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Direct Recycling of All-Solid-State Batteries with a Halide
Solid Electrolyte via Water-Based Separation: Interactions
of Electrode Materials in Aqueous LisInClg Solutions

Martine Jacob, Harol Moreno Fernandez, Aaron Haben, Aamir Igbal Waidha, Simay Ozel,
Jan P. Hofmann, Ralf Kautenburger, Oliver Clemens,* and Kerstin Wissel*

Despite extensive research in the field of all-solid-state batteries,
there has been limited attention to their recycling, which is crucial
for achieving long-term sustainability. Different electrolyte and elec-
trode combinations must be considered for the recycling of these
batteries, each requiring a detailed investigation of potential recy-
cling approaches. The halide-based solid electrolyte, LisInCls, has
attracted significant attention due to its high-room-temperature
lithium-ion conductivity and its ability to recover its initial crystal
structure after dissolution in water without significant electrochem-
ical deterioration. This structural reversibility could potentially
enable a direct recycling approach, allowing for the separation

1. Introduction

Driven by the impact of climate change and the pursuit of reduc-
ing CO, emissions, the demand for sustainable energy technolo-
gies is increasing globally. Lithium-ion batteries (LIBs) are widely
used in portable electronic devices and electromobility-related
applications.! However, these batteries suffer from safety issues
due to the use of flammable organic liquid electrolytes. These
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of the electrolyte from active electrode materials when dissolved
in H,O. To assess the recycling compatibility, the interactions of
Li;InClg with different electrode materials (Li,TisO;,, LiCoO,, LiMn,O,,
carbon-coated LiFePO,, LiNipgMngy;C0og,0,, and LiNigsC0g.15Al00505)
are studied during dissolution. Interactions arising from Lewis-acid
and Lewis-base reactions can be identified using a combination of
X-ray diffraction, X-ray photoelectron spectroscopy, and inductively
coupled plasma mass spectrometry. Depending on the material
combination, these interactions significantly impact the electro-
chemical properties of both recycled LisInCls and the electrode
materials compared to the pristine samples.

safety issues can be mitigated by substituting the organic liquid
electrolyte with a solid-state electrolyte (SSE), resulting in so-called
all-solid-state batteries (ASSBs). Such batteries offer the potential
for higher gravimetric and volumetric energy densities and
enhanced safety compared to conventional LIBs, which has gen-
erated significant research interest from both academia and
industry.2

The research field for ASSBs is diverse, including the investi-
gation and development of different solid electrolyte classes
(e.g., oxides, sulfides, halides, and polymers), optimizing electrode
designs, understanding and controlling the interfaces between
solid electrolyte and electrode materials, and scaling up for
potential applications. Despite the extensive efforts to realize
their future application and extend their lifetime, ASSBs will inev-
itably reach their end-of-life (EoL). These batteries may contain
critical raw materials (CRMs) to varying degrees, depending on
the material combinations used, including lithium (Li), cobalt
(Co), indium (In), etc.,, which are all vital for the advancement
of sustainable energy technologies. Reintegrating these CRMs
into the material cycle is essential to ensure the continuity of
the battery supply chain. The criticality, environmental impacts
(e.g., pollution, resource depletion), and geopolitical significance
of these CRMs present a substantial risk for supply chain disrup-
tion if they are not recovered from EoL batteries.”

Existing recycling approaches for conventional LIBs (i.e., pyro-
metallurgy, hydrometallurgy, and direct recycling) face limitations
when applied to industrial-scale operations."” These challenges
arise in part because conventional LIBs were not originally designed
with recyclability in mind® and the current lack of economic
feasibility’” further complicates the issue. The recycling of ASSBs
presents even greater challenges due to a multitude of different
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SSE chemistries. These design differences make conventional LIB
recycling methods unsuitable for direct adaptation, requiring the
development of new strategies to address the unique challenges
posed by ASSBs. Since ASSBs are still under development and have
not yet achieved large-scale commercial implementation and avail-
ability, there is a valuable opportunity to integrate recycling consid-
erations into the development and design process. This
integration is crucial for addressing materials criticality, ensuring
responsible resource utilization, minimizing environmental impact,
and assessing the recycling compatibility of materials (e.g., SSEs in
combination with electrode materials). Therefore, developing com-
prehensive recycling strategies specifically tailored to ASSBs is an
essential area of research. Such efforts will contribute to the respon-
sible use of materials, efficient EoL management, and overall sus-
tainability of these batteries, aligning with broader goals related
to sustainability and a circular economy.

To develop a circular concept for ASSBs that emphasizes
full recyclability and reusability, the halide-based solid electrolyte
LisInCls presents a promising option. Recent research by Li
et al® highlights a water-mediated, one-pot synthesis method
for LisInCls. This method involves dissolving anhydrous LiCl and
InCl; in deionized H,0O, followed by evaporation and subsequent
thermal treatment at 200 °C under vacuum. Remarkably, this pro-
cess allows crystalline and stoichiometric LisInCls to be regenerated
after redissolution in H,O and subsequent water evaporation. After
an additional crystallization step, the material’s initial ionic conduc-
tivity (=2.05 x 1073S cm™") is recovered.®”’ This structural reversibil-
ity, without significant electrochemical performance deterioration,
motivates the exploration of its recycling potential. Incorporating
electrode materials into the recrystallization process increases its
complexity, necessitating the development of efficient separation
strategies. Furthermore, minimizing material loss (i.e., an increasing
recovery rate) would enhance the entire process’s sustainability and
economic viability.

Pyrometallurgy, hydrometallurgy, and direct recycling are
three conventional recycling methods.>**'” Among them, pyro-
metallurgy is likely to be of lower relevance for the recycling of
LisInCls due to potential cross-reactions with the electrode material
in the molten state, leading to the formation of oxychlorides.”
Hydrometallurgy involving acids and bases may not be applicable
in this context, as the use of strong acids (e.g., hydrochloric acid
(HCI), sulfuric acid (H,SO,), and nitric acid (HNO3)) is not required to
dissolve the SSE, thereby preventing undesired leaching of elec-
trode materials. Consequently, a direct recycling method, specifi-
cally a dissolution-based separation method, could be viable if the
SSE can be dissolved in H,0 and recrystallized while leaving the
undissolved electrode materials unaffected.

To support the integration of recycling strategies into the
battery design process, the compatibility and recyclability of
LisInCls with different commercially relevant oxide-based elec-
trode materials (e.g. Li,TisO;, (LTO), LiCoO, (LCO), LiMn,O,
(LMO), C-coated LiFePO, (C- LFP), LiNiggMno:C00,0, (NMC811),
and LiNipgC0q15Alo 050, (NCA)) during dissolution in H,O are
investigated in this article. Additionally, elemental, structural,
and electrochemical characterization of all materials before
and after separation are performed. Thus, reactive interactions
between Lis;InClg and individual electrode materials are identified
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for these idealized mixtures, (i.e., excluding components such as
the Li metal anode, current collectors, additives such as binding
material, and graphite). By this, we aim to provide insights into
the suitability of chloride electrolytes for direct recycling
approaches, while also highlighting potential limitations arising
from side reactions with oxides in aqueous solutions during
the recycling process.

2. Results and Discussion

2.1. Structural Characterization of Pristine Electrolyte and
Electrode Materials

The solid electrolyte LisInCls and the oxide- based electrode
materials (e.g., LTO, LCO, LMO, C-LFP, NMC, and NCA) were syn-
thesized as described in experimental section and characterized
using XRD and Rietveld analysis (see Figure Sla and S4,
Supporting Information).

LisInCls crystallizes in the monoclinic space group C2/m,
with lattice parameters a=6.41008(17)A, b=11.0782(3) A,
c=6.3833(2) A, and B =109.7807(2)°, consistent with previously
reports.® Layer-like structures with a honeycomb arrangement,
such as LisInCls, are known to exhibit stacking faults. Rietveld
analysis (see Figure S1a, Supporting Information) reveals a misfit
due to significant anisotropic broadening of specific reflections,
including (020),(110),(111),(021), and (111), indicating the
presence of stacking faults.'"'? Additionally, a broad triangular-
shaped increase in “background” intensity underneath this group
of reflections at low diffraction angles is typically associated with
stacking faults.'*'* While this feature has been reported in pre-
vious studies, it is not observed in the present measurements,
likely due to the use of a different radiation wavelength or its
correlation with reflections of the airtight sample holder.
Consequently, the structural analysis was carried out using the
model reported by Li et al.”® in which stacking faults were not
considered. Although not discussed further in this study, it should
be noted that all LisInCls samples exhibit stacking faults to some
degree. A detailed analysis of these defects, however, falls
beyond the scope of this work.

All electrode materials were synthesized with high purity, as
confirmed by Rietveld refinement (Figure S4, Supporting
Information). The calculated lattice parameters are summarized
in Table S3, Supporting Information.

2.2. Recrystallization Behavior of LisInClg

To confirm the reversibility of the formation of LisInClg after redis-
solution, the pristine LisInCls was dissolved in distilled H,O and
subsequently recrystallized. The recorded diffraction pattern
(see Figure S1b, Supporting Information) demonstrates that
LisInClg can be successfully recrystallized after redissolution in
H,O. Small changes in the lattice parameters were observed
(see Table S1, Supporting Information), which may originate from
subtle structural changes such as a low degree of Li-In disorder.
These structural changes cannot be accurately identified by
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diffraction analysis alone and necessitate complementary meth-
ods (see section 2.3.1).

2.3. Dissolution-Based Separation Process

After confirming the recovery of crystalline LisInCly after redisso-
lution, the process was extended to more complex conditions by
incorporating electrode materials (e.g., LTO, LCO, LMO, C-LFP,
NMC, and NCA). As described in the experimental section,
LisInCls was selectively dissolved in distilled H,O, allowing for
the separation of the undissolved electrode materials. The follow-
ing section examines the extent of interaction between the elec-
trolyte and different electrode materials during the recycling
process, providing insights into potential materials compatibility
and recovery efficiency.

2.3.1. Investigation of Recycled Electrolyte Materials

Figure 1a shows the diffraction patterns of the recycled LisInClg
after separation from different electrode materials and subsequent
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recrystallization. All diffraction patterns (see Figure S2, Supporting
Information) and the determined lattice parameters (see Table S1,
Supporting Information) confirm the successful recovery of crystal-
line LisInCls. Rietveld analysis reveals deviations in the lattice
parameters compared to those of the pristine sample. The relative
change in cell volume, in relation to the volume of the pristine sam-
ple, is given in Figure S3, Supporting Information. It was observed
that the cell volumes increased for all recycled electrolytes, except
for the recycled LisInClg, after separation from NCA. These variations
in lattice parameters may be attributed to ion-exchange processes,
which result in alternations in the Li-In-Cl ratio.

It is important to note that, in addition to the main phase, and
unlike dissolution-recrystallization of the pure electrolyte, LiCl is
observed as an additional impurity phase. Remarkably, the extent
of this impurity phase varies depending on the electrode material
from which the electrolyte was separated from (see Table S1,
Supporting Information). For instance, only a small amount of
LiCl is detected after separation from LTO, LCO, and LMO. A
higher fraction of LiCl is observed with Ni-rich electrode materials
(e.g, NMC and NCA). Notably, no additional LiCl formation was
detected with C-coated LFP. The presence of LiCl impurity within

(b)

* Li,TiO3 «Li,MnO; ¢ Fe,P,0;

NCA recycled

NCA pristine

‘ | NMC recycled

NMC pristine

C- LFP recycled

C- LFP pristine
13 Y IO e o S s

5
S,
E LMO recycled
- P
LMO pristine
) | P i
LCO recycled
R
x LCO pristine
ll A 4\ Mk
l LTO recycled
L i
LTO pristine
| 1 v
10 20 30 40 50 60 70 80
20 [°]

Figure 1. XRD patterns of a) pristine, redissolved, and recycled LisInCls after separation from different electrode materials and b) pristine and recycled elec-

trode materials.
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the recycled LisInClg suggests a potential loss and/or transfer of
indium from the electrolyte, resulting in incomplete recrystalliza-
tion of LisInCls. As discussed in section 2.3.2, the indium loss and/
or transfer occurs at the surface of the electrode materials.
Additionally, the varying amounts of LiCl impurity after the sepa-
ration of different electrode materials are described in more detail
in section 2.4.

In addition to the LiCl impurity phase, an unknown phase was
observed in recycled LisInCls, characterized by reflections at
20=14.27°, 1547°, 17.53°, 19.37°, 20.76°, and 26.14°. This phase
was particularly prominent in the recycled LisInClg after separation
from NCA. Although its exact composition remains unknown, this
impurity phase has been observed across multiple measurements.

A possible explanation for the additional phase is the forma-
tion of a metal oxy- or hydroxychloride under nonsaturated HCI
conditions. During recycling, this phase may arise from the reac-
tion between the halide and the oxide electrode, which exhibits
basic properties’>)(see section 2.4).

Further evidence supporting this hypothesis comes from
LisInClg synthesis under insufficient vacuum conditions, where
both LisInCls and the impurity phase were observed (see
Figure S5, Supporting Information). Higher pressure during heat-
ing (e.g., 0.060 vs. 0.017 mbar) could promote interaction with
ambient moisture, leading to partial hydrolysis and the formation
of a metal oxy- or hydroxychloride.

Alternatively, this phase may result from variations in the
Li-In-Cl ratio. A systematic study on stoichiometric variations
based on Lis_gdn; 5Cls (—0.5<x<0.5) showed that at
x = —0.1 (LizglnogClg), LizInClg, LiCl, and the impurity phase were
present (see Figure S7, Supporting Information).

Despite the inability to definitively identify this impurity
phase, an effort was made to quantify its relative phase fraction
in the recycled electrolytes by analyzing the integrated intensity
of the unidentified reflections (see Table S2, Supporting
Information) and relating it to the overall integrated intensity
of the identified crystalline phases. The results indicate that this
unknown phase has a significantly higher fraction in recycled
LisInClg after separation from NCA compared to other recycled
materials. This suggests that the interaction between the electro-
lyte and Ni-rich electrode materials is more pronounced during
recycling.

Further, the stoichiometric variation study of LisInClg shows
that when the composition becomes Li rich, the system forms
a mixture of Lis;InClg and LiCl, rather than a substochiometric
LisInCle. This aligns with the observations during recycling, where
indium from LisInClg is transferred to the electrode materials (as
confirmed by XPS findings reported in section 2.3.2 and ICP-MS
analysis in the next paragraph), leading to indium depletion in
the electrolyte. Consequently, LiCl forms as a secondary phase,
reflecting the Li-rich, In-deficient composition. These findings
suggest that LisInClg remains stable at its expected stoichiometry,
with LiCl forming when indium is lost during recycling.

To further verify the depletion of indium in the electrolyte
after the recycling process, ICP-MS analysis was conducted on
all LisInCle electrolyte samples. These measurements assessed their
detailed chemical compositions and identified potential cross-
contamination from recycling with different electrode materials
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(see Table S5-57, Supporting Information). All measurements were
normalized to lithium (or chlorine), revealing deviations in the
molar ratios of ions after recycling (see Table S6, Supporting
Information). A noticeable increase in lithium content in the recrys-
tallized fraction was observed, likely due to ion exchange pro-
cesses, such as Li/H™ exchange between the electrode material
and H,O. Li* ions from the electrode materials dissolve in
H,0">'819 and likely coprecipitate along with LisInCls during
recrystallization.

Consequently, the recycled LisInCls exhibits a higher lithium
content than the pristine material. This increase could result from
small compositional changes in the recrystallized LisInClg (in line
with slight lattice parameter variations) and/or residual LiCl. The
indium-to-chloride ratio decreases after recycling. Notably,
LisInCls separated from Ni-rich electrodes shows a lower indium
content compared to other electrode materials, suggesting sig-
nificant indium losses during the recycling process.

Moreover, transition metal (TM) dissolution occurs during
recycling in H,O, a phenomenon that had been previously
reported for oxide-based electrode materials in other stud-
ies.'>1819 |n this study, during the recycling process, Mn ions
(=0.09%) from LMO and Fe ions (=0.02%) from C-LFP were
detected in the recycled LisInCls. Increased amounts of TMs
are found in LisInClg recycled from NMC and NCA, with 0.02%
Ni ions detected after separation from NMC and, 0.12% Ni ions,
0.05% Co ions, and 0.22% Al ions detected after separation from
NCA. The dissolution of Co ions from NCA is visually apparent,
evidenced by a blue discoloration at the bottom of the flask upon
evaporation (see Figure S6, Supporting Information). This discol-
oration can be attributed to the transferred cobalt species. Thus,
the ICP-MS analysis of pristine, redissolved, and recycled LizInClg
after separation from different electrode materials highlights sig-
nificant compositional changes and different Li-In-Cl ratios, with
the dissolution of Li and TM ions from different electrode materi-
als partially acting as dopants in the recycled electrolyte.

As derived from the analysis of the diffraction patterns (see
Figure 1a), structural and compositional changes can occur on
recrystallization in the presence of different electrodes. SEM
imaging was performed to assess the potential impact on the
materials morphology. Figure 2 presents SEM images illustrating
the morphology of pristine, redissolved, and recycled LisInClg
after separation from different electrode materials. The particle
size distribution of all samples was analyzed using statistical
parameters, including the average particle size (d..) and the
modal particle size (d.), as shown in the histograms in
Supporting Information (Figure S8, Supporting Information).

The pristine LisInClg (Figure 2a) exhibits agglomerated par-
ticles with irregular shapes and a multimodal particle size distri-
bution. The redissolved LisInClg (Figure 2b), along with the
recycled LisInClg after separation from LTO, LCO, LMO, and C-
LFP (Figure 2c-f), displays morphologies that are largely consis-
tent with the pristine material. Although all samples underwent
identical H,O evaporation and recrystallization conditions, dis-
tinct differences emerge in the recycled LisInCly after separation
from NMC (Figure 2g) and NCA (Figure 2h). Both samples exhibit
increased particle agglomeration, forming larger clusters with a
more compact structure compared to the pristine material.

© 2025 The Author(s). Batteries & Supercaps published by Wiley-VCH GmbH
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Figure 2. SEM images of a) pristine LisInCls, b) redissolved LisInClg, recycled LisInClg after separation from c) LTO, d) LCO, e) LMO, f) C-LFP, g) NMC, and

h) NCA.

These morphological variations correlate with the particle size
distribution data. While pristine, redissolved, and recycled LisInCls
separated from LTO, LCO, LMO, and C-LFP exhibit relatively nar-
row particle size distributions, samples separated from NMC and
NCA display broader distributions with increased d,.. and d,,
suggesting that interactions during the recycling process influ-
ence recrystallization behavior of LisInCls.

The increased agglomeration in these samples may be attrib-
uted to the dissolution of TMs (e.g., Ni, Mn, Co, Al) during the
recycling process, as confirmed by ICP-MS measurements
(Table S6, Supporting Information). These dissolved TMs likely
impact the recrystallization behavior, altering nucleation and
growth,”? which leads to significant morphological changes
compared to LisInClg separated from other electrode materials.

This increased degree of agglomeration could potentially
impact the electrochemical properties of the recycled electrolyte
(see section 2.5.1).

2.3.2. Investigation of Recycled Electrode Materials

The preceding results indicate that interactions between the solid
electrolyte and electrode materials occur during the dissolution-
based separation process. The diffraction patterns of the recovered
electrodes are analyzed to assess whether these interactions have
induced degradation in the electrode materials, as shown in
Figure 1b and Figure S4, Supporting Information. The electrode
materials exhibit minimal changes in their diffraction patterns
compared to the pristine material, with only slight variations of lat-
tice parameters observed, as detailed in Table S2, Supporting
Information. As described earlier, the presence of LiCl in the
recycled electrolyte indicates that indium ions might be transferred
to the electrode materials during the dissolution process. The
absence of crystalline In-rich impurity phases in the diffraction pat-
terns of both the recovered electrolyte and the electrode materials
indicates that the indium may be present in an amorphous phase
within the materials, adsorbed on the surface of the individual elec-
trode materials forming surface layers or through partial substitu-
tion of TM ions from the electrode materials with In** ions. The
minimal changes observed in lattice parameters between the
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pristine and recovered electrode materials further support that
the crystalline phase remains largely unchanged, indicating that
any topochemical ion exchange reactions are likely confined to
the particles surfaces or regions near the surface’' rather than
occurring homogeneously throughout the bulk.

Given that XRD is not surface sensitive, XPS was employed to
investigate the surface characteristics of both the pristine and
recycled electrode materials. The primary focus of this analysis
was the In 3d spectrum, aiming to assess the formation of
indium-rich layers or precipitates on the electrode surface during
recycling. Additionally, the chemical states of TMs were examined
to identify surface-related changes indicative of potential degra-
dation process.

Figure 3 presents the In 3d XP spectra of recycled electrode
materials, showing two distinct peaks corresponding to In 3ds,,
and In 3ds,, peaks. These are attributed to In-O species (e.g.,
indium oxide (In,05)), with an energy separation of =7.5 eV, con-
sistent with values reported in literature.**?® The layered elec-
trode materials (e.g., LCO, NMC, and NCA) exhibit additional
indium-containing species, including In-OH (e.g., In(OH);)****
and In-Cl (e.g., InCl3),?>** indicating the presence of these spe-
cies at the surface, in contrast to spinel-type (e.g., LTO and LMO)
and olivine-type materials (C-LFP). This observation aligns with
the increased amounts of LiCl alongside the targeted LisInClg
phase, as shown in Figure 1a and discussed in the previous sec-
tion. The mechanism underlying the formation of the In-rich sur-
face layer is further elaborated in section 2.4.

After confirming the indium transfer to the electrode materi-
als, XPS analysis was extended to TM 2p spectra (Figure 4) to eval-
uate surface degradation induced by the recycling process. The
main TM 2p spectra are presented in Figure 4, while additional
spectra for other TMs, as well as Li 1s, and O 1s, can be found
in the Supplementary Information (Figure S9-S11, Supporting
Information).

For pristine LTO, the Ti 2ps,, peak at 459.4 eV corresponds to
the Ti*" (see Figure 4a), with additional lower binding energy
peaks at 457.7 and 455.6 eV assigned to Ti*" and Ti*", respec-
tively. These reductions likely result from Ar ion-induced damage
during sputter cleaning before the analysis, as previously
reported.?¥ In the recycled LTO sample, the Ti 2ps,, peak position
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Figure 4. XPS comparison of TM core level of pristine and recycled: a) LTO, b) LCO, c) LMO, d) C-LFP, e) NMC, and f) NCA.

remains unchanged, indicating the preservation of Ti**. However,
the increased intensity of the Ti*™ and Ti*" peaks suggests a
higher degree of titanium reduction. Despite this observation,
the intrinsic stability of Ti*" renders its reduction during recycling
unlikely. Furthermore, no significant shifts are observed in the O
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1s (Figure S9a,b, Supporting Information) and Li 1s spectra (Figure
$10a, Supporting Information), indicating minimal changes in the
lithium and oxygen chemical states.

For pristine LCO, the Co 2ps,, spectrum displays a peak at
780.0 eV, corresponding to a mixed Co*"/Co*" oxidation state
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(Figure 4b), attributed to Cos;0, precursor materials.?* In the
recycled sample, no peak shift is observed. However, peak broad-
ening suggests the reduction of Co®*" to Co?", potentially due to
Co(OH),*® formation on the surface. This is further supported by
the broadening observed in the O 1s spectrum (Figure S9c,d,
Supporting Information). Additionally, the Li 1s spectrum
(Figure S10b, Supporting Information) shows a peak shift from
54.5 eV in the pristine sample, indicative of surface LiOH, Li,O,
and Li,COs, to 56.1 €V in the recycled sample, consistent with
LiCl formation due to surface modification.

For pristine LMO, the Mn 2ps/, peaks range from =640.3 to
643.9 eV, indicating mixed Mn?>*, Mn®**, and Mn** oxidation states
(see Figure 4c). After recycling, the peaks shift toward higher
binding energies (642.3 eV), suggesting an increase in Mn*" at
the surface. This indicates that Mn*>* disproportionation occurred
under aqueous conditions,”®” leading to Mn dissolution, as con-
firmed by ICP-MS. Some dissolved Mn ions may have reprecipi-
tated as Mn(OH),,*® as indicated by O 1s broadening (Figure S9ef,
Supporting Information), although oxidation remains the domi-
nant surface transformation?”’ The Li 1s spectrum remains
unchanged (Figure S10c, Supporting Information).

For pristine C-LFP, the Fe 2ps/, peaks appear at =710.9 and
724.7 eV, corresponding to Fe*"/Fe*" oxidation states (see
Figure 4d). After recycling, peak broadening, suggests possible
surface modifications, such as hydroxylation, which is further sup-
ported by changes in the O1s spectrum (Figure S9g,h, Supporting
Information). Additionally, a new peak emerges at 704.2 eV, cor-
responding to In 3p;,,. The P 2p spectrum, centered at 133.2 eV,
remains consistent with P—O bonding in both pristine and
recycled samples (Figure S11a, Supporting Information), while
the Li 1s core-level spectrum shows no detectable changes after
recycling (Figure S10d, Supporting Information).

For pristine NMC in Figure Te, the Ni 2ps/, peaks exhibit bind-
ing energies ranging from =855.3 to 857.9 eV, corresponding to
NiO, with the latter peak suggestive of a hydroxide species (e.g.,
Ni(OH), or NiOOH).**3" Additionally, an unidentified fluorine-
related peak at =849.7 eV is observed. This peak can be attributed
to F1s signal and its Auger peaks at 832.0 and 858.9 eV, the latter
overlapping with Ni2ps, peak. After recycling, the spectrum
shows a single peak at 855.4 eV, attributed to a hydroxide species.
The Mn 2p and Co 2p spectra remain largely unchanged (see
Figure S11b,c, Supporting Information) but display broadening,
likely due to overlap with Ni LMM-2 Auger lines.*® No significant
changes are observed in the Li 1s and O 1s spectra (see Figure
S10d,e, Supporting Information).

For pristine NCA, the Ni 2p3/, spectrum shows peak at 855.1 eV
likely corresponds to Ni(OH),.2" (see Figure 4f). After recycling,
broadening of the Ni 2ps, is observed, supported by the broaden-
ing in O 1s spectra (Figure S9k,SI, Supporting Information). No sig-
nificant binding energy shifts are observed in Co 2p (Figure S11d,
Supporting Information) and Al 2p (Figure S11e, Supporting
Information) spectra for recycled NCA. However, noticeable peak
broadening suggests surface-level modifications. Furthermore,
the Li signal in Li 1s (Figure S10f, Supporting Information) is signifi-
cantly reduced after recycling, which may be attributed to the dis-
solution of Li ions.
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Overall, the combination of XRD and XPS results demon-
strates that the recycling process primarily affects the surface
properties of electrode materials while largely preserving their
bulk chemical states. Surface modifications, including the forma-
tion of hydroxides, halides, and changes in oxidation states, high-
light the importance of understanding and mitigating surface
degradation during recycling (see section 2.4).

Although XRD detected no structural differences in the elec-
trode materials before and after recycling, XPS revealed notable
surface alterations. To assess whether these surface changes
affect the overall morphology, SEM analysis was conducted
(Figure 5). The results indicate negligible changes in morphology
between pristine and recycled electrode materials.

Additionally, it is worth noting that the recovery of LFP is highly
sensitive to variations in processing steps, with significant differ-
ences observed depending on the synthesis method employed
(solid-state synthesis vs. sol-gel process). Specifically, when LFP
is synthesized via the sol-gel method, a carbon coating is applied,
as confirmed by TEM analysis (Figure S13, Supporting Information).
This carbon layer plays a pivotal role in modulating the recycling
outcome, as indicated by diffraction analysis, where larger
amounts of additional LiCl phase are observed alongside LisInClg
for noncoated LFP. In addition, noncoated LFP undergoes partial
decomposition during the dissolution-based separation process, as
shown in the Supporting Information (see Figure S12, Supporting
Information) based on two separate experimental batches. This
results in the formation of additional phases, including FePO,,
Fes0,4 FeO, and other unidentified phases. Moreover, in addition
to the desired LisInClg phase, a detectable amount (ranging from
3.63 to 7.66 wt%) of LiCl is observed. A comparative analysis of the
diffraction patterns (Figure 1a vs. Figure S12, Supporting
Information) suggests that the carbon coating may mitigate the
interaction between LizInCls and the electrode material. In strong
contrast to this, complete recrystallization of LisInCl is observed
following the separation of LisInCls from C-LFP. However, XPS
measurements (Figure 3d) still reveal the presence of indium spe-
cies on the particle surfaces, indicating that some degree of inter-
action persists despite the carbon coating. These findings
underscore the potential of surface modification, induced by spe-
cific coatings, to influence the interactions between electrode
materials and solid electrolytes. The implementation of such sur-
face modifications may represent a promising strategy to enhance
the recycling efficiency of both the electrolyte and electrode
materials.

Furthermore, it is essential to note that storing of the synthe-
sized electrode materials in an Ar-filled glovebox is relevant for
the quality of the recrystallized LisInClg (see section 2.4). When
electrode materials were exposed to ambient air for a certain
period prior to recycling, a higher amount of LiCl within the
recrystallized LisInClg structure is detectable. For instance,
LizInClg in combination with LTO, stored in ambient air after syn-
thesis (=1-2 weeks), shows a significantly larger LiCl phase frac-
tion within the recycled sample compared to storage under
Ar-atmosphere after synthesis. As illustrated in Figure S14,
Supporting Information, the LiCl formation results in a higher
phase fraction of LiCl (14.74 wt%), compared to the LTO sample
stored in the Ar-filled glovebox (0.92 wt%). This increase is likely
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Figure 5. SEM images of pristine and recycled electrode materials: a) pristine LTO, b) recycled LTO, c) pristine LCO, d) recycled LCO, e) pristine LMO,
f) recycled LMO, g) pristine C-LFP, h) recycled C-LFP, i) pristine NMC, j) recycled NMC, k) pristine NCA, and |) recycled NCA.

associated with CO, absorption processes from the air, leading
to the formation of Li,COs; and further promoting the Lewis
acid-base mechanism, described in section 2.4.

2.4. Deriving the Interaction Mechanism of Oxides in
Aqueous LisInClg Solutions

XPS characterization confirms the formation of an In-rich layer on
the surface of the electrode materials, indicating interactions
between oxide-based electrode materials and the solid electro-
lyte LizInCly dissolved in H,O. To elucidate the underlying mech-
anism (see Figure 6), the reaction processes of oxide-based
electrode materials in H,O and the dissolution behavior of
LisInClg in H,O are examined.

Upon contact with H,0, the surfaces of oxide-based materials
develop a charge due to deprotonation of functional groups at
the solid/liquid interface.'**>33 Active electrode materials (e.g.,
LTO, LCO, LMO, C-LFP, NMC, and NCA) undergo a lithium-proton
exchange mechanism (Li*/H*) at their surfaces, leading to the

Batteries & Supercaps 2025, 8, €202500189 (8 of 16)

formation of lithium hydroxide (LiOH), when immersed in aqueous
solution, creating a basic solution (pH > 7).'>'” pH measurements
(see Table S8, Supporting Information) confirm basic behavior
across all active materials, and Ni-rich electrode materials show
higher pH levels compared to others, consistent with literature
findings.'*1®

The surface charge of electrode particles was determined
via zeta-potential measurements (see Table S8, Supporting
Information), which indicated a negatively charged particle sur-
face. This negative charge is likely a result of cation dissolution
(likely Li* ion), followed by proton adsorption, leading to the
formation of hydroxyl groups.

Upon dissolving LisInClg in water, the ions (e.g., Li*, In®*, CI7)
become hydrated and build individual solvation shells. In** acts
as a Lewis acid, forming an aqua complex in water [In(H,0)¢]*>",
which can undergo n deprotonation steps to form the hydro-
lyzed species [In(H,0)s_n(OH),]®~ ™, eventually leading to
the formation of In(OH);. The mechanisms can be described
as follows.®*
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Figure 6. Schematic illustration depicting the underlying degradation
mechanism. LisInClg is dissolved in H,0O, dissociating into ions, while the
electrode materials are dispersed in H,0. Li*, In®*", and CI~ ions surround
the electrode particles. The recycling process follows a Lewis-acid and
Lewis-base reaction mechanism, where hydroxyl groups on the oxide
surface generate negatively charged particles acting as Lewis bases. These
particles attract Lewis-acid In®** ions, leading to the precipitation of In(OH),.
Li™ and TM ions dissolve, and In** may potentially replace these lattice
positions.

In**+6H,0 0
— In(H,0)%" (Hydrations respective dissolution process)

In(H,0)3* — In(OH), (H,0)$" 4 nH*

o Hydrolysis 2)

In(OH); + 3H,0 — In(OH); | +3H*

Thus, interactions during the recycling process are consistent
with a typical Lewis-acid and Lewis-base reaction mechanism. At
the surface of the oxide, hydroxyl groups are formed, resulting in
a negatively charged particle surface that behaves as a Lewis
base. Surrounded by them, solvated ions (e.g., Li*, In**, CI") origi-
nating from LisInClg interact with these locally altered pH condi-
tions. pH of a pure LisInClg solution is =4, meaning that within an
acidic solution, localized basic conditions emerge around the par-
ticles of the electrode material. The Lewis-acid In®" is attracted to
the negatively charged particle surface, and the proximity of the
In** ion and the elevated pH at the particle surfaces promotes the
precipitation of In(OH); or other In-OH species on the particle
Sul'face.[35'36]

The extent of In(OH); precipitation increases with the pH of
the electrode material until the particle surface becomes neutral.
In addition to the In(OH); phase, other chemical species repre-
sented by phases such as In,0s, InOCl, and InCl; can form due
to the specific chemical nature of the electrode material. In,05
and InOCl can be obtained through dehydration of In(OH);
and In(OH),Cl (see Equation (3) and (4)), respectively.

2In(OH); — In,0,+3H,0 3)
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In(OH),Cl — InOCl + H,0 (4

Given that the recovered electrode material is not subjected
to additional heat treatment after filtration, the formation of In,05
and InOCl species may also partly originate from the high vacuum
conditions applied during XPS measurements. During the recy-
cling process, in addition to the Li*/H™ exchange mechanism,
TMs from the electrode materials may dissolve into water, allow-
ing In*" ion to replace a TM in the lattice near the particle surface.
Due to the higher solubility of the Li* cation compared to In*"
cation, only indium precipitates under these conditions. This
behavior can be attributed to the higher charge of indium, which
results in the formation of less soluble compounds, while lithium
remains in solution.®” Further, lithium usually precipitates in the
form of LiOH and Li,COs at higher pH levels of 13-14 and, or high
lithium concentrations, which could explain why Li is not precipi-
tating along with In.*®

According to this mechanism, the variation in the amount of
LiCl in the recycled LisInClg is influenced by the basicity of the
environment surrounding the electrode surface. This effect is par-
ticularly evident in Ni-rich electrode materials and in electrode
materials with Li,CO; present on the particle surface, which
promote enhanced indium precipitation. The significant loss
of indium to the electrode surface leads to insufficient indium
concentration in the solution, disrupting the Li-In—-Cl stoichiom-
etry. This imbalance prevents the complete recrystallization of
LisInCls, thereby facilitating the formation of LiCl as an impurity.

2.5. Effect of Interactions on Electrochemical Properties

As demonstrated in section 2.3, significant interactions occur
between the electrolyte and electrode materials during recycling.
In this section, a systematic comparison of pristine and recycled
electrolyte and electrode materials is conducted to evaluate the
impact of these interactions on electrochemical properties. EIS
was employed to analyze all electrolyte materials, while galvano-
static cycling, rate capability studies, and CV were performed on
the electrode materials to assess variations in electrochemical
performance.

2.5.1. lonic Conductivity of Electrolyte Materials

Figure 7a,b displays the Nyquist plot and ionic conductivities at
25 °C of pristine, redissolved, and recycled LisInCls after separa-
tion from different electrode materials. In all cases the Nyquist
plots exhibit a single semicircle at high frequencies, indicative
of bulk ion conduction, while a capacitive response is observed
at low frequencies across all samples, reflecting a blocking effect
for the Li* at the gold-sputtered electrodes. The impedance data
were fitted using an equivalent circuit model consisting of one R-
CPE (R = resistor, CPE = constant phase element) and a CPE ele-
ment connected in series for bulk ion conduction and capacitive
response, respectively.

The ionic conductivity of pristine LisInCle, as determined from
the fitting, is 9.68 x 107*Scm™', which is slightly lower than the
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Figure 7. a) Nyquist plot and b) ionic conductivity at 25 °C of pristine, redissolved, and recycled LisInCls after separation from different electrode materials.

previously reported value of 2.05 x 1073 S cm~""® This difference
in ionic conductivity can be attributed to factors such as
variations in powder and pellet preparation,®*® morphology,“”
pressing conditions, and slight atmospheric differences within
gloveboxes.”*" However, these variations do not result in a signifi-
cant discrepancy. More notable may be potential relative changes
in ionic conductivity that may arise due to the recycling process.

The higher ionic conductivity observed for pristine LisInCls com-
pared to the redissolved sample (4.23 x 107*S cm™') may be attrib-
uted to subtle structural changes, as indicated by refined lattice
parameters (see Table S1, Supporting Information). These changes,
potentially involving a low degree of Li-In disorder, could influence
Li-ion transport by altering the distribution of mobile Li* species
and modifying the local ionic pathways. Despite the successful
recrystallization confirmed by XRD, the reduction in ionic conduc-
tivity suggests that the redissolution still affects Li* ion mobility.

More broadly, redissolution has a distinct impact on the ionic
conductivity of LisInCls with further variations observed in
recycled samples, where the extent of deviation in ionic conduc-
tivity from that of the redissolution depends on the specific elec-
trode materials from which LisInClg was separated. Impedance
spectroscopy data, supported by Rietveld analysis of XRD data
(see Figure 1a), indicate that interactions between LisInCls and
electrode materials during recycling are generally disadvanta-
geous, leading to the formation of undesirable phases, such as
LiCl and other unidentified phases. The impact of these impurities
on the ionic conductivity is shown in Table 1. A correlation
between the concentrations of LiCl and impurity elements, as
determined by ICP-MS analysis, and the measured ionic conduc-
tivity values is observed.

For recycled LisInClg after separation from LTO, the ionic con-
ductivity remains comparable to that of the redissolved sample,
indicating minimal impact from this electrode material. In con-
trast, recycled LisInClg, after separation from LCO, LMO, and C-
LFP, exhibits a reduction in ionic conductivity, likely due to the
presence of impurity phases, as revealed from Rietveld analysis
of XRD data, and the incorporation of TM elements from the elec-
trodes, as evidenced by ICP-MS analysis. The most pronounced
decline in ionic conductivity is observed for nickel-rich electrode
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Table 1. Influence of structural (XRD) and compositional (ICP-MS) variations

on the ionic conductivity of LisInCls. The table summarizes the impurity

weight fraction, elemental impurities, and their correlation with the

measured ionic conductivity values.

Material XRD Analysis ICP-MS Analysis lonic Conductivity

«[Sem™!

LisInClg  LiCl Elemental Impurity O2secl ]
[wt%]  [wt%] [wt%]

Pristine 100 - - 9.68 x 107

LisInClg

Redissolved 100 - - 436 x107*

LisInClg

Recycled LisInCls separated from

LTO 98.84 1.16 - 422 x10°*

LCO 96.60 340 - 234 x 107

LMO 99.36 0.64 0.09 Mn 291 x 107*

C-LFP 100 - 0.01-0.02 Fe 154 x10°*

NMC 91.81 8.19 0.02 Ni 136 x 10°*

NCA 84.50 15.50 0.12 Ni, 0.04-0.05 Co, 923 x 10°°

0.20-0.21 Al

materials (e.g., NMC and NCA). This substantial decrease in ionic
conductivity is likely attributable to a combination of impurity
phases, compositional alterations, and changes in morphology
or microstructure, particularly due to the agglomeration of par-
ticles within the recycled material.

While the individual contributions of elemental purity, crystal-
linity, and the presence of impurity phases (e.g., variation amount
of LiCl, unknown phase) to the overall conductivity cannot be pre-
cisely deconvoluted, the findings of this study suggest that their
interactions can, though not necessarily, result in complex varia-
tions in conductivity.

2.5.2. Voltammetric and Galvanostatic Assessment of Electrode
Materials

Given the compositional changes from XPS analysis, the impact of
these surface impurities on electrochemical performance was
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further investigated. CV, galvanostatic cycling, and rate capability
studies were conducted on both pristine and recycled electrode
materials. For these experiments, half cells were constructed with
electrode materials paired against lithium metal and a liquid
electrolyte.

Figure 8 presents the CV spectra for both pristine and
recycled electrode materials, with the corresponding oxidation
and reduction potentials summarized in Table S9, Supporting
Information. Figure 9 shows the rate capability study and the cal-
culated Coulombic efficiency from the galvanostatic cycling of all
pristine and electrode materials at varying C-rates of C/10, C/5, C/
2, and C, with additional cycling data provided in Figure S15,
Supporting Information.

The CV comparison for the LTO electrode (Figure 8a) reveals
well-defined, reversible redox peaks, demonstrating enhanced
stability and increased redox currents in the recycled sample
compared to the pristine material, suggesting improved elec-
trode kinetics after recycling. This observation is further sup-
ported by galvanostatic cycling data (Figure 9ab, and Figure
S15a,b, Supporting Information), which indicate higher initial
capacities for the recycled LTO sample relative to the pristine
counterpart. Moreover, the rate capability study confirms the
improved performance of the recycled material, which is main-
tained even after extended cycling. A similar trend is observed
for the C-LFP electrode, where CV analysis (Figure 8d) reveals
well-defined, reversible redox peaks at higher currents and supe-
rior stability over ten cycles in the recycled sample compared to
the pristine material. This behavior is further validated by the gal-
vanostatic and rate capability studies (Figure 9g,h, and Figure
S15g,h, Supporting Information), which indicate enhanced capac-
ities for the recycled C-LFP electrode.

The observed improvements in both capacity and overall rate
capability for recycled LTO and C-LFP electrodes compared to
their pristine counterparts are likely attributed to the presence
of In,03 on the electrode surface, as confirmed by XPS analysis
(see Figure 3). This impurity phase appears to enhance electro-
chemical performance, consistent with previous studies,**** in
which In,0; was intentionally applied as a surface coating on
cathode materials. These studies suggest that an In,O; surface
layer may function as a buffering interface, improving elec-
trode-electrolyte interphase stability and enhancing electro-
chemical performance. Additionally, the In,0; coating may
contribute to increased electrochemical activity by providing
additional active sites and facilitating more efficient Li* diffusion.

In contrast, XPS analysis of the recycled LMO electrode reveals
surface modifications (Figure 3c), including the presence of In,05
and In(OH);. While similar surface modifications improved the
electrochemical performance of recycled LTO and C-LFP, the
CV comparison between pristine and recycled LMO (Figure 8c)
indicates that these benefits are less pronounced for LMO.
Although the electrode retains structural stability after recycling,
a decrease in redox current is observed, suggesting a reduction in
capacity, as supported by galvanostatic and rate capability stud-
ies (Figure 9¢,f and Figure S15e,f, Supporting Information). The
reduced redox activity and capacity retention may be attributed
to the findings of XRD and XPS analysis. XRD results reveal the
formation of a small amount of a Li,MnO; phase alongside the
primary LiMn,O, phase in the recycled sample. Additionally,
ICP-MS analysis confirms Mn ion dissolution from the electrode
material. XPS analysis further indicates changes in the chemical
composition of LMO, evidenced by a shift to higher binding ener-
gies in the Mn 2p spectrum, suggesting an increased proportion
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Figure 8. CV comparison spectra of pristine and recycled: a) LTO, b) LCO, c) LMO, d) C-LFP, e) NMC, and f) NCA.

Batteries & Supercaps 2025, 8, €202500189 (11 of 16)

© 2025 The Author(s). Batteries & Supercaps published by Wiley-VCH GmbH

European Chemical
Societies Publishing


http://doi.org/10.1002/batt.202500189

Batteries & Supercaps

Research Article
doi.org/10.1002/batt.202500189

Chemistry
Europe

European Chemical
Societies Publishing

of Mn in the 44 oxidation state, which may negatively impact
electrochemical performance.

A more pronounced effect on electrochemical properties
is observed when InCl; is present on the particle surface
(Figure 3cef), as seen in layered structures (e.g, LCO, NMC, and
NCA). The CV comparison of LCO (Figure 8c) reveals a significant
reduction in redox currents, broadening of redox peaks, and pro-
gressive peak shifts with cycling, indicating deteriorating electrode
kinetics and progressive surface degradation over continuous
cycling. These effects suggest a higher-energy barrier for redox reac-
tions, as reflected by higher redox potentials, indicating hindered
charge transfer kinetics and reduced overall charge-transfer effi-
ciency. Furthermore, the broadening of the redox peaks implies
slower charge transfer dynamics and lower reversibility of the redox
processes. The reduction in peak current correlates with a loss in
electrochemical capacity, emphasizing material degradation after
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recycling. These negative impacts are further shown by galvano-
static cycling and rate capability data (see Figure 9¢,d and Figure
S15¢,d, Supporting Information), which demonstrate a continuous
loss in both capacity and stability with each cycle.

These effects are even more pronounced in the CV compar-
ison of NMC (Figure 8e) and NCA (Figure 8f), where a substantial
decline in redox activity is observed. XPS analysis reveals a
higher concentration of InCl; on the surface, suggesting a more
severe impact on electrochemical performance. However, it is
important to note that InCl; may dissolve from the surface
during cycling, interacting with the electrolyte and altering
electrochemical behavior. Consequently, the recycled NMC
(see Figure 9i,j and Figure S15i,j, Supporting Information) and
NCA (see Figure S9k,| and Figure S15k,l, Supporting Information)
electrodes exhibit significantly reduced capacities and dimin-
ished redox reactivities, highlighting the negative influence of
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Figure 9. Rate capability study and Coulombic efficiency of pristine and recycled electrode materials: a) pristine LTO, b) recycled LTO, c) pristine LCO,
d) recycled LCO, e) pristine LMO, f) recycled LMO, g) pristine C-LFP, h) recycled C-LFP, i) pristine NMC, j) recycled NMC, k) pristine NCA, and |) recycled NCA.
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Figure 9. Continued.

InCl; on charge transfer kinetics and overall electrode stability.
Halides, including InCls;, are highly soluble in organic liquid
electrolytes, and their dissolution leads to interactions with elec-
trolyte component during lithiation/delithiation, resulting in
a complex electrochemical behavior poor electrochemical
performance."4

These findings indicate that the presence of InCl; on the elec-
trode surface adversely affects electrochemical performance, in con-
trast to the beneficial effects observed with In,O;. Future
investigations would be valuable to assess how InCls;, present in
recycled electrode materials, influences their cycling behavior in
solid-state cells, particularly considering the observed poor electro-
chemical performance in half-cells with organic liquid electrolytes,
where InCl; exhibits reactivity with the electrolyte. Such studies
could provide deeper insights into the role of InCl; in solid-state
battery systems and are planned for future investigations.
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3. Conclusion

This study demonstrates that LisInCls can be effectively separated
from different electrode materials (e.g., LTO, LCO, LMO, C-LFP, NMC,
NCA). Notably, interactions between the solid electrolyte and elec-
trode materials vary, with significantly greater reactivity observed
for Ni-rich electrode materials. The recycling process follows a
Lewis base-acid interaction mechanism, forming of In-containing
phases (e.g., In-O, In-OH, and In-Cl species) via precipitation or
ion exchange on electrode surfaces. Additionally, TM ions leach
from the electrode framework into the LisInCly solution and are
incorporated into the LisInCls structure after recrystallization. The
presence of LiCl, unidentified secondary phases, and the extent
of TMs incorporation into the LisInCly lattice significantly influence
its ionic conductivity, generally resulting in an electrochemical per-
formance degradation compared to the pristine electrolyte.
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Despite achieving high-purity electrode recovery, the pres-
ence of indium-based impurities can either enhance or degrade
the electrochemical performance of the electrodes, highlighting
the need for post-processing to restore optimal electrochemical
properties. Future efforts should focus on optimizing separation
conditions and purification techniques to improve the reusability
of LizInCls and enhance the cycling stability of recovered elec-
trode materials.

These findings highlight the importance of integrating recy-
clability considerations into solid-state battery development pro-
cesses to advance circular economic strategies for ASSBs. By
improving recycling strategies and material recovery processes,
this study contributes to advancing sustainable energy storage
solutions for next-generation technologies.

4. Experimental Section

Synthesis of LisInClg

LisInClg was synthesized via a water-mediated synthesis route.”
Stoichiometric amounts of anhydrous LiCl (Thermo Fisher Scientific,
98+%) and anhydrous InCl; (Thermo Scientific, 99.99%) were
weighed inside an Ar-filled glovebox. Distilled H,O in a ratio of
1 mL per 1 g was added and stirred for 15 min. The water was evap-
orated under continuous stirring inside an oil bath heated at 100 °C
for 3 h, leading to a powder containing crystal water. The powder
material was scraped out of the beaker and then ground using mortar
and pestle. The powder was subsequently heated at 200 °C under
vacuum for 8 h.

Synthesis of Electrode Materials

Li,TisOq, (LTO), LiCoO, (LCO), LiMn,O4 (LMO), LiNiggMng;C00,0,
(NMC), and LiNiggC0¢.15Al0050, (NCA) were synthesized by solid-
state reaction using Li,CO; (Alfa Aesar, 99%), TiO, (Thermo
Scientific, 99.6%), Co;0, (Thermo Fisher Scientific, 99.7%), MnO,
(Alfa Aesar, 99.9%), NiO (Thermo Fisher Scientific, 99%), MnO
(Sigma Aldrich, 99%), and Al,O; (Alfa Aesar, 99%) as precursor
materials. Stoichiometric amounts of the respective oxides were
mixed at 300 rpm for 3 h via ball milling in a 25mL ZrO, milling
jar with 10 ZrO, balls (diameter of 10 mm). For the milling process,
isopropanol was used as a dispersant. The mixtures were calcined at
800-900 °C (heating and cooling rate of 3°Cmin~") in an Al,O;
crucible between 10 and 12 h in ambient air. Additionally, an excess
in Li,CO3 of 10 wt% was added to the mixture to compensate for
the loss of Li during thermal treatment. Carbon-coated LiFePO,
(C-LFP) was synthesized via the sol-gel method,"** using stoichio-
metric amounts of NH,H,PO, (Alfa Aeasar, 98%), Fe(NOs); - 9 H,0O
(VWR Chemicals, 99%), and LiNO; (Alfa Aesar, 99%), which were
mixed in distilled water under continuous stirring. Citric acid
(Sigma Aldrich, 99%) was added into the solution as a dispersant
and carbon source, retaining a final carbon content of 4 wt%.
Finally, ethylene glycol (Acros Organics, 99.5%) was added as a
complexing agent to obtain a molar ratio of ethylene glycol to
Fe ions of 1:1. The sol was homogenized and heated to 80 °C under
constant stirring to evaporate the excess water and to form the gel.
The dried precursor was decomposed at 400 °C (heating and cooling
rate of 3°Cmin~") under Ar for 6 h, followed by intermediate hand
grinding using a mortar and a pestle. After intermediate grinding,
an additional heat treatment at 700 °C for 12 h with a heating rate
of 5°C min~" was conducted under an Ar atmosphere to obtain the
C-LFP.
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Dissolution-Based Separation Processes

Equal amounts of pristine LisInCls and one of the above-given elec-
trode materials (typically 0.75 g each) were mixed using mortar and
pestle within an Ar-filled glovebox, forming a model black mass used
for separation experiments. The mixture was transferred into a glass
beaker and mixed with distilled H,O in an ambient atmosphere. The
resulting suspension was stirred for =15 min, followed by filtration of
the suspended particles using filter paper (Carl Roth GmbH + Co. KG,
Rotilabo -roundfilters, type 115A). The residue was rinsed thrice with
distilled H,0, dried in air, and stored in the glovebox. The filtrate was
filtered a second time using a syringe filter (Sigma Aldrich, hydro-
philic PTFE 0.2 pm Membrane), to remove residual electrode particles
that passed through the filter paper. Afterward, the H,O was evapo-
rated at 100 °C under continuous stirring. The obtained powder was
ground and further dried under vacuum at 200 °C for 8 h.

X-ray Diffraction

The structural analysis of the pristine and the recycled materials was
conducted using X-ray diffraction (XRD) with a SmartLab Il instrument
from Rigaku, Japan, employing Bragg-Brentano geometry and CuK,
radiation. A HyPix 3000 detector operated in 1D mode was utilized.
The diffraction patterns were obtained at room temperature with a
2°min~" scanning rate within the 26 range of 10°-80°. Both pristine
and recycled LisInClg samples were measured inside air-tight sample
holders to prevent sample hydration. Pristine and recycled electrode
materials were measured on zero-background single-crystal silicon
substrates. The structural characteristics were determined using
the Rietveld method as implemented in TOPAS V6 from Bruker
AXS, Germany.

Scanning Electron Microscopy and Energy-Dispersive X-ray

Scanning electron microscopy (SEM) and energy-dispersive X-ray
(EDX) measurements were performed using a Zeiss EVO 15 device
equipped with an integrated EDX system to study the morphology
and composition of the pristine as-synthesized and recycled materi-
als. Powder samples were fixed on an SEM sample holder using car-
bon tape and sputtered with gold. The sputtering was conducted
inside an Ar-filled glovebox, to avoid oxidation and hydration of
the air-sensitive solid electrolyte. Particle size distribution was ana-
lyzed using ImageJ software. A total of 100 individual particles were
measured to obtain statistically representative size distribution data.

Transmission Electron Microscopy

Transmission electron microscopy (TEM) investigations were carried
out in a ThermoFisher Spectra 300 at 300 kV. The TEM was equipped
with a high-brightness Schottky field emission gun. The scanning
transmission electron microscopy images were recorded with a
high-angle annular dark field detector using a dwell time of 10 ps.
The camera length was set to 115 mm and the convergence angle
to 22.5 mrad. The chemical composition was measured by EDX anal-
ysis. For this, TEM was equipped with a Thermo Fisher Super-X EDX
detector.

X-ray Photoelectron Spectroscopy

The investigation of particle surface of pristine and recycled electrode
materials was examined using X-ray photoelectron spectroscopy
(XPS). XPS spectra were acquired using a SPECS PHOIBOS 150 spec-
trometer implemented at the DAISY-FUN cluster tool. It was equipped
with an Al K, X-ray source (monochromatic Focus 500 with XR50 M
(SPECS), hv = 1486.74 eV). Survey and detail spectra were measured
in fixed analyzer transmission mode while choosing a pass energy of
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20 eV (step size of 0.5 eV) for the survey and 10 eV (step size of 0.05 eV)
for the core levels. The system was calibrated to 0.00eV binding
energy of the Fermi level of sputter-cleaned Au and Cu as well as emis-
sion lines of Au 4f;,, at 83.98 eV, Ag 3ds,, at 368.26 eV, and Cu 2ps; at
932.67 eV binding energy with deviations <0.1 eV. The data analysis
was performed with CasaXPS, version 2.3.18. The core-level spectra
were fit with a Shirley background and peaks of a GL(30) line shape.

Inductively Coupled Plasma Mass Spectrometry

Quantitative elemental analysis of the pristine, redissolved, and
recycled LisInCls after separation from different electrode materials
via inductively coupled plasma mass spectrometry (ICP-MS) was con-
ducted with an Agilent ICP-MS system 8900 with triple quadrupole (ICP-
QQQ) and SPS4 autosampler. The corresponding SSEs were weighed as
a doublet for sample preparation into centrifuge tubes (Ultra-High
Performance Centrifuge Tube, VWR International) in a glovebox under
Ar-atmosphere. Then 10 mL ultrapure water (0.055 uS cm™2, PURELAB
Chorus 1 ultrapure water filtration unit, Elga LabWater) was added
to the samples, and those were dissolved overnight on the shaking
plate (Promax 1020 platform shaker, Heidolph Instruments) at ambient
conditions. For the measurement, these solutions were diluted by fac-
tors of 50, 2000, and 20 000. A solution containing 10mgL~"Sc (1 gL’
in 5% HNO;, Alfa), Y (1gL™" in 2%-3% HNO;, Merck Certipur), and Ho
(1gL™" in 2%-3% HNOs, Merck Certipur) in ultrapure water was pre-
pared as an internal standard solution for all ICP-MS measurements.
HNOs (ROTIPURAN Supra 69%, Carl Roth) was used to acidify the mea-
surement solutions, and argon 5.0 (Ar > 99.999 mol%, ALPHAGAZ 1
Argon, Air Liquide) was used as plasma gas for ICP-MS measurements.
The measurements were carried out with different cell gas modes. The
analytes 2’Al, ’Ti, **Mn, *°Fe, *°Co, ®Ni, and '"®In were measured in He
collision gas mode. ’Li, Al, and '"*In were additionally measured with-
out any cell gas. H, reaction gas mode was used to measure >*Cl via the
mass pair (Q;, Q,) = (35, 37). To determine the P content, 3'P was
measured via the mass pair (Q;, Q,) = (31, 47) using O, reaction gas
mode. External calibrations were performed to quantify all elements
using the following ICP-MS standard solutions: Li (1 g L' in 0.5 M HNO;,
Merck Certipur), Al (1gL™" in 0.5M HNO;, Bernd Kraft), P (1gL™" in
water, AccuStandard AccuTrace), Ti (1gL™" in water tr. HF, VWR
International), Mn (1gL™" in 0.5M HNO;, Fluka), Fe (1gL™" in 0.5M
HNOs, Merck Certipur), Co (1 gL~ in 0.05 M HNO;, Fluka), Ni (1gL™" in
0.05 M HNO;, Fluka), and In (1gL~" in 0.05 M HNOs, Fluka). For the Cl
calibration HCI (Suprapur 30%, Merck) was diluted accordingly.

Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) was employed to
characterize the ionic conductivity of pristine, redissolved, and
recycled LisInClg and electrode materials. Pellets composed of
100 mg powdered material were uniaxially pressed within a die of
7 mm diameter using a pressure of 2 ton for 10 min. The pellets were
sputter coated with a thin layer of gold on both sides to ensure uni-
form electrical contact over the whole pellet surface. Impedance
measurements were performed over a temperature range of 20 to
80 °C, with incremental steps of 5 °C. These measurements were con-
ducted using a TSC battery cell from rhd instruments GmbH & Co,
coupled with a NEISYS electrochemical impedance analyzer from
Novocontrol Technologies, applying an AC signal of 10 mV over a fre-
quency range from 1 MHz to 0.1 Hz. Data analysis was carried out
using RelaxlIS software from rhd instruments, Germany.

Galvanostatic Cycling and Cyclic Voltammetry

Pristine and recycled electrode materials were tested in half-cell
configuration against a lithium metal anode and liquid electrolyte.
The electrodes were prepared by mixing the active materials with
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conductive Super P carbon black and polyvinylidene difluoride
(PVDF) binder in a weight ratio of 85:5:10. The binder solution com-
prised 10 wt% PVDF dissolved in N-methyl-2-pyrrolidone (NMP).
Additional NMP was added to the slurry to adjust its viscosity. The
resulting slurry was tape cast onto copper or aluminum foils using
a doctor blade, yielding a wet film thickness of 180 um. The solvent
was evaporated by placing the tape-cast films on a heating plate at
80 °C. After drying, 7.9 mm-diameter disks were punched from the
foils and dried under vacuum at 80 °C for 12 h.

Two-electrode Swagelok-type cells were assembled inside an Ar-filled
glovebox for electrochemical testing. These cells were built using pre-
pared electrodes, lithium metal as the counter electrode, a glass fiber
membrane-based separator (WhatmanGF/C), and a liquid electrolyte
comprising 180 uL of 1 M LiPF¢ in a 1:1 mixture of ethylene carbonate
(EC) and diethyl carbonate (DEC). The assembled Swagelok cells were
tested using a VMP potentiostat (BioLogic Science Instruments).
Galvanostatic cycling with potential limitation was performed using
different C rates of C/10, C/5, C/2, and C (five cycles for each C rate),
with charge and discharge currents calculated based on the mass of
the active material within the electrode tested. Moreover, cyclic vol-
tammetry (CV) measurements were conducted for all electrode mate-
rials with a scan rate of 0.1 mV s~

pH Measurements

250 mg of individual electrode materials were immersed in 25 mL
H,O. The pH measurements were conducted at room temperature
using a pH meter (Seven2Go pH/mV S2, pH accuracy +0.01) after
continuous stirring for 15 min.

Zeta-Potential Measurements

A 100 mg sample of each pristine electrode material was immersed in
5 mL H,0 and subjected to ultrasonic agitation for 15 min. Prior to the
measurement, the dispersed electrode materials were mixed thor-
oughly using a vortex mixer, and 1 mL of the suspension was trans-
ferred into folded capillary zeta cells. Zeta-potential measurements
were conducted at room temperature using a Zeta Sizer, Nano
Series (Malvern Instruments).
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