (potentially passivated) and possible other byproducts.
The main focus of this master's thesis is the characterization and leaching of
the elements out of cathode composite samples (CAM, EoL salts, etc), with

the main focus on sodium and sulfur leaching efficiency.

4.2 Safety Precautions and Sample Handling

Due to the manual disassembling of the battery cell under the lab conditions,
the presence of metallic sodium particles from the anode as contamination
in the cathode composite is possible. Sample processing was performed un-
der a fume hood with full Personal Protective Equipment (PPE), that is, nitrile
gloves, safety glasses, and lab jackets. Regarding the potential reactivity of
metallic sodium in the vicinity of air and humidity, a container of dry sand was
also available under the fume hood in order to control any consequent so-
dium-related fire incidents. Samples were visually monitored for appar-

ent metallic fragments before any further analysis prior to any treatment.
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4.3 Sodium Deactivation

To eliminate the potential risk of residual metallic sodium, the cathode com-
posite sample undergoes a sodium contamination deactivation. The proce-
dure was designed to eliminate reactivity of metallic sodium but keep other

cathode component morphologies intact.

The cathode composite sample was soft crushed to a fine powder using an
agate mortar and pestle, selected for its hardness and chemical inertness.
During the grinding, the EoL salts and agglomerated hard particles were ob-
served. The material was crushed gently in small quantities and at low pres-

sure to avoid friction heating or accidental burning.

The ground material was transferred to a borosilicate glass beaker in a fume
hood that was ventilated. Spraying of deionized water was done using a pi-
pette at a distance of 20-30 cm on small chunks of the sample. No sign of
bubbling or heat evolution was observed, showing the absence of metallic
sodium in the sample. The material was gently stirred with a spatula to wet

evenly and prevent any localized reaction.

Following the spraying of water, a bulk dissolution process was undertaken
to neutralize safely any remaining reactive sodium and evaluate the water
solubility of cathode materials. Water was selected as the initial lixiviant for
several reasons: it is a low-cost and environmentally benign solvent, and its
use allows an initial assessment of the dissolution behavior of the metal spe-
cies present. Moreover, because of the potential reactive metallic sodium
presence, water is a safer solution for controlled dissolution in terms of both
chemical compatibility and safety. On the other hand, although this step is
initially undertaken due to the inactivation of sodium, the leaching of the ele-

ments is also studied.

Subsequently, powdered cathode material was mixed with deionized water
under steady stirring using a VWR Advanced magnetic stirrer (model VMS-

C7, MoT 5) reaching a solid-to-liquid ratio of approximately 100 g/L. Room
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temperature dissolution over 2 hours was conducted to allow sufficient inter-

action and avoid any further delayed reactions due to trapped sodium.

Right after the dissolution time, the liquid sample was taken and immediately
diluted 10 times with 2% HNOs to avoid precipitation in the sample for further
examination by ICP-OES. ICP-OES analysis was conducted using the Ag-
ilent 5900 SVDV, located at Aalto University School of Chemical Engineering.

After the dissolution, solid and liquid separation using vacuum filtration in a
Blchner funnel with filter paper(Whatman Grade 1 - pore size of 11 ym - filter
paper 150 mm diameter), was unsuccessful. This was due to the immediate
clogging of the filter medium. Separation by decantation was applied to sep-

arate the supernatant from the settled solids.

Following the water dissolution and deactivation for 2 hours, thirteen succes-
sive decantation cycles were performed using deionized water to further pu-
rify the cathode composite material from the water-soluble species. In each
cycle, the slurry was diluted to a total volume of approximately 1500 mL, and
600-700 mL of the supernatant liquid was carefully separated using a sy-
ringe, leaving the settled solids behind. This was repeated until the decanted
liquid was clear and colorless, which indicated that most water-soluble spe-

cies had been removed.

Following the final decantation, the leftover slurry was stirred at 300 rpm us-
ing a magnetic stirrer and heater (model VMS-C7, MoT 5) while gently heated
to 30-40 °C for around 24 hours to allow partial evaporation of water and
achieving a concentrated mixture. The concentrated slurry was poured into
plastic weighing boats and allowed to stay in a drying oven at 60 °C for one
whole day to dry completely, evaporating any leftover moisture. The dried
material was obtained, ground with a mortar, and then reserved for further
solid-phase analysis. Dried residue is named as sodium deactivated residue
(SDR).
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4.4 Raw Material Characterization

A series of analytical processes was utilized to analyze the chemical and
structural properties of the cathode material at different stages of processing.
These characterizations help to identify significant compounds associated
with discharge reactions, remains of electrolytes, and alterations due to de-

activation and leaching processes.

4.41 X-ray Diffraction (XRD)

X-ray diffraction (XRD) was applied to identify crystalline phases present in
the cathode material before and after sodium deactivation. The technique
was employed to perform non-destructive structural analysis of salts, dis-

charge products, and residual impurities.

All XRD analysis was conducted at Aalto University School of Chemical En-
gineering with a PANalytical X'Pert PRO MPD Alpha1 diffractometer. The
scan was performed using a normal 90-minute scanning program. Resulting
diffraction patterns were properly baseline corrected using HighScore Plus

software in order to increase peak clarity and eliminate background noise.

4.4.2 Raman Spectroscopy

Raman spectroscopy was also performed to investigate the carbon structure
and disorder degree on both CAM, and SDR samples. The analysis was con-
ducted at the School of Chemical Engineering, Aalto University, using a Ren-
ishaw inVia™ Qontor Raman microscope equipped with two laser wave-
lengths (532 nm green and 785 nm NIR). In this case, a 532 nm laser was
employed to enhance the Raman signal of carbon-containing materials. Live
Track™ for real-time focus optimization and Wire 5.3 software for spectral
acquisition and data processing are components of the system.

Raman spectra were measured in the 100x solid sample objective, with the
spectral range set between 100-3000cm™ to measure the dominant D
(~1350cm™) and G (~1580 cm™) bands. ID/IG intensity ratio was used to
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evaluate the structural disorder of carbon black. Baseline correction and
noise filtering were also done during post-processing of the data to maximize
spectral purity. These data reveal the nature of the carbonaceous matrix
within the CAM, and how structural ordering is impacted by the process of

SDR sample.

4.4.3 Particle Size Distribution (PSD) Analysis

For the investigation of the size distribution of the solid powder in the SDR,
laser diffraction particle size analysis was conducted by Malvern Mastersizer
3000 (Malvern Instruments, UK) in the School of Chemical Engineering, Aalto
University. The analysis was performed using the Hydro EV wet dispersion
unit, and deionized water was used as a dispersant. Fraunhofer Spherical
Model (MS2000/MS2000E) optical analysis was selected.

Only the SDR example was treated due to safety limitations associated with
the untreated CAM, which may still contain reactive sodium and dissolve dur-
ing the measurement. The deactivated and dried SDR material in powder
form was gradually introduced into the dispersion unit in order to avoid ag-
glomeration. Partial flotation of particles, which can be explained by the hy-
drophobic character of carbonaceous components (e.g., carbon black)[176],

was visually observed during dispersion and can affect dispersion uniformity.

Homogenization was achieved during measurement by the instrument's in-
ternal stirrer. All of the analyses were conducted under standard conditions,
and the results were analyzed with Mastersizer software for volume-based
distribution outputs (Dx10, Dx50, Dx90).

4.4.4 X-ray Fluorescence (XRF) Spectroscopy

Elemental analysis of the CAM and SDR samples was also performed using
the Hitachi X-MET8000 Expert Geo handheld XRF analyzer in the School of
Chemical Engineering, Aalto University. Even though the instrument is very

sensitive to elements from magnesium (Mg) through uranium (U), it cannot
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analyze sodium (Na) since the element has a low atomic number, less than
the detection zone of the device. The absence of sodium in the XRF spectra
should therefore not be taken as the absolute evidence that it had been elim-
inated. Further analysis conducted with ICP-OES can complete the gaps and

prove the XRF results.

4.5 Leaching
4.5.1 Aqua Regia Leaching Test

Two aqua regia tests were conducted to evaluate the elemental composition
of the CAM and SDR. Due to that, a mixture of concentrated hydrochloric
acid (HCI) 37% (16 ml) and nitric acid (HNO3) 65% (4 ml) were prepared. The
molar ratio of the aqua regia was 1:3 for HCI to HNOs. Approximately 0.5 g
of the SDR sample, and CAM was leached in 20 ml of Aqua Regia using a
50 ml volumetric flask and a magnetic stirrer (model VMS-C7, MoT 5) for
approximately 2 hr. Finally, deionized water was added to reach the volume

of 50 ml. . Table 6, depicts the list of chemicals being used in the experiments.

The leachate was allowed to settle for 1.5 hr without being stirred. This step
was introduced to reduce clogging and ensure separation. After that, the fine
and insoluble particles were removed using a syringe of 20 ml and a Sartorius
Minisart® NML sterile syringe filter equipped with a hydrophilic cellulose ac-
etate membrane (pore size 0.2 um, REF 16592). Immediately, the sample
was diluted 10, 100, 1000, and 10000 times using 2% HNOs for further anal-
ysis using AAS and ICP-OES.

4.5.2 Leaching of SDR Sample

The leaching behavior of the SDR sample was investigated at three different
conditions using water, 1 M H2SO4, and 1 M HCI as lixiviants. This series of
tests was designed to analyze the dissolution behavior of the SDR sample in
resembling the industrial leaching at low temperature with moderate agita-
tion. For each leaching test, 16 g of SDR powder was added to 160 mL of
the corresponding leaching solution in a glass reactor placed in a water bath
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to control the temperature. Leaching was performed in an approximately
30 °C water bath, and the mixture was agitated using a mechanical overhead
stirrer of VWR model VOS 16 at 300 rpm. Figure 16, illustrates the experi-

mental set-up.

Sampling was conducted at selected time points (5, 15, 30, 60, 90, and 120
min). A sample was taken at each interval, and it was diluted 10-folds with 2
wt% HNOs solution immediately before filtration. This method has mainly
been considered to avoid the clogging of the syringe filter. The diluted sample
was filtered through a 0.2 ym hydrophilic syringe filter (Sartorius Minisart
NML). The filtrates were reserved for analysis. Also, redox potential was
measured in the intervals using a redox probe (mV vs. Ag/AgCl in 3 M KCI,

Mettler Toledo, Germany) and Wavetek 5XL multimeter.

Table 6. Stock chemicals used for preparation of solutions for leaching ex-

periments
Chemical Formula Purity Manufacturer
Hydrochloric acid HCI 37% Supelco
Sulfuric acid H2SO4 95-97% Supelco
Nitric acid HNOs 65% Supelco
Deionized(DI) water H20 ion exchanged -
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Figure 16. Leaching setup with temperature-controlled water bath,
and overhead stirrer.
Table 6 shows the list of chemicals used for the leaching and dilution of the
samples. The original 10 times diluted samples were further diluted to 1:100,
1:1,000, and 1:10,000 using 2 wt% HNO; prepared for the metals scanning
by ICP-OES.

4.5.3 ICP-OES

The elemental composition of the PLS from aqua regia digestion and SDR
leaching tests were analyzed by Inductively Coupled Plasma Optical Emis-
sion Spectrometry (ICP-OES). The analysis was performed at the School of
Chemical Engineering, Aalto University, using an Agilent 5900 SVDV ICP-

OES instrument.

All filtered samples of aqua regia and leaching tests were submitted to the
system after further dilution in 2 wt% HNOs. The calibration was done using
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multi-metal standards and a special sulfur (S) standard for the precise quan-

titation of Al, Na, S, Fe, and other detectable metals.

4.6 Calculations

Leaching extraction efficiency has been calculated using equation 8 below;

Ci.v
mowl

Meg,,, = ( ) 100% (8)
Ci is the metal concentration in the PLS

V is the solution volume

Mo is the mass of the sample added to the leaching

wi is the metal concentration in the raw material
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5 Results and Discussion

5.1 Raw Material Characterization Results

5.1.1 X-ray Diffraction (XRD) Results

Figure 17, presents the XRD patterns of the untreated cathode active mate-
rial (CAM), sodium-deactivated residue (SDR), and acid-leached residue
(ALR). All samples present broad and sharp diffraction features, indicating
the existence of crystalline and possibly amorphous components. The CAM

sample has numerous strong peaks, especially in the 20-40° 26 range, char-
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Figure 17. XRD patterns of untreated CAM, SDR, and ALR with reference
peak positions for identified compounds.
To facilitate phase identification, reference peak positions of known materials
were overlaid as symbol markers.
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Squares (m) represent peaks of sodium chloride (NaCl), a common discharge
product. Triangles ( A ) denote reflections of a metal oxide (MO) phase, which
is expected to be associated with the original cathode composition. Circles
(e) represent metal-halide salts, and diamonds () show the position of alu-
minum hydroxysulfate, which has been detected after the sodium deactiva-

tion and drying of the residue as well as in the ALR.

The SDR sample contains lower-intensity and wider features, reflecting par-
tial dissolution or loss of some crystalline salts following the aqueous treat-
ment. Elimination of NaCl-derived peaks in the SDR sample is evidence of
the efficiency of the leaching process in eliminating soluble electrolyte resi-
dues, as was predicted due to high solubility of NaCI[177]. The halide's elim-
ination also indicates solubility or decomposition in mild aqueous conditions.
Sodium-deactivated residue (SDR) demonstrated the development of novel
diffraction peaks not found in the untreated cathode composite sample. The
changes in the composition of the SDR over CAM, can basically stem from
the dissolution of NaCl, MO, and M-Halide salts, which removes more soluble
phases, and the presence of the dissolved Al and sulfate ions lead to the

precipitation of Al hydroxysulfate visible in the XRD patterns.

The presence of the same peaks of aluminum hydroxysulfate in ALR sample,

indicates incomplete leaching of the phase in acidic solution.

5.1.2 Raman Spectroscopy Results

Figure 18 displays the Raman spectra for the untreated CAM, and SDR sam-
ples. The D and G bands are illustrated at around 1350 cm-'and 1580 cm™,
respectively pinpointing of graphitic and disordered carbon structures. The
ratio of the intensity of the D to G bands (ID/IG) gives an indication of struc-

tural disorder in the carbon structure.

The ID/IG ratio of the CAM sample is 1.057, while that of the SDR sample is
slightly higher at 1.098. The modest improvement can be considered negli-

gible, and the exposure to water leaching and drying has not changed or
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damaged the structure. Furthermore, both spectra have a weak 2D band at

~2700 cm™, revealing the presence of few-layer graphitic domains.
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Figure 18. Raman spectra of CAM and SDR samples showing D, G,

and 2D bands.

5.1.3 Particle Size Distribution (PSD) Analysis Results

Figure 19 reveals the PSD of SDR sample possessing a wide distribution

from tens to over a thousand micrometres. The wide range represents the

morphology of carbon black composite cathode materials, where nanometre-

sized carbon nodules agglomerate into larger bundles. Looking at Figure 20,

based on the literature, the particle size of carbon black is primarily in the

range of 10 nm, while due to the Van der Waals forces, they can agglomerate

to form larger particles in the size range of microns[178].
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The presence of large agglomerates, indicated by the high D90 value

(1230 um) as depicted in

Table 7, is an indication of poor dispersion or re-agglomeration during drying
caused by the hydrophobicity of carbon black or poor deagglomeration in
water during particle size measurement. Agglomeration principles in carbon
black are illustrated in Figure 20. It is also explained by visual flotation be-

havior under wet dispersion conditions in the PSD test, where certain hydro-
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Figure 19. Particle size distribution of SDR
phobic particles were found to resist complete wetting and floated suspended

at the surface.

Table 7. Percentile-based particle size distribution parameters of SDR

Percentile Diameter (um)
Dx(10) 77.3
Dx(50) 282
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Dx(90) 1230

5.1.4 X-ray Fluorescence (XRF) Spectroscopy Results

The weight percentages of the elements detected in CAM and SDR are
shown in the Table 8, as measured by XRF. Regarding normalized results
(Wt%) from XRF, variation between CAM and SDR samples is a relative
change in abundance, not a definite indication of element loss or gain. These
values need to be interpreted in terms of changes in composition after the

other components were eliminated.

! I !

NODULE AGGREGATE AGGLOMERATE
10-300 nanometers 85-500 nanometers 1-100+ micrometers

Figure 20. Structure of carbon black particles[178].
For instance, Cl content in the CAM was 5.32 wt%, and the absence of Cl in
the SDR sample strongly points to the removal of chlorine-bearing salts such
as NaAICls or NaCl during deactivation. Conversely, the observed Al and S
wt% increase is likely to be attributed to their incrementation of the normal-
ized value in the solid matrix, since more soluble species were removed. Alt-
hough the initial CAM composite depicts the presence of Mg, the disappear-
ance of the element during the sodium deactivation process proves that Mg

salts in the CAM are water-soluble.

Similarly, the determined decrease in the unknown metal (M) grade from
10.02% to 7.68% may show partial dissolution or redistribution. Based on the

XRD comparative results in

Figure 17, the presence of the MO or M-Halide salt species in the SDR could

not be confirmed, which initially suggested complete dissolution of those

phases. The results illustrated in the Table 8, indicates that not all of the
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species containing the M have been dissolved. However, without corrobora-
tive mass balance information, this observation by itself is insufficient to
prove dissolution as there are other elements involved in the mass balance.

This is further investigated by the ICP-OES test reported in the next sections.

Table 8. Elemental composition of CAM and SDR samples measured by
XRF (Wt%).

Element CAM CAM(SD) SDR SDR(SD)
M(wt%) 10.02 0.82 7.68 0.31
Cl(wt%) 5.32 0.64 NA NA
Al(Wt%) 3.38 0.28 6.45 0.18
Mg(wt%) 1.18 0.06 NA NA
S(wt%) 0.46 0.14 2.01 0.08
Other(wt%) Trace NA Trace NA

"NA refers to not applicable; the values are out of the range of the validation.
2 SD refers to the standard deviation.

3 M refers to an unknown metal.

4 Trace values are below 0.1 wt%.

5The values are the average of three measurements.

5.2 Leaching efficiency via ICP-OES

The results in this section are divided into two main scopes: (1) evaluation of
the initial elemental content of CAM and SDR samples before leaching, and

(2) investigation of leaching efficiency in different media via ICP-OES data.

As was mentioned before, the immediate clogging of the paper and syringe
filters was evident during the filtration of pregnant leach solution (PLS) and
samples. This issue hindered standard vacuum filtration and prevented
proper monitoring of the mass balance. As a result, decantation was chosen
for the methodology instead of filtration. Looking at the main reason for this
phenomenon, the basic studies have shown that this has stemmed from the

presence of carbon black particles in high amounts in the CAM.
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Looking at the carbon black structure, Donnet et al. (1993) described vacuum
densification as a process where fine carbon black powder is pressed against
porous rollers under vacuum pressure, and this, coupled with the fine particle
size, leads to a very dense material layer[179]. The same effect can be ob-
served in vacuum filtration of suspensions of carbon black, where finer parti-
cles deposit rapidly onto the surface of the filter paper. The filter cake layer
forms rapidly and clogs the filter, hindering the free flow of liquid through it
and ultimately making the filtration impossible. As another observation during
the analysis, grinding the sample with pressing by pestle was inefficient and
resulted in the film like layer formation. This is aligned also with the develop-

ment of carbon black cake under the pressure.

During aqua regia test, the low wettability of SDR sample was observed, Fig-
ure 21. This phenomena was due to the high carbon content, which is intrin-

sically hydrophobic[180].

Figure 21. Observation of solid residue hydrophobic behavior during aqua
regia leaching of SDR before, and after long time mixing.

Error! Reference source not found., depicts the elemental composition of t

he CAM and SDR samples, by ICP-OES, out of the aqua regia analysis. The

discrepancy of the values between the XRF and ICP-OES aqua regia can be

related to the technics of the evaluation they have for analyzing the sample.

In XRF mainly the surface of the samples is being analyzed, and the density

of the elements might affect the presence of the elements on the surface. On
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the other hand, samples of CAM are possibly heterogenous and this also
might have an effect on the discrepancy in the results of XRF and ICP-OES.
Not to mention that the presence of the elements like sodium, which is not
detectable in XRF, can have a high contribution on the deviations of the val-
ues precent in the surface evaluation of the XRF. The main purpose of the

XRF in this thesis was initial investigation on the presence of other types of

elements.
Element CAM SDR
Table 9. M(wt%) 22.40 12.55 Elemental
composition  S(wt%) 8.27 5.50 of CAM and
SDR Na(wt%) 5.92 0.28 samples
measured by  Al(wt%) 5.73 11.48 ICP-
OES(Wt%). Fe(wt%) 0.10 0.03

The sodium in CAM is derived from EoL battery salt, identified as NaCl during
initial XRD testing. NaCl is highly soluble in water, and therefore it was ex-
pected that excessive sodium would be dissolved during sodium deactivation
and decantation processes[177]. Other potential EoL sodium salts, such as
dried electrolyte (NaAICl4)[181] or EoL sodium polysulfides[182], are all wa-
ter-soluble species as well. During sodium deactivation the metal (M) ele-

ment was partially leached out from the sample.

Figure 22, illustrates the extraction efficiencies for both aluminum and sulfur
in 2 hr leaching. The primary source of the aluminum is from the dried elec-
trolyte with minor possibility of small pieces, from current collector possibly

present during the disassembly. Figure 22 a) 1 M H2SO4 demonstrates the
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highest aluminum extraction efficiency, reaching nearly 90% within the first
20 minutes, suggesting rapid initial leaching kinetics. 1 M HCI also facilitates
substantial Al extraction, between 60% and 70%, in 5 minutes. In contrast,
water as a lixiviant exhibits negligible Al extraction (<5%). The observed fluc-
tuations in extraction efficiency, particularly in acidic media, can be related to
experimental uncertainties arising from the presence of residual carbon in
the sample matrix, clogging the syringes during sampling. Not to mention that
during all the intervals, the samples taken out of the reactor were allowed to
wait to be decanted and then diluted, to avoid any clogging of the filter hap-
pening during the test. However, this approach might introduce uncertainties
to the analysis. Based on the observations of Partinen et al. leaching behav-
ior of aluminum current collectors out of the black mass at 30°C with 2M
H2SO4 and S/L 200 g/L can approximately reach 35% after 2 hours[183].

Joulié et al. have examined the leaching behavior of aluminum out of the
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NCA cathode material. Based on their observations using 1M HCI, the leach-

ing efficiency of aluminum can approximately reach 37% at 25°C after 18

hours with S/L = 5%(w/v), while with 2M H2SO4 under the same conditions,

it roughly reaches 37%[184]. The contrast in the results with the current study

can stem from the material structure of the species under investigation.

Figure 22. Effect of leaching time on the extraction efficiency of, a) alumi-
num (Al) and, b) sulfur (S) using different lixiviants.

Figure 22 b), presents sulfur extraction efficiency based on time. While 1 M

HCI enables moderate S extraction (50-65%), water again shows poor
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performance (<15%). It can be interpreted as 15% of the containing sulfur is
in the form of water-soluble compounds still existing in the SDR sample. The
extracted ratio of sulfur in water shows higher values than the aluminum,
indicating that there might be a difference in the solubility of the salt types.
Notably, sulfur extraction using 1 M H2SOu is not reported. This is due to the
high sulfate background inherent in sulfuric acid, which interferes with accu-

rate sulfur quantification in solution.

Figure 23, demonstrates redox potential evolution of the leaching solution
during water, 1 M HCI, and 1 M H2S0O4 leaching over 120 minutes. The trend
suggests that leaching was largely proton-driven, as opposed to redox-driven
by electron transfer reactions. The acidic medium (HCIl and H2SO4) had
higher redox potentials than water. This is due to the fact that acids contain
a larger concentration of protons (H*), thus it becomes easier to dissolve ox-

ides and salts using acid-base reactions.
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Figure 23. Redox potential vs. time in H20, HCI, and H2SO4 leaching
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6 Conclusions and Future Directions

Future battery recyclability is not only dependent on process compatibility but

also on the range of chemistries being developed, unpredictability of domi-

nant battery types in the market, and evolving definition of circularity in the

sector. Identifying the battery type, through methods like the battery passport,

is still necessary in coordinating recycling strategies with material content

and recovery potential.

Future batteries integration to hydrometallurgical recycling processes:
While hydrometallurgical processes have enhanced recovery efficiencies
and selectivity, a lack of sufficient knowledge regarding the decomposition
behavior of most novel cathode and electrolyte chemistries limits the un-
derstanding of the pathways during purification and separation. Without
absolute data on the interaction between the materials in a solution, inte-
gration into existing hydrometallurgical lines involves both technical and
quality risks. Not to mention that further purification steps need to be
taken into consideration to recover all of the elements.

Future batteries integration to pyrometallurgical recycling processes: Py-
rometallurgical processes' broad compositional flexibility can provide
greater potential for the digestion of different materials from next-genera-
tion batteries. However, the value derived from such routes, yielding
downcycled products or conversion to energy, must be recalibrated on
the basis of what constitutes a circular economy benefit.

Selective water leaching, which is compatible with some types of SSEs,
is a very attractive option as an initial lixiviant. Also, in sodium ion batteries
CAM, if sodium can be removed from the CAM using water, this can re-
duce the contamination during CAM separation and decomposition, and
in some cases, recover species such as lithium at an initial step. As in
some structures, most significantly oxide-based SSEs, water is not a via-
ble stand-alone strategy due to the low solubility of the major compo-
nents. This also highlights the requirement of a standardized battery
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passport, as incorrect identification can increase gas evolution risks with
corresponding costly scrubbing systems and/or higher capital expendi-
ture.

e Leaching results of experimental analysis show great potential for the
CAM and EoL salts' leaching behavior. The sodium deactivation step can
inherently remove NaCl while also decomposing water-soluble salts. Alt-
hough the presence of sulfur ions, together with aluminum and halides,
can lead to the formation of a new phase after the sodium deactivation
step, the leaching behavior of aluminum from this structure exhibits fast
dissolution with high leaching efficiency (90% with 1 M H2SO4 and nearly
60% with 1 M HCI), suggesting rapid initial leaching kinetics. This indi-
cates that the aluminum phase generated is less stable against acid
leaching compared to the aluminum presentin NCA CAM or the aluminum
current collector reported in the literature, thereby confirming its higher

solubility.

The integration and recovery routes for most future battery chemistries re-
main extremely underdeveloped. Future research needs to take technical
feasibility into account, while economic motivations, lifecycle trade-offs, and

regulatory frameworks that would encourage recycling need to be studied.
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