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ARTICLE INFO ABSTRACT

Keywords: At present, industrial-scale recycling of lithium-ion batteries typically involves rather energy-intensive processes
Recycling and toxic solvents to recover, in particular, the metallic elements from the positive electrode active material.
C,aﬂwde These recovered metals subsequently serve as precursors for the synthesis of new electrode materials. One
ls\llir_lfil:hclr\l};s[tcal approach to reduce the energy and cost needed is the direct recycling of the electrode active materials. Herein,

two recovery methods, namely thermal and solvent-based recovery, are investigated for single-crystalline Ni-rich
LiNi.x.yMnyCoyO2 (NMC) high-energy cathodes. The NMC obtained via the thermal recovery method exhibits
poor performance due to the generation of HF and the degradation of the material. In contrast, the NMC obtained
via the solvent-based method, utilizing dimethyl sulfoxide as a non-toxic solvent, demonstrates superior per-
formance, with a reduction in capacity of only 1.5 % compared to pristine NMC. This comparative analysis
highlights the critical role of the separation procedure and, particularly, the detrimental effect of any remaining

Lithium battery

fluorinated binder.

1. Introduction

The continuous electrification of our modern life, driven by the vast
usage of (hybrid) electric vehicles (EVs), portable electronics, and sta-
tionary storage systems for renewable energies, has resulted in a severe
increase in the demand for lithium-ion batteries (LIBs) [1,2]. Among the
various LIB cathode active materials, Ni-rich LiNij y.yMnyCoyO2 (Ni-rich
NMC) offers very high specific capacity and energy density, with a
theoretical capacity in the range of 270 mAh g™, making it increasingly
attractive for high-performance applications [3-6]. Given the high cost
of the comprised metals and their scarcity — in particular, nickel and
cobalt — waste management of end-of-life LIBs and production waste,
such as cathode scrap, has gained increasing attention [7]. Recycling is
crucial not only to recover critical elements, but also to reduce the
environmental footprint with battery disposal and raw material
extraction, as LIB production has increased drastically from 25.6 GWh in
2009 to 218 GWh in 2019, and is estimated to reach 2500 GWh in 2030

[8-10]. Traditional hydrometallurgical and pyrometallurgical methods
are suitable to recover elemental constituents, but fail to retain the
materials “as they are”, i.e., the cathode active material as such with its
layered structure and defined particle morphology. In contrast, direct
recycling enables the recovery of the cathode active materials with
minimal degradation of the structure. More specifically, direct recycling
is defined as the recovery and reuse of, e.g., the cathode active material
(CAM) from end-of-life (EOL) LIBs without its decomposition into the
elemental metals (or any corresponding salt), while retaining the orig-
inal crystal structure and particle morphology, therefore decreasing
energy consumption and lowering the required chemical input in com-
parison with traditional methods. This leads to a smaller environmental
footprint, consuming about ten times less energy and emitting around
six times less greenhouse gases compared to hydrometallurgy and py-
rometallurgy approaches [11-22]. In addition, scaling direct recycling
to an industry level appears quite feasible using, e.g., the froth flotation
method, which can separate heavy active material from light conductive
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carbon particles [23,24]. However, one of the greatest challenges to-
wards direct recycling is the removal of the binder, polyvinylidene
difluoride (PVDF), which is typically used in LIB cathodes [25-28].
PVDF itself is chemically inert, and strongly adheres to the active ma-
terial and conductive carbon to each other and to the aluminum current
collector [29]. During the direct recycling process, though, the incom-
plete removal of PVDF can lead to impurity accumulation, while at
elevated temperatures, its decomposition produces highly active and
corrosive byproducts, such as hydrogen fluoride (HF), which can attack
the cathode active material, leading to severe structural changes and,
thus, negatively affecting the eventual performance of the recovered
active material [30-32].

Thermal treatments have been widely explored to simultaneously
combust the conductive carbon and decompose the binder, while
avoiding HF generation and/or suppressing its reaction with the active
material. Several recent studies have suggested heating the electrode in
the presence of a second chemical, such as calcium oxide and lithium
salts [33,34]. Nonetheless, this potentially results in another contami-
nation source and requires an additional purification step. Additionally,
elevated processing temperatures can induce cation mixing in the NMC
active material, which means that some Ni>* ions migrate into the
lithium layer and occupy Li * ion positions, thereby reducing the elec-
trochemical performance [35]. Moreover, the scalability of the thermal
recovery process remains challenging due to the additional energy
consumption, environmental concerns, and hazardous gas emissions.
Recently, solvent-based recovery methods have gained attention as a
more efficient way to remove the binder, especially PVDF, particularly
without harming the cathode active material and requiring significantly
less energy, while also enabling the recovery of the PVDF binder [17,
18]. However, the use of toxic solvents such as N-methyl-2-pyrrolidone
(NMP) to dissolve and remove PVDF poses environmental concerns [36,
371.

Here, dimethyl sulfoxide (DMSO) is introduced as a non-toxic sol-
vent, which can alternatively be used to dissolve and remove the PVDF
binder, as it is more biodegradable and less volatile compared to NMP.
Despite these positive points, several questions remain, such as the
impact of temperature, stirring, and sonication on the PVDF dissolution
and removal. Also, the effect of the residual PVDF and conductive car-
bon in the recovered material has not yet been investigated. Accord-
ingly, a series of thermal recovery and solvent-based recovery protocols
using DMSO as the solvent are studied and compared to each other as
well as the pristine material. Moreover, the impact of different pro-
cessing conditions is explored to identify the optimal procedure with
regard to the eventual performance of the resulting electrodes. Our
findings illustrate that solvent-based recovery using DMSO effectively
restores NMC with minimal structural damage and electrode residues,
offering a promising and scalable method for recycling PVDF-based
NMC cathodes.

2. Experimental section
2.1. Electrode preparation

The NMC cathodes were prepared with the following composition:
92 wt% single-crystalline LiNig ggMng 06C00.0602 (SC-NMC88 or simply
NMC), 4 wt% of conductive carbon (CNERGY Super C65, Imerys), and 4
wt% polyvinylidene difluoride (PVDF, Solef 6020, Solvay). The PVDF
was first dissolved in NMP (anhydrous, 99.5 %, Sigma-Aldrich) to get
the binder solution. Then, the mixture of SC-NMC88, conductive carbon,
and the binder solution was homogenized using a planetary mixer (ARE-
250, Thinky). The slurry was then coated on a battery-grade Al foil using
a doctor blade with a wet film thickness of 90 pm for the reference
electrodes and 350 pm for recovery purposes. Next, the cathodes were
pre-dried at 80 °C for 30 min and subsequently dried overnight in a dry
room with a dew point of —70 °C at room temperature. The dried
electrodes were cut into disc shapes with a diameter of 12 mm for the
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reference electrodes and 50 x 50 mm? for the recovery process, pressed
(Atlas manual hydraulic press, Specac) at 5 tons for 15 s, and finally
dried under vacuum (<1072 mbar) at 120 °C for 14 h. The electrodes
with the recovered material were prepared with the same procedure and
a wet film thickness of 90 pm (analogous to the reference electrodes).

2.2. Thermal recovery process

In this study, pristine coatings are used as electrode scrap, i.e.,
freshly made cathodes (50 x 50 mm?) were weighed and placed in a
ceramic crucible inside a box furnace (Carbolite CWF 11/23). Four
different temperatures were applied: 350, 400, 450, and 500 °C. The
heating rate was maintained at 10 K min~ L. The samples were held at the
target temperature for 5 h under an oxygen flow (~1.8 L min~1). After
the thermal treatment, the delaminated black mass was separated from
the aluminum foil and collected for the subsequent physicochemical and
electrochemical characterization. To investigate potential improve-
ments by an additional washing step, the black mass treated at 450 °C
was dispersed in dimethyl sulfoxide (DMSO, 67-68-5, VWR Chemicals)
and stirred for 1 h at room temperature. The mixture was then separated
by centrifugation (Corning LSE, HERMLE) at 6000 rpm for 5 min. The
recovered solid was pre-dried at 80 °C for 30 min, followed by complete
drying under vacuum (<10~% mbar) at 120 °C for 12 h.

2.3. Solvent-based recovery process

As for the TR process, freshly made cathodes were immersed in
DMSO and further treated using four different procedures. For the first
set of samples (SR1), sonication was performed for 15 min. After
delamination, the aluminum foil was removed, and an additional 2 h of
sonication was applied to dissolve the PVDF binder. However, it was
observed that the rather long duration of the first sonication step led to
fracturing of the aluminum foil (compare the aluminum foil images for
different samples in Fig. S1). Therefore, for the second set of samples
(SR2), a modified process was applied in which the cathodes were
stirred for 10 min, followed by 5 min of sonication and an additional 10
min of stirring before the aluminum foil was removed. The remaining
steps were identical to those used for SR1. Both SR1 and SR2 were
processed at room temperature. For the third set of samples (SR3), the
cathodes were stirred in DMSO for 2 h, followed by 5 min of sonication
and an additional 2 h of stirring, with all steps conducted at 40 °C, prior
to the removal of the aluminum foil. The subsequent 2 h of sonication,
performed after the removal of the aluminum foil, were also carried out
at 40 °C. The fourth set of samples (SR4) was prepared similarly to SR3,
but with 2 h of stirring at 90 °C and no sonication step. After the
aluminum foil separation, the black mass suspension of SR1 was sub-
jected to four rounds of centrifugation at 1000 rpm for 5 min each. For
SR2, SR3, and SR4, four rounds of centrifugation at 1000 rpm for 3 min
were applied. For each centrifugation step, fresh DMSO was added to the
precipitated solid to aid the separation of the conductive carbon and
PVDF. The recovered solids were pre-dried for 30 min at 80 °C and then
fully dried under vacuum (<10_3 mbar) at 120 °C for 12 h. To check for
any potential residual PVDF in the thus recovered NMC, the materials
were heated to 500 °C, utilizing the same box furnace used in the
thermal recovery process. The resulting material is hereinafter referred
to as H-SR.

2.4. Physicochemical characterization

Thermogravimetric analysis (TGA) was conducted using a Netzsch
STA 409 PC, increasing the temperature from room temperature up to
800 °C at a heating rate of 10 °C min~! under an oxygen atmosphere. X-
ray diffraction (XRD) was carried out with a Bruker D8 Advance (Cu
Ka,A = 0.154 nm). Scanning electron microscopy (SEM) was conducted
using a Zeiss Crossbeam XB340 field-emission electron microscope
equipped with an energy-dispersive X-ray (EDX) spectroscopy detector



M. Talebi et al.

(Oxford Instruments X-Max Xtreme, 100 mmz, 1-10 kV). For the SEM
and EDX analysis, the acceleration voltage was set to 5 and 10 keV,
respectively. For X-ray photoelectron spectroscopy (XPS), a Specs XPS
system with a Phoibos 150 energy analyzer was used. The spectra were
recorded using mono-chromatized Al K, radiation (300 W, 13 kV) and a
pass energy of 30 eV for the detailed measurements. All binding energies
were calibrated to the main Cls peak at 284.8 eV. To avoid surface
contamination, the samples were transferred in an inert gas atmosphere
to the sample load lock of the XPS system. The fitting of the XPS results
was done with CasaXPS, using Shirley-type backgrounds and Gaussian-
Lorentzian (GL30) peak shapes.

2.5. Electrochemical characterization

Electrochemical characterization was performed using three-
electrode Swagelok® cells, with lithium metal foil (500 pm thick,
battery-grade, Honjo Metal) as the counter electrode. The cathode active
material mass loading was in the range from 5 to 6 mg cm ™2 for all the
cells, and the density and porosity of the electrodes after pressing were
around 3.1 g cm ™ and 32 %, respectively. Metallic lithium was used as
the reference electrode. Cell assembly took place in an argon-filled glove
box (MB200B ECO, MBraun) with H,O and O- levels maintained below
0.1 ppm. Glass fiber sheets (Whatman GF/D) served as separator and
were saturated with 130 pL of the electrolyte (LP30, 1M LiPFgin a 1:1 wt
mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC),
UBE). Galvanostatic cycling was conducted between 3.0 and 4.3 V for
the Li||NMC cells. All measurements were carried out at 20 + 2 °C using
a Maccor Battery Tester 4300. A charge/discharge rate of 1C corre-
sponds to a specific current of 220 mA g~ 1. Generally, for each batch, at
least two cells with an identical outcome were tested. For the optimized
solvent-based process (SR4), three repetitions have been executed with a
total of 6 cells to ensure reproducibility of the best results.
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3. Results and discussion

The main objective of this work was the development of an active
material recovery procedure for nickel-rich NMC electrode scrap, with
minimal residuals of conductive carbon and binder, the highest possible
recovery efficiency, as well as the lowest possible active material
degradation caused by the recovery treatment. The two most straight-
forward separation methods are (i) the thermal decomposition of the
conductive carbon and the PVDF binder, resulting in NMC powder de-
tached from the Al foil, and (ii) the dissolution of the PVDF binder,
enabling the separation of the components by flotation and decantation.
The recovery rate was about 95 % in the case of (i) and around 93 % for
(ii). An overview of the two processes and the different subsequent
treatments is depicted in Fig. 1. The upper blue arrow indicates the
solvent-based recovery process (SR) with four different posttreatments,
and the lower orange arrow refers to the thermal recovery process (TR)
and the different posttreatments. In addition, heat-treated checkup
samples were prepared to obtain further insights. Since sonication was
damaging the aluminum foil and contaminating the recovery products,
it was meaningful to reduce the sonication time and compensate for it by
elevating the temperature, as heating was even more effective than
sonication to dissolve PVDF inside the DMSO solvent. In fact, in the SR4
sample at 90 °C, which was carried out without sonication, delamination
occurred faster. The formula to calculate the recovery rate is presented
below.

recovered active material
electrode mass — Al foil — binder and carbon mass

Recovery rate (%) =

Myecovered material

Melectrode — MAL foil. — Mbinder and carbon

In a first step, TGA was conducted (Fig. S2). According to the results,
pristine NMC is stable under the given conditions up to 800 °C, while
PVDF decomposes in the range of 300-500 °C, and the conductive car-
bon burns off at around 650 °C (Fig. S2a). For the sake of energy effi-
ciency, we thus tried to keep the temperature for the thermal recovery

(SR1) (SR2) (SR3) (SR4)

> * 15 min of sonication * 10 minstirring * 2hstirring at40°C + 2histirring at 90 °C

] + Taking out the Al foils * 5 min of sonication * 5 min of sonication + Taking out the Al foils

g « 2 hsonication * 10 min stirring + 2hstirring at 40 °C

[} + Taking out the Al foils « Taking out the Al foils

g:) * 2 h sonication + 2 hsonication
= To dissolve PVDF
[

-4 To separate carbon
P v

o Centrifugation (5 min,

c 1000 rpm) and Centrifugation (3 min, 1000 rpm) and decantation for 4 rounds

q>') decantation for 4 rounds

’ l

n

Pristine NMC Heating to 500 °Cfor 5 h Characterization &
Electrodes (SRR HSES) Cell Assembly
(TR400) (TR450) (TR500)
At350°Cfor5h At 400 °Cfor 5 h At450°Cfor5h At500°Cfor5h
v
_— Washing in DMSO
No Delamination (Washed-TR450)
Pristine NMC At 600 °C for 5 h
Powder (Heated NMC)

Fig. 1. Overview of the thermal and solvent-based recovery processes.
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(TR) as low as possible. In addition, this minimizes the risk of oxygen
loss from the NMC lattice [38], even though this is not visible from our
TGA results. As a result, we used 350, 400, 450, and 500 °C for the TR
process (see Fig. 1). A comparison of the TGA data recorded for the
resulting samples is presented in Fig. S2b. The data for TR350 are not
shown therein, since there was no delamination of the coating layer
observed. For the other three samples, i.e., TR400, TR450, and TR500,
there is essentially no mass loss observed; hence, no PVDF or carbon
residue can be resolved via TGA. In fact, there is a minor increase in mass
for TR450 and TR500 beyond ca. 400 °C, though less than 1 %, indi-
cating that there might be some species present that can be oxidized at
elevated temperatures in an oxygen atmosphere. For the SR samples
(Fig. S2c), there is essentially no mass loss observed for SR3 and SR4,
indicating that these two protocols are capable of removing all binder
and conductive carbon. For SR1 and SR2, a little mass loss of about 1.5 %
and 2.5 %, respectively, is observed. Interestingly, the mass loss occurs
in two steps between 300 and 500 °C. We may assume that this allows
for differentiating between residual PVDF and conductive carbon, ac-
cording to the findings from the differential thermogravimetric analysis
(DTG) for the SR samples (Fig. S2) and decomposition graphs of PVDF
and conductive carbon in Fig. S2a. Generally, the comparison of these
four different SR protocols reveals that a better PVDF dissolution in the
first step of the solvent-based recovery also leads to a better carbon
separation in the second step (i.e., during the centrifugation). More
precisely, the comparison of SR1 and SR2 indicates that the stirring is
very effective for the dissolution of PVDF in DMSO, while the compar-
ison with SR3 and SR4 reveals that the application of elevated temper-
atures further improves the removal of PVDF and the conductive carbon.
In fact, only PVDF can be dissolved and separated, yielding a mixture of
NMC and conductive carbon that can be directly reused in the
manufacturing of new electrodes, thereby simplifying the recovery
process. However, in this study, the aim was to develop a method that
can also be applied to EOL cathodes in the future. Such EOL cathodes
show severe degradation, and hence a calcination step is needed [22].
With the additional carbon separation step, any interference between
the calcination and any residuals can be prevented.

Subsequently, the recovered NMC was characterized in detail to
identify any potential influence of the recovery procedure on the crystal
structure, the particle morphology, and the surface chemistry. While we
investigated all materials with most of the characterization techniques
used, the focus was on TR450 and SR4, as these showed the best elec-
trochemical cycling performance for each recovery method, as will be
discussed later on. A comparison of the XRD patterns and the corre-
sponding Rietveld refinement is presented in Fig. S3. The X-ray dif-
fractogram of the pristine NMC in Fig. S3a shows the expected layered
oxide structure (R-3m space group), and the refinement yields lattice
parameters, summarized in Table 1, which are in good agreement with
the literature [39,40]. Neither for the pristine NMC nor for any of the
recovered materials were any additional phases observed, confirming
the presence of phase-pure materials. The effect of the thermal treatment
as such was studied by subjecting pristine NMC to 600 °C for 5 h
(Fig. S3b). The intensity of the reflections, the lattice parameters, and
the cation mixing remain essentially the same as for the pristine NMC,

Table 1
Comparison of the Rietveld refinement of the XRD data recorded for the pristine,
heated, thermally recovered, and solvent-recovered NMC samples.

c(d) a(A) c/a Cation Ry  GOF
mixing” (%)
Pristine 14.210 (0) 2.8781(3) 4.937  2.27 +0.07 246 2.3
NMC
Heated 14.207 3) 2.8786 (0) 4.935  2.32+0.07 238 23
NMC
TR450 14.214 (4)  2.8798(2) 4.936  4.53 + 0.08 273 2.6
SR4 14.209 (0) 2.8779 (4) 4.936  1.85+ 0.07 220 21

# The given error solely refers to the refinement error.
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indicating that such thermal treatment does not have any significant
effect on the crystal structure. Differently, the XRD pattern of TR450
(Fig. S3c) shows some minor deviation. The intensity of the reflections is
slightly lower, suggesting a minor disorder induced by the thermal re-
covery [41]. In line with this observation, the cation mixing is somewhat
higher than in the original sample, presumably due to the exposure to
the PVDF decomposition products such as HF [42]. Differently, the
solvent-recovered sample SR4 (Fig. S3d) closely resembles the dif-
fractogram of the pristine NMC. Overall, the comparison of the intensity,
position of the reflections, the lattice parameters, and the cation mixing
suggests that the SR process is less harmful for the cathode active
material.

In the next step, we also studied the morphology of the different
materials via SEM (Fig. 2). In line with the comparison of the XRD data,
the simple thermal treatment of the pristine material (Fig. 2a) did not
alter the particle morphology (Fig. 2b). In contrast, the TR process
clearly had an impact, resulting in a less smooth particle surface, com-
parable to an orange peel (Fig. 2¢). We may assign this to the presence of
PVDF and its temperature-induced, highly corrosive decomposition
product HF, which appears to etch the NMC particle surface. In fact, we
also observed some smaller solid deposits on the NMC particles, pre-
sumably resulting from the reaction of HF and NMC. In order to check
the possibility of washing off those surface impurities, we performed a
washing step using DMSO. However, the SEM analysis of the washed
sample shows that the deposits are still present, and the orange-peel-like
texture is also still observed (Fig. 2d). The subsequent EDX analysis
(Fig. 2e) reveals a significant fluorine concentration, and the mapping of
the fluorine concentration and its overlap with the manganese mapping
indicates the formation of manganese fluoride — presumably as a result
of the reaction of the NMC active material and HF, as mentioned above.
To further confirm the evolution of HF during the thermal recovery
process, we also analyzed the delaminated aluminium foil from the
thermal recovery process and examined it more closely using SEM and
EDX in comparison with a fresh aluminium foil. The results are shown in
Fig. S4. The etching of the aluminium foil is clearly visible, and the EDX
analysis reveals the presence of fluorine, thus corroborating the previous
assumption concerning the decomposition pathway.

Among the solvent-recovered materials, the SEM analysis of SR1
reveals the presence of a significant fraction of conductive carbon and
PVDF (Fig. 3a), which is in good agreement with the TGA results
(Fig. S2¢). Differently, we observe substantially less carbon/PVDF resi-
dues for SR2, limited to the boundary between single particles (Fig. 3b),
and negligible traces, if any, for SR3 (Fig. 3c) and SR4 (Fig. 3d). It ap-
pears that the higher temperature of the DMSO solvent promotes PVDF
dissolution and, thus, an improved separation, which also enhances the
separation of carbon from NMC during centrifugation.

To further analyze the potential presence of any remaining PVDF and
its impact, SR2, SR3, and SR4 were heated to 500 °C for 5 h in order to
investigate whether any HF is formed as a decomposition product —
comparable to the thermal recovery process. The SEM analysis of these
samples did not show any visual degradation, though, as depicted in
Fig. S5, and the surface remained flat and smooth — different from the
materials resulting from the thermal recovery process (Fig. 2), while the
carbon residues (if any) were burnt off.

In a subsequent step, we analyzed the surface chemistry of the
recovered materials in more detail by XPS. The XPS data recorded for a
pristine electrode containing PVDF as binder (Fig. 4a) show that there is
a small amount of LiF detectable already prior to any recovery treat-
ment, likely formed during the slurry preparation and mixing along with
the subsequent drying and the presence of surface impurities on the
NMC active material [43]. Interestingly, the amount of LiF appears not
to increase significantly during the thermal recovery process, while a
large amount of metal fluorides is exemplarily detected for TR450
(Fig. 4b) [44-46], which is in very good agreement with the EDX data,
suggesting that these metal fluoride species are essentially manganese
fluoride. Also remarkably, there is no indication of PVDF in the XPS
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Fig. 2. SEM micrographs of (a) pristine NMC, (b) heated NMC (T = 600 °C), (c) thermally recovered NMC (TR450), and (d) TR450 NMC after washing. () SEM
micrograph with higher magnification and EDX mapping of fluorine (in green) and manganese (in red) of TR450 after washing.

spectrum anymore, indicating that it has been completely decomposed
during the thermal recovery process. For the solvent-recovered material
(here exemplarily for SR4; Fig. 4c), it is observed that this approach
effectively removes most of the PVDF without forming metal fluoride
deposits. The LiF content, however, increases compared to the pristine
electrode, possibly due to the processing of NMC and PVDF together in a
slurry-like suspension (at an elevated temperature of 90 °C) — just as
during the electrode preparation. The higher temperature likely pro-
motes the reaction of NMC and PVDF, leading to the formation of LiF.
Such a slight increase in LiF, though, is not necessarily detrimental for
the performance as electrode active material — not least, as it is present
also in the pristine electrodes, but might be even beneficial potentially
for stabilizing the interface with the electrolyte [47]. Nevertheless, the
residual PVDF might become an issue during any subsequent thermal
treatment. Hence, we evaluated the potential impact of the residual
PVDF by subjecting the SR4 material to a thermal treatment at 500 °C
(H-SR4). Remarkably, no metal fluoride species were found (Fig. 4d),
even though the residual PVDF is burned off, which is in very good
agreement with the SEM results. Furthermore, comparing the XPS sur-
vey spectra (Fig. 6S) reveals that SR4 and H-SR4 resemble the pristine
material, whereas the TR method appeared to be not successful in this
regard.

Eventually, we used the recovered materials to prepare new elec-
trodes and subjected these to galvanostatic cycling tests. The results are
presented in Fig. 5. The direct comparison of electrodes based on pris-
tine NMC and heated pristine NMC shows that there is essentially no
impact of the heat treatment (Fig. 5a). Recovering NMC through the
thermal recovery process, however, leads to very poor results and a
rapid fading — independent of the processing details. The comparison of
the first cycle dis-/charge profiles of TR450 and pristine NMC, presented
in Fig. S7a, moreover shows that there is already a substantial capacity
loss in the first cycle with an initial Coulombic efficiency of only 72 %
compared to 89 % for pristine NMC, accompanied by a high over-
potential, which can be attributed to the formation of an insulating
surface layer on the NMC particles, caused by the reaction with HF. The
washing step leads to some improvement (here depicted for TR450), but
the capacity still remains far below the capacity of the pristine NMC
electrodes (Fig. 5b). Furthermore, the reproducibility greatly suffers, as
illustrated by comparing two different cells with a significant difference
in capacity, especially at an elevated C rate of 1C. In contrast, the
solvent-based recovery process yields much better performance
(Fig. 5¢). Among these materials, SR1 shows the poorest performance,
most possibly due to the long sonication time and aluminum foil
breakage, potentially resulting in additional impurities, as well as the
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Fig. 3. SEM micrographs of the solvent-recovered samples: (a) SR1, (b) SR2, (c) SR3, and (d) SR4.
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remaining conductive carbon and PVDF. In fact, SR2 shows already a much better performance in terms of cycling stability and higher specific
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SR materials.

capacities, which is further improved for SR3 and SR4, being in excellent
agreement with the SEM and TGA results for this series. SR4 provides
essentially the same performance and capacity as the pristine NMC. The
comparison of the first cycle dis-/charge profiles of SR4 and pristine
NMC, moreover, shows that they are essentially overlapping with a
slightly lower reversible capacity in the case of SR4 (Fig. S7b), resulting
in an ICE of 84 % - slightly lower than for pristine NMC, but in the same
range at least. The analysis of the capacity retention data (Table S1)
indicates that the SR samples exhibit values similar to those of the
pristine electrode material, with SR4 showing the best performance,
reaching a capacity retention of 88 % after 100 cycles at 1C. Comparing
the differential capacity (dQ/dV) profiles of the pristine material,
TR450, and SR4 (Fig. S8) at C/20 (1st cycle), C/10 (5th cycle), and 1C
(20th cycle) reveals the characteristic redox features of the layered oxide
structure. The dominant peaks correspond to the H1-H2 and H2—H3
phase transition [48]. The pristine material shows sharp peaks, indi-
cating fast kinetics and high structural order. TR450 exhibits broadened
and weaker peaks, reflecting a higher polarization, particularly at higher
C rates. In contrast, the solvent-based recovery preserves the redox
behavior and the peak positions remain very close to the pristine ma-
terial. This proves that the elevated temperature (90 °C) is beneficial for
dissolving and removing the PVDF binder and, thereby, also the
conductive carbon, which is directly reflected in the eventual perfor-
mance when reused for the preparation of new electrodes. Moreover, the
aluminum foils obtained from the SR method might be reused as well, as
they are not exposed to HF and, therefore, remain being of high quality
and purity. In addition, the carbon and PVDF binder present in the waste
DMSO might be recovered through filtration and crystallization,
respectively. Consequently, all three components (DMSO, carbon, and
PVDF) may be effectively recycled and reused [17,49]. Accordingly, a
simple and quick check by TGA can provide a first indication of the
quality of a recovery process. In fact, when subjecting the SR materials

to an additional heat treatment at 500 °C, the performance of (H-)SR4 is
further enhanced, while it has a detrimental impact on (H-)SR3 and (H-)
SR2 (Fig. 5d), revealing that even small traces of PVDF (1-2 wt% ac-
cording to the TGA data) in combination with a treatment at elevated
temperatures beyond the common electrode drying temperatures have a
severe impact on the performance of the reused electrode material.

4. Conclusion

We systematically investigated two different recovery methods for
Ni-rich NMC from electrode scrap, via a thermal and a solvent-based
recovery process. The results show that a complete recovery of the
conductive carbon and, in particular, the PVDF binder is essential for
achieving a suitable performance when reusing the electrode active
material in new electrodes. In fact, only a complete removal of PVDF
yields a performance comparable to pristine NMC. While the thermal
recovery process fails in this regard — not least owing to the temperature-
induced reaction of NMC and PVDF, causing the detrimental formation
of metal fluorides, especially manganese fluoride, on the particle surface
— an optimized solvent-based recovery process, benefitting from the use
of DMSO at elevated temperatures, enables the complete removal of
PVDF and, thus, a performance that is essentially the same as for the
pristine material. Furthermore, it can be concluded that heating the
DMSO solvent is more effective than sonication to dissolve PVDF, and
sonication can be excluded to prevent further contamination with
aluminum foil particles. This study also nicely shows that a simple and
quick TGA provides a very good indication of the quality of the recov-
ered material, thus facilitating the recovery at the industrial level.
Moreover, we believe that this process can be easily scaled to an in-
dustrial level for effectively separating the active material, carbon, and
PVDF via froth floatation — potentially also in a continuous fashion.
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