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Abstract

This study explores a novel solvent-based delamination method that employs a mixture of triethyl phosphate (TEP),
acetone, and carbon dioxide (CO2) under pressure and temperature, for the efficient and faster direct recycling of
positive electrode production scraps. Optimization of experimental conditions led to achieve a full delamination
within 15 minutes at 120°C and 100 bar, with a low solvent consumption of 1.5 of TEP to electrode ratio (w/w). The
CO: allows decreasing the viscosity of the TEP and acetone mixture and so increasing its diffusivity; favoring the
binder dissolution, and accelerating the delamination process versus other reported processes. This original
approach, not only enables to reduce the solvent consumption (by 6.7x), but removes the need for stirring, which is
often detrimental for solvent based approaches for scaling up the process, while maintaining 100% of delamination.
Subsequent to the delamination process, the active material LiNio.sMno.2C00.202 (NMC622) in powder form was easily
and fully separated from the current collector, enabling a comprehensive characterization. A more in-depth focus on
the electrochemically active material revealed that its chemical composition, crystal structure, and microstructure
remained preserved throughout the recycling process. Ultimately, the electrochemical performance of the recycled

NMC622 closely resembled that of pristine NMC622, affirming the promising potential of this approach.

Keywords: Li-ion batteries, direct recycling, delamination process, positive electrode, production scraps,
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Introduction

Material recycling is generally perceived as a means to recover valuable elements or components from waste
materials, often at their end-of-life (EOL). However, wastes are also produced during the manufacturing stage and
are in that case referred to as production scraps, trimmings or cuttings. According to a report published by Circular
Energy Storage, the forecasted global electrode production scraps from LIB will reach 900,000 tons per year by 2030
This amount of generated production scraps is highly linked to the maturity and capacity of the production
companies. Established companies with advanced production processes may reach scrap rates around 5 wt.% of
electrode, while start-up companies or gigafactories starting their production could have higher scrap rates,
potentially reaching up to 30 wt.%%3. Although efforts are continuously made to optimize and reduce manufacturing
wastes, the production scraps will always remain and require the necessity to develop efficient processes to recycle

all the components they contained and efficiently reinsert them into the production chain.

Given the current surge in LIB production, it is crucial to urgently recognize electrode scraps as a distinct recyclable
stream that is significantly important, requiring the development of new recycling strategies specifically tailored to
scraps. These electrode scraps are composed of high-quality battery-grade materials and are generated during
cutting stage, where electrodes are cut in specific sizes and shapes depending on the type of batteries required for
the targeted applications. They can also encompass rejects from quality control samples, as well as other residues
from LIB manufacturing processes. Unlike spent batteries, electrode production scraps possess a well-defined
composition known to battery cell producers and have not undergone full battery assembly. Therefore, they have
not come into contact with electrolyte, nor being cycled, thus making them safe to process, resulting in minimal
degradation and superior quality compared to EOL batteries (Figure 1a). As a result, electrode production scraps are
less complex and more straightforward to recycle. Henceforth, treating electrode production scraps like spent
batteries would therefore be a strategic error rather than developing a dedicated recycling route, which could be

more adapted and present benefits from economical and environmental point of view*.
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Figure 1. a) Characteristics of an electrode production scrap, especially applicable to LIB and b) Schematic of Li-ion battery positive electrode
studied in this work, with detailed description of the composite components. LiNi0.6Mn0.2C00.202 (NMC622) is the active material in this study,
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polyvinylidene fluoride (PVDF) the binder to ensure particles cohesion on the current collector and carbon black (CB) the conductive additive to
ensure electronic percolation within the electrode.

Moving away from traditional destructive methods like established pyrometallurgy and hydrometallurgy, which have
limitations such as limited yield, high water and energy consumption and increased environmental impact®>>=, the
focus shifts towards developing direct recycling processes. It offers the highest material recovery rate!® and
effectively reduces time, cost, and environmental consequences!™3, The success of this approach relies on the
possibility of separating the various components'* of a given waste without causing damage to preserve their
pristineness and directly reintegrate a part of them into the production line. Therefore, such approach is ideal for LIB
production scraps and would even allow to achieve the EU’s new LIB regulation’® for EOL batteries as each
component of a battery could be potentially recovered in opposition to pyrometallurgy and hydrometallurgy that
target to essentially recover the strategic elements such as lithium (Li), cobalt (Co) and nickel (Ni) that composed the

positive electrode material (commonly called cathode in the battery community).

A LIB positive electrode, depicted in Figure 1b, consists of an aluminum (Al) foil coated with a composite that contains
the active material, typically the LiMO2 lamellar oxide with M = Ni, Co, and Mn, or Al, the carbon black and the
polymer, which is most of the time PVDF. The latter acts as binder, ensuring the composite's adhesion to the current
collector foil and has to be removed to release the other components of the electrode, namely the layered oxide
powder and the carbon black. To do so, various methods are practiced, as presented in Table 1, among them: (i)
thermal delamination techniques such as calcination and vacuum pyrolysis, (ii) mechanical stripping using cryogenic
grinding or electro-mechanical methods, and (iii) chemical dissolution methods utilizing various solvents and

reagents.

Table 1. Various delamination methods for LIB positive electrode with PVDF-based binder, and their characteristics. (N.I.: not indicated).

Time
Method Operation Material Temp. (°C) Eff. (%) Reference
(min)
Calcination Production scrap 500 97.1 90 3
Thermal Spent
Vacuum Pyrolysis 600 N.I. 30 7
(manually separated)
Cryogenic Spent
-196 87.3 5 16
grinding (manually separated)
Mechanical
Electro- Spent
590 (25kV) 93.9 N.I. 1
mechanical (manually separated)
Spent
Chemical Molten salt 160 100 20 16
(manually separated)
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Spent
lonic liquid 180 99 25 18
(manually separated)

Comparing the various delamination methods outlined in Table 1, it becomes evident that the chemical method
employed for binder removal exhibits the highest delamination efficiency. Moreover, it is worth noting that the
thermal method requires operating at high temperatures, resulting in energy-intensive processes and the release of
gaseous byproducts such as HCN, HF, CO, NO, HNCO, COF;, and so on3. Dealing with the mechanical method, such
approach involves peeling off the composite from the Al foil, which basically retains the binder, but leading to a
maintained agglomeration of the composite®. In contrast, the chemical method requires a medium/solvent that
enables the dissolution of the binder to separate the other components from the current collector. For instance, Bai
et al.?® employed TEP, for this purpose and were able to fully delaminate a 1x1 cm? scrap with 10:1 ratio of
TEP:electrode (w/w) after one hour of stirring at 100°C in pure TEP (To = 211°C). Nevertheless, two main challenges
have still to be addressed for the developed chemical methods: (i) the scaling up while maintaining lab scale efficiency
with the necessity of high speed stirring of big volumes of highly a viscous mixtures were the solid phase consists of
sheet-like (Figurel) foils?, (ii) the proper removal of such a viscous mixture of dissolved PVDF and the solvent from
the active material, that usually requires post annealing treatment at high temperatures to properly clean the surface

and recover decent electrochemical performance.

In parallel, the utilization of pressurized and heated CO, a non-toxic, non-flammable, cheap, and environmentally
friendly solvent®>724, is well implemented in industry since the 70’s, especially the field of decaffeination?>. Recently,
CO; as a cosolvent has gained prominence in the field of multi-material dismantling/delamination/separation?®?’.
There, when combined with a proper liquid solvent, it is possible to dissolve CO», by playing with the temperature
and the pressure?®?*, As a consequence, one can easily tune the overall liquid phase physical properties, leading to
higher diffusion coefficient and lower viscosity, enhancing mass transfer and making such mixture an ideal medium
for material impregnation and binder dissolution. Pressurized CO2 was also used in the field of EOL LIB recycling in
recent years in order to develop pretreatment steps to maximize the materials’ recovery and fit with the coming
regulations. The focus is on the electrolyte recovery, leading to an exfoliation of the composite active material from

the current collector, and to the delamination of the positive electrode while recovering the binder 282°

The current study explores a novel direct recycling process for the delamination of industrial grade positive electrode
production scraps through binder dissolution, combining conventional liquid solvent-based process, using TEP, and
adding acetone and CO; as cosolvents, both miscible with TEP, to speed up the delamination process 3°. The main

objective is to optimize the physicochemical properties of the solvent mixture by playing with the temperature and
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pressure to tackle the two aforementioned challenges of; (i) mixture stirring and (ii) removal of dissolved PVDF and
residual solvent without post annealing treatment. Experimental evidence demonstrates an enhanced electrode
delamination/separation efficiency while enabling the recovery of multiple components, including the active material
NMC622, the Al foil, and the PVDF binder, the latter being achieved for the first time. The preservation of the NMC622
pristineness is confirmed through a series of structural and morphological characterizations whereas electrochemical
tests highlight good energy storage performance and especially excellent cycling stability similar to that of the pristine

material without post annealing treatment.

Materials and methods

The studied LIB positive electrode are production scraps recovered from the production of 18650 cells on the RS2E
prototyping platform at the Energy Hub, Amiens, France. The cathode slurry was made of lithium layered oxide active
material NMC622 (SNMC 03006, Targray, Canada), carbon black (C-NERGY C45, Imerys, Switzerland) and PVDF binder
(Polyvinylidene fluoride, Solef 5130, Solvay, Belgium), in a weight ratio of 92:4:4, and mixed with NMP (1-Methyl-2-
Pyrrolidon BASF, Germany) using a Dispermat (Getzman-CE, Germany) at 1000 rpm for four hours. The slurry was
double-coated on a 16 um thick Al foil using a comma coating machine (PDL-250, People & Technology, INC., Korea)
coupled with a semi-automatic winder (MTESAWM-01-A, MEDIA TECH. co., Ltd., Korea), at a coating speed of 3 m
per minute, with blowing and drying temperatures of 80°C and 95°C, respectively. The electrodes underwent then a
manual slitting (CLS-024T, C.I.S CO., LTD., Korea) before being calendared at 60°C with a LAP press machine (BPN-
250, People & Technology, INC., Korea). The resulting electrodes have an active mass loading of 21 mg/cm?and a

thickness of 182 um.

Delamination and separation

A series of delamination experiments were conducted in an 18 mL batch autoclave reactor (Figure 2, actual
equipment images in Figure S1). Triplicate analyses were conducted on 2 x 2 cm? electrode samples. For each
experiment the reactor is filled with the electrode sample and defined volumes of TEP (> 99.8%, Sigma Aldrich, USA)
and acetone (2 99.9%, Honeywell, France), before introducing CO2 gas (CO2 > 99.9995%, 02 < 1 ppm, N2 < 2 ppm, HC
< 0.5 ppm, and CO < 0.5 ppm). To check for leaks in the system before starting the batch experiment, an initial
pressure of 20 bar was added. The temperature was then gradually raised at a rate of 2°C/min to the desired value
and once it was reached, the pressure setting followed. With these two parameters fixed, the reaction time began.
The temperature (35°C, 70°C, 100°C or 120°C), solvent quantity (1 mL, 2.5mL, 5mL) solvents ratio (100 : 0 ; 75 :25;
50 :50 ;25 : 75 or 100 :0 %v/v of TEP/acetone), and time (10 min, 15 min, 30 min, 45 min or 60 min) were fine-tuned
to obtain the optimized parameters for delamination and separation, at a constant pressure of 100 bar. After the
time of delamination is reached, the reactor is cooled down to 50°C and was manually depressurized to atmospheric
pressure. This is one of the advantages of using pressurized fluid system, where CO2 can be easily converted back to
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the gas phase and can be separated by simple depressurization. Indeed, after only 1 min sonication, the clean

aluminum foil is manually recovered.

Figure 2. Schematic description of the pressurized CO-assisted delamination set-up :1. CO> cylinder bottle, 2. CO; inlet valve, 3. Cooling bath, 4.
ISCO high pressure pump; liquid booster 5. Cooled CO; valve, 6. Manometer. 7. 3-way purging valve, 8. Silica water-trap filter, 9. 3-way purging
valve, 10 reactor inlet valve, 11 18mL autoclave reactor, 12, oven, 13, Manometer, 14 Rupture disc, 15 Temperature display, & 16 Heating control.

After delamination, the implemented washing for components separation consists of stage processes such as
sonication and vacuum filtration. The delaminated powders from the pressurized CO; reactor were transferred in a
beaker containing 10 mL of acetone, which is then sonicated in an Elmasonic bath (S30H, Elma Schmidbauer GmbH,
Germany) for 5 min, decanted and finally separated from the supernatant liquid through a vacuum filtration with 22
pum nylon filter trapping the carbon black and NMC622. This filtrate enters a pre-filled beaker containing water, where
PVDF re-polymerized before being recovered after water evaporation. Since the binder acts as a glue providing
adhesive force to the foil, its non-removal determines the efficiency and the recovery of the composite. Additionally,

the 100% delamination also entails, 100% separation from the Al foil and therefore easily recovered.
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For comparison, the delamination was also performed under stirring conditions in TEP. A 1x1 cm? sample was placed
in a three-neck round bottom flask and was heated at 100°C for 1 h with a 1:10 wt. electrode-TEP ratio, as proposed
by Bai et al.?°. Then, the recovery of the cathode active material was performed in a similar way as detailed above.
The powder from the stirring process was used to compare for the particle size distribution and the effect of

pressurized CO2 on recovered NMC622 microstructure.

Structural evolution evaluation via X-ray Diffraction

XRD measurements were performed using a PANanalytical Empyrean diffractometer, equipped with a Cu LFF HR
(94300337310x) DK430621 X-ray tube and a Cu anode (45 kV, 40mA, Beta-filter Nickel) coupled with X’'Celerator
detector (RTMS type). Each diffractometer was collected from 5° to 90° (20) with step size of 0.0167°. Rietveld
refinements of all the XRD data were performed using the FullProf Suite (January 2021 version) throughout the whole
angular range- The goal here is to check for the preservation of NMC622 crystal structure which is of primary

importance in direct recycling, in order to guaranty optimized properties.

Particle size and morphology tests via granulometry and SEM imaging

Particle sizes were determined using a mastersizer2000 connected to a hydro2000S auxiliary (Malvern Instruments
Ltd., UK). The particles were dispersed in water under stirring and ultra-sonication with obscuration maintained at 5-
6% for all measurements. Implementing dynamic light scattering, the results obtained are in volume weighted mean
D [4,3]. The morphology of the recovered NMC622 loose powders was compared using Scanning Electron Microscopy
(SEM). Powders for analysis were dispersed on a carbon patch and analyzed with a SEM (Tescan Essence) with SSD-
EDS X-ray spectrometers (Bruker X-Flash) at 15KeV with a working distance of 5mm. No image processing was

performed.

Residual polymer quantification via TGA-MS

To determine the residual amount of PVDF and carbon black in the recovered powders, thermogravimetric analysis-
mass spectrometry (TGA-MS) was conducted. The thermograms were obtained using a STA449C apparatus coupled
to a QMS 403 Aeolos Quadrupole-Mass Spectrometer Netzsch (Dardilly, France). Approximately 20-30 mg of sample
were heated from 25 to 900°C at 5 °C.min! under synthetic air atmosphere (N2:02 80:20) with a constant flow of

50mL-mint. The mass spectrometer scan is between 10 to 100m/z

Surface characterizations using XPS paired with Auger electron spectro-/microscopy (AES/SAM)

We used a Thermo Scientific ESCALAB 250 X-ray photoelectron spectroscopy (XPS) spectrometer, with a focused
monochromatized Al Ko radiation (hv=1486.6 eV). The pressure was maintained at ~10® mbar during the analysis
and charge neutralization was applied. The analyzed area of the samples was an ellipse of 450 x 900 um? size. The

binding energy scale was calibrated from the hydrocarbon surface contamination (C 1s peak at 284.8 eV), if not
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hidden by carbon black, otherwise from the CF2 group of PVDF (C 1s peak at 290.9 eV). For AES/SAM, electrodes were
first mechanically cut, then polished by an Ar* ion beam in a cross-section polisher (JEOL IB-09010CP) operating at 4
keV during 2h (working pressure of 10 mbar). Polished electrodes were transferred without any air exposure into
the Auger electron nanoprobe microscope (JEOL JAMP 9500F) to perform the SEM/SAM images and the AES analyses
of the electrode cross sections. The analyses were carried out at a pressure < 2.10° Pa, using a primary electron beam

with the following energy and current conditions: 10 keV and 8 nA, respectively.

Electrochemical performance evaluation

The recycled powders containing NMC622 with residual carbon black and PVDF are finally characterized for their
electrochemical performance. At least two half cells of CR2032-type were prepared in an Ar-filled glovebox with LP30
electrolyte 1M LiPFe in 1:1 EC:DMC weight ratio (Solvionic, France), Li metal as counter electrode and the recycled
powder as cathode material. The slurry formulation to prepare the positive electrode both for recycled NMC and
pristine NMC was 80:10:10 in weight ratio of NMC622, carbon black and PVDF in NMP. The mixture was homogenized
under stirring for 2h before being coated on an Al foil and dried in an oven at 80°C overnight. The dried sheet was
then punched to get 16mm diameter discs as electrodes, those being calendared using a manual press with 5N of
pressure. Active mass loading is maintained at 3.5-4.5 mg/cm?. The cells were cycled between 2.5 and 4.3 V vs Li*/Li
at a rate of C/5 (exchange of 1 Li* in 5 hours) for 100 cycles using a BT-Lab (Biologic) in a GLPC mode. Another group
of cells were used to perform rate capability tests at C/20, C/10,C/5, C/2, 1C, 2C, and C/10.

Results and Discussion

In this work, we use TEP and acetone combined with pressurized CO2 to propose an efficient method to delaminate
the positive electrode and selectively recover each component. Here, TEP is chosen for its ability to dissolve PVDF
and its miscibility with pressurized CO>%. Indeed, the Hansen solubility parameter (Rs) of TEP (1.1 MPa'/?) is
comparable to those of N-Methyl-2-pyrrolidone (NMP) (2.2 MPa'2) and N,N-dimethyl formamide DMF (2.4 MPa/?),
suggesting that TEP can effectively dissolve the binder 2°. The addition of acetone and pressurized CO in the process,
which are miscible with TEP 3°, will enable to reduce the viscosity of the TEP while enhancing its diffusivity, leading
to an improved diffusion through the positive electrode and thus a more efficient binder dissolution. The use of
acetone, due to its polarity, miscibility with TEP, high volatility and capacity to reduce overall viscosity, will also

facilitate the TEP removal on the surface of the recovered active material after the treatment.

Delamination:

Figure 3 presents a comprehensive summary of the impact of various experimental parameters such as temperature,
reaction time, and cosolvent mixture quantity on the delamination efficiency. This efficiency is inversely proportional

to the amount of electrode material that remains on the current collector after the process and the determination
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of the delamination efficiency is detailed in the Supporting Information (Figure S2 and Equation S1). In Figure 3a, the
delamination efficiency was evaluated depending on the composition of the solvent mixture (TEP + acetone) while
keeping a constant volume of 5 mL. A full delamination could be achieved after a 30 min reaction by combining
pressurized CO2 with pure TEP. As expected, using TEP without acetone as cosolvent presents challenges in the
downstream cleaning process. Indeed, after the delamination process and once the suspension cooled down, the
solvent becomes highly viscous, making it difficult to separate from the recovered materials3!. The results clearly
showed that the delamination efficiency was maintained intact from 100%v TEP down to 25%v within 30 min, for a
constant temperature and pressure of 120°C and 100 bar of CO, respectively (Figure 3a). It is important to emphasize

that the delamination here leads to recovering active material in powder form and not as a film.
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Figure 3. Delamination efficiency of a single 2x2 cm? (0.19g) double-side coated electrode (see Figure 1b) as a function of a) the nature and ratio
of cosolvents (%v/v), b) temperature of the process, c) reaction time at fixed temperature and d) dosage effect of solvent versus electrode.

On the other hand, acetone alone cannot dissolve the binder effectively and leads to a low delamination efficiency
of approximately 30 wt.%. Although acetone is able to dissolve a homopolymer PVDF (2" generation type)3?, this is
not true for a PVDF Solef 5130 (3™ generation type), which is a modified PVDF with higher molecular weight and

lower melting point.

These first experiments validate the effectiveness of using TEP:acetone mixture with pressurized CO: for

delaminating the positive electrode of the LIB. Apart from the solvent composition, the temperature is a crucial
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parameter to successfully delaminate the electrode. Figure3b shows the delamination efficiency evolution while
decreasing the temperature from 120°C down to 70°C. Note that an experiment was also performed at 35°C, but no
delamination occurred. It can be observed that the delamination efficiency is globally decreasing with temperature.
At 100°C with a TEP:acetone ratio of 75:25 (%v/v) only 80 wt.% of delamination is reached after a 30 min exposure
time and even go down to only 30 wt.% at 70 °C, for the same exposure time. This result shows that 70°C is not high
enough to have a suitable delamination, however, it is worth evaluating the influence of the exposure time at 100
and 120°C, with longer times at lower temperature and shorter times at higher temperature, as demonstrated in
Figure 3c. At 100°C, the delamination efficiency increased with time. The baseline of 30 min time yielded an efficiency
of 76 wt.% while 92 wt.% and 100 wt.% were recorded for 45 and 60 min, respectively. In contrast, experiments at
120°C were conducted by reducing the exposure time. A slight reduction in efficiency was observed at 10 min with a
95 wt.% efficiency, while for 15 min process, the efficiency is still 100 wt.%. From this we chose the following
optimized experimental parameters: 120°C, 100 bar of CO, using a TEP:acetone ratio of 75:25 (%v/v) with 15 min
exposure time. Note that it was experimentally shown and detailed in the supporting information (Figure S3) that it
is for this specific 75:25 TEP:acetone (%v/v) ratio that the biggest amount of CO: is added, justifying the highest,
efficiency. Once these parameters settled, the possibility to reduce the consumption of solvents by increasing the
quantity of electrodes per gram of solvent was explored (Figure 3d). From the initial 5 mL (4.53 mL:g) of 75:25
TEP:acetone (%v/v) of solvent achieving a 100 wt.% delamination, the volume was gradually reduced down to 1 mL
(0.91 mL:g) while keeping an excellent delamination efficiency of 99 wt.%. The reduction of solvent amount versus
the amount of electrode confirms the high solubility of PVDF within TEP and provides evidence that the delamination
method employed in the study is scalable, offering a significant advantage. Indeed, pressurized CO: assisted
delamination offers advantages such as mild temperature, reduced solvent consumption, fast process, no agitation
requirement, etc. which are of major interest when it comes to upscaling. After the process, the different components
(clean aluminum foil, mixture of NMC622 with carbon black, and PVDF) can be selectively recovered through

sonification and filtration as detailed in the experimental part.

Impact of the direct recycling process on the LiNio.sMno.2C00.20: active material

The active material is undoubtedly the most valuable component within a positive electrode, and preserving its
crystal structure, bulk and surface composition, as well as its microstructure during the recycling process, is crucial

for its direct reuse.

Structure and composition:

Figure 4 compares the powder X-ray diffraction (PXRD) patterns of the NMC622 recovered after delamination
assisted by pressurized CO2 with those of the pristine NCM622 material and of the manually scrapped electrode

(MSE) from the current collector. This latter, which consists of the composite material of NMC622, PVDF and carbon
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black, was included as a reference to observe any possible alterations in the structure resulting from electrode

preparation, particularly during the calendering step.

In comparison to the pristine material, neither the electrode preparation (calendering) nor the recycling process
seem to affect the layered crystal structure of the NMC622. The profile of the diffraction peaks remains unchanged
and the doublets (006)/(012), (009)/(107), and (018)/(110) are well-defined with a clear splitting. All these

observations suggest a good preservation of the lamellar phase with no detectable crystalline impurities, especially

in the pattern collected for the recycling process.
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Figure 4 XRD patterns of recycled NMC622 recovered after pressurized CO treatment for 15min at 120°C and 100bar, compared to that of
pristine NMC622 and to manually scraped electrode (MSE) NMC622.

Structural refinements by the Rietveld method have been performed for each sample (Figures S4-56) and a summary
of their structural information is presented in Table 2. The negligible changes observed between pristine NMC622
and MSE samples could be due to the electrode preparation such as calendering, etc. and the presence of non-
negligible amount of CB and PVDF, leading to slightly higher uncertainty for the refinement. The implemented
recycling process has an insignificant impact on the cell parameters and volume (see Figures S4, S5, and S6).

Moreover, no change in the crystallinity is observed. Therefore, it can be concluded that the recycling process does

not affect the bulk structure of the recycled NMC622 powder.
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Table 2. Structural information of NMC622 (lattice parameters, c/a ratios and cell volumes) determined from the Rietveld refinements of the

XRD patterns.

Sample a=b (A) c(A) c/a Vol. (A3)
Pristine NMC622 2.8704(2) 14.2218(3) 4.9547 101.474(2)
MSE NMC622 2.8712(3) 14.2211(3) 4.9530 101.529(3)
Recycled NMC622 2.8711(2) 14.2208(2) 4.9531 101.521(2)

The preservation of the NMC622 chemical composition was also confirmed via ICP-OES characterizations, which
revealed that the molar ratio of Li to all transition metals (TM) is well maintained after the recycling process (Table
S1). These outputs indicate that the stoichiometry is preserved and no leaching of Li occurred during the process (see

supplementary information).

Quantification of residual PVDF and carbon black in the recycled NMC622 by TGA-MS:

The thermogravimetric analyses under air coupled with mass spectroscopy were conducted on the recycled powder
and compared to the one obtained for MSE as shown in Figures S7a and S7b. In the case of MSE sample, depicted by
the red curve, weight losses were observed across several temperature ranges, resulting in a cumulative loss of
approximately 9 wt.%, consistent with the electrode formulation and the complete degradation/removal of both
PVDF and carbon black. The initial weight loss up to 450°C accounts for about 4 wt.% and is attributed to the
decomposition of PVDF, as confirmed by the detection of HF though mass spectroscopy. Indeed, as illustrated on the
graph, the m/z=19 signal, indicative of fluorine (F) was detected between 400°C and 430°C. The second weight loss,
occurring above 450°C, is attributed to the oxidation of carbon black to CO2 and represents =5 wt.%. In contrast, the
powder recovered after the direct recycling process exhibits an initial weight loss of 1.5 wt.% up to 450°C suggesting
that a significant amount of PVDF was removed during the recycling process. Moreover, no fluorine was detected by
mass spectroscopy this time, corroborating a substantial reduction in the PVDF content within the overall sample.
This analysis revealed that the F compounds from the recycled NMC622 as analyzed in the exhaust gas is lower than
the detection limit. This polymer amount could potentially be further reduced though optimization, i.e. transfer from
a batch to a semi-continuous process where the solvent mixture is continuously flowed on a static sample, preventing
any saturation of the solvent mixture with PVDF. The second weight loss of 5 wt.% is attributed to the carbon black
as for the manually scrapped electrode. The separation of carbon black from NMC622 particles presents significant
challenges due to its minute size, rendering the process difficult and practically unfeasible. Moreover, keeping a
mixture of NMC622 and carbon black is not detrimental for the reuse. As long as we precisely know the amount of

carbon black, it is easy to readjust the formulation of the slurry .
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Microstructure and particle morphology:

Particle morphology and microstructure are crucial characteristics in powder processability for electrode
preparation, which also significantly impact the long-term stability and rate capability of an electrochemically active
material, hence, the success of direct recycling depends on their preservation. The SEM images presented in Figure
5 clearly demonstrate the conservation of NMC622 secondary particles spherical morphology after the recycling
procedure. In fact, the particle size and size distribution exhibit remarkable similarity between the pristine material
(Figure 5a) and the NMC622 recovered after CO2-based recycling process (Figure 5c). On the other hand, the MSE
powder (Figure 5b) exhibits a considerable number of aggregated secondary particles, resulting in shapeless
agglomerates. This comparison confirms the effectiveness of this process allowing the removal of a majority of the
binder during delamination. For an in-depth analysis, laser granulometry measurements were performed to compare

precisely the particle size distribution of this series of NMC622.

In Figure 5d, the pristine powder demonstrates a unimodal distribution with an average particle size centered around
20 um, whereas the recycled material exhibits a broader and right-skewed distribution. (Figures 5d-e)33. It is worth
noting that the recycled powder underwent a calendering step during electrode preparation, and the applied
pressure during rolling can induce deformation of the spherical particles, resulting in elongated particles3*. Therefore,
this broadening of the distribution, highlighted by the increased dso and dso values (Figure 5e and Table S2), is likely
caused by the electrode preparation, although the presence of the residual binder maintaining the aggregation of
NMC622 particles and carbon black, making it appear bigger, cannot be completely ruled out. To verify this
hypothesis, we recovered the NMC622 by stirring the electrode at 100 °C for 1 hour in a solution of TEP following the
procedure of Bai et al.2° and found a very similar particle size distribution than for our NMC622 recovered by CO2
approach. This confirms that the electrode preparation alters the microstructure and not the CO»-assisted recycling
process. Additionally, the recycled material displays a small peak below 5 um revealing a population of small particles
which most likely originates from fragments resulting from particles cracking during the calendering process. Given

their very small size (< 100 nm), the possibility of this signal arising from carbon black particles is minimal.
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Figure 5. SEM images of powders from a) Pristine NMC622; b) MSE NMC622; c) Recycled NMC622. Particle size distribution of pristine NMC622
and recycled powders from -CO; conditions and recovered after stirring in TEP for 1h at 100°C according to the work of Bai et al.??, d) dynamic
light scattering showing particle size distribution, e) corresponding derived cumulative curve highlighting percentiles d10, d50, and d90 (Table S2)
and f) C1s and F1s spectra of pristine NMC622, MSE NMC622 and Recycled NMC622.

Surface characteristics of the recycled NMC622:

X-ray photoelectron spectroscopy (XPS) analyses were conducted to assess the potential impact of the recycling
treatment on the surface chemistry of the active material. All observable elements were investigated, including the
impurities. C 1s and F 1s spectra of the pristine NMC622 powder, MSE NMC622, and recycled NMC622 are reported
in Figure 5f. Other XPS spectra (transition metal 2p and 3p, Li 1s, Al 2p, O 1s and P 2p) are displayed in Figure S8. The
overall spectral shapes closely resemble one another across all samples. Especially, the transition metal 2p and 3p
spectra do not reveal any oxidation state modification at the surface of NMC622. The results of quantitative XPS
analysis are reported in Table S3. From this analysis, the atomic % of the relevant chemical species for our study, i.e.
the amounts of NMC622, lithium carbonate, PVDF, carbon black, other carbon-containing species, LiF, aluminum and

phosphorus observed at the surface, are given in Table 3. With the exception of the presence of phosphorus (0.4
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at.%) observed in the pressurized CO: treated sample, and attributed to traces of TEP that remain on the surface
after the delamination process, no additional elements were detected on the surface of the recycled powder when
compared to the pristine and manually scraped counterparts. As expected, a comparison between pristine NMC622
and the manually scraped electrode reveals a decrease of the observed atomic percentage of the active material
detected at the surface due to the presence of PVDF polymer and carbon black in the electrode formulation. In

contrast, the amount of Li.CO3 remains constant.

A comparison between the recycled and MSE samples further demonstrates the anticipated decrease in the amount
of PVDF, dropping from 36 to 20 at.% at the surface, aligning well with the findings from TGA-MS and the partial
removal of the binder during the delamination process. The atomic percentage of NMC622 remains similar but the
Li2COs3 content is doubled. This latter was reported to increase when NMC, especially Ni-rich materials, are exposed
to air and/or humidity3>3®. In this case, both CO.-assisted treatment and washing steps might have contributed to
favorize the formation of Li.COs. Nevertheless, the Li2COs content remains extremely low in the whole sample (not
only at the surface). Besides, its precise impact on the final energy storage performance is still subject to debate and
is heavily dependent on the cycling conditions3>373%, Aluminum and LiF are also observed in weak amounts (coating
of the active material). In MSE and recycled electrode, LiF may also arise from a slight degradation of PVDF under the

X-ray beam.

Table 3. Quantification of the chemical species (atomic %) identified on the surface of Pristine NMC622, MSE NMC622 and Recycled NMC622
samples using XPS.

. other .
at. % NMC622 Li.CO3 PVDF CB LiF Al P
carbon
Pristine NMC622 40 19 0 0 19 0.6 1.6 0
MSE NMC622 6.6 21 36 18 4.0 0.8 0.2 0
Recycled NMC622 5.3 41 20 14 6.9 0.9 0.3 0.4

Electrochemical Performance

The electrochemical performance of the recycled powder was evaluated. For an accurate comparison to those of the
pristine material, we prepared electrodes in the same formulation (80:10:10) with pristine NMC622 and recycled
one. Galvanostatic charge/discharge performed at C/10, represented in Figure 6a, clearly demonstrate that the
recycled NMC622 performs as well as the pristine material, exhibiting the same reversible capacity and a very similar
polarization. On the other hand, when the current density increases to 1C (Figure 6b), the recycled material displays

this time higher polarization that lowers its specific capacity due to the cut-off voltage imposed at 4.3 V vs Li*/Li.

To further compare their energy storage performance, rate capability tests were conducted at low (C/20 and C/10),
medium (C/5 and C/2) and high rates (C and 2C) as presented in Figure 6¢. The discharge capacity of the recycled

NMC622 is very similar to that of the pristine NMC622 throughout different current densities except at high rates of
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C and 2C. However, when the low rate (C/10) was re-implemented at the end of the C-rate test, the capacity of
recycled NMC622 was recovered indicating that the high rates are not detrimental to its stability and the faster
decrease of capacity originates from lower kinetics. This is supported by the higher polarization encountered at 1C

for the recycled powder as represented on Figure 6b.
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Figure 6. Galvanostatic charge/discharge (first cycle) of recycled (green curve) and pristine (black curve) NMC622 performed in half cell versus Li
ata) C/10 and b) 1C. c) Rate-capability test performed at varied C-rates from C/20 to 2C with a fixed electrochemical window 2.5-4.3V vs Li*/Li. d)
Evolution of specific capacity upon 100 cycles performed at C/5 with an electrochemical window of 2.5-4.3V.

In addition to rate capability, long-term stability is extremely important and was evaluated as displayed in Figure 6d.
The initial discharge specific capacity of the pristine NMC622 was 170 mAh/g, whereas the recycled NMC622
exhibited a slightly lower initial capacity of 164 mAh/g. The first cycle capacity was low for the recycled powder; but
it subsequently increases until 167 mAh/g and degrades normally, following the same trend than that observed for
the pristine material. This initial difference in capacity could be due to a slower electrolyte impregnation due to
residual PVDF and carbon black. However, what is important is that later, the capacity profile became stable, such
that the trend of the capacity degradation is highly uniform to both cells, suggesting the same material behavior
which proves that the process is benign and did not alter the electrochemical stability upon cycling. This indicates
that the structure is stable over the intercalation and de-intercalation of Li and was not affected by the direct
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recycling process. Also, both cells revealed a capacity retention higher than 80% after 100 cycles from 2.5 -4.3 V at

a C/5 rate suggesting good electrochemical performance.

The slightly higher polarization at high current densities (> 1C rate, Figure 6¢c) may come from the alteration of the
microstructure during the industrial processing, accentuated by the second calendaring, or due to the residual
polymer which implies an optimization of the electrode formulation. To try to bring some answers, we studied the
cross section of both electrodes by SEM to analyze their morphology and performed Scanning Auger Microscopy

(SAM) to investigate the distribution of the different elements (F, C, O, and metals) within the electrodes.

On Figure 7, SEM images reveal that the electrode morphology from recycled NMC622 is very different from the
electrode made from pristine NMC622, especially with the existence of cracks and porosity along the electrode
surface, although all the experimental conditions were exactly the same. Indeed, the electrode from pristine NMC622
seems more compact with a smoother and more uniform surface than the one prepared with the recycled NMC622.
Such difference in the electrode characteristics may originate from the different surface chemistries observed by XPS
(presence of PVDF and carbon black already on the recycled NMC622 surface and higher amount of Li.COs) that
should change the rheology of the slurry prepared to cast the positive electrode. Moreover, the slight changes in
particle size distribution observed by laser granulometry may also have a non-negligible impact. Therefore, it is
consistent to argue that the not optimized electrode morphology for the recycled powder negatively impacts the
energy storage performance, especially for fast charges/discharges when optimized electronic percolation and Li*
diffusion are required: this could at least partially explain the difference in rate capability. Thus, an optimization of
the electrode formulation is essential and needed to recover optimized performance. This point was also observed
by Ouaneche et al.?° in their work of direct recycling of LiFePQs although no study on electrode morphology was done

to correlate the electrochemical performance.
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Figure 7. SEM images of cross sections of: a) pristine NMC622 electrode; b) recycled NMC622 electrode, c) SEM image of a cross section of the
recycled NMC622 electrode; d) SAM images corresponding to the selected red square.

Besides, cross sections images confirm that the CO:z-assisted treatment has no impact on the NMC622
microstructure. The secondary particles of NMC622 remained dense and no cracks were observed although a
pressure of 100 bar was maintained during the delamination process. Additionally, SAM reveals a rather
homogeneous distribution of carbon and fluorine (PVDF) within the “porous” matrix surrounding the active materials
(Figure 7d), although higher concentration of PVDF is detected at the surface of NMC622 particles, supporting the
need to optimize the formulation. However, the most important point is the absence of fluorine detected in the core
of the aggregates, excluding the possible transport of dissolved PVDF by the CO2 through the porosity of secondary
particles. This issue is more deeply investigated by analyzing the Auger electron spectra recorded at selected points

(see Figure S9), showing that no fluorine can be evidenced at the center of the agglomerates.

PVDF and aluminum recovery
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One of the notable advantages of employing the delamination via solvent dissolution method, specifically utilizing
the mix-reagent scheme of TEP:acetone assisted by pressurized CO2, is the successful recovery and possible
subsequent valuation of PVDF. The delamination process involves a series of steps, sonication and vacuum filtration,
which collectively contribute to enhanced separation and recovery of the components present in the positive
electrode. Here, the sonication facilitates the de-agglomeration of the composite material whereas the vacuum
filtration permits to separate the solid and liquid fractions, the latter containing the dissolved PVDF. Then, the

polymer precipitates by introducing water in the solution and can further easily be recovered.

The integrity of the recovered polymer was further evaluated by the Fourier-Transformed Infrared spectroscopy
(FTIR). Figure 8 shows that the IR spectrum of the recycled PVDF is very similar to that of fresh PVDF used in the

electrode, confirming the success of the separation process while maintaining the PVDF's inherent characteristics.
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Figure 8. a) IR spectra of the recycled PVDF in comparison to the reference material and b) TGA analysis of recycled PVDF compared to the
reference and to TEP.

Thermogravimetric analyses reveal that, despite the matching IR spectra displayed in Figure 8a, the recycled PVDF
exhibits a different thermal stability in comparison to the reference PVDF in Figure 8b. Weight loss observed below
200°C is attributed to the presence of traces of TEP, while weight loss beyond 400°C is attributed to PVDF
decomposition. The weight loss occurring between 200 and 400°C may be attributed to some alteration of the binder
during the electrode preparation such as NMP swelling or other mechanisms. Despite these phenomena that need
to be deeper investigated, the PVDF is effectively separated and recovered, distinguishing this method from other

processes. Besides, no traces of carbon black were found with the recovered polymer.

The efficient delamination process developed in this study also allows the recovery of the Aluminum foil. 100%

delamination directly correlates to 100% Al recovery. The recovery of aluminum is very important especially its
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separation from active material to avoid Al contamination. Indeed, in the standard pyro- and hydrometallurgical
routes, high content of Al adversely affects the extraction and separation of the metals in the positive electrode.
Therefore, alkaline leaching using NaOH is usually implemented to dissolve Al as demonstrated by Ferreira et al.*°
and Punt et al.**. In this work, we have delaminated the composite material and recovered the Al foil intact, clean
and corrosion-free as presented in the macroscopic image supported by a SEM image (Figure S10). The pits observed
on the SEM images are caused by the calendering step of the electrode. Embossed holes are observed due to the
applied pressure, making sure of the contact and the adhesion of the composite material to the foil. The recovered

Al foil could possibly be valorized as a clean feedstock to Al production or other established Al recovery methods.

Table 4. Comparison of the different chemical delamination techniques applied to LIB positive electrode with PVDF as binder. (CAM: Cathode

active material, & N.I.: not indicated)

Active mass
Spent loading Solvent:
Chemical Temp Time
Solvent or (mg/cm?)/ Wt. | electrode | Stirring | Eff. Ref
delamination (°C) (min)
scrap % ratio (w/w) (%)
CAM:PVDF:CB
lonic
[BMIm][BF4] 180 Spent N.I N.I Yes 99 25 18
liquid
Molten
AICls-NaCl 160 Spent N.1 10:1 Yes 99.8 20 42
salt
Deep eutectic
K»COs-EG 100 Spent N.I 10:1 Yes 99.3 20 43
solvent
100 Scrap 19.5/
TEP 10:1 Yes 100 60 20
Organic 150 Spent 90:5:5
Solvent TEP+
) ) 21.0/ This
Dissolution acetone+ 120 Scrap <1.5:1 No 100 15
92:4:4 study
CO,

To further assess the impact of this study, a comparison is made with various chemical delamination techniques,
summarized in Table 4. Delamination using reagents exhibits lower temperature requirements and relatively faster
processing times compared to alternative techniques, as presented in Table 4. Besides the common drawback of
solvent consumption for chemical delamination processes, the capability to properly mix the slurry, especially with
sheet-like scraps and the solvent removal from the recycled material are the main issues. The combined used of
acetone and pressurized CO2 in this method helps mitigate these disadvantages, making it more competitive to

thermal and mechanical approaches. Regarding solvent consumption, in the aforementioned table, the solvent-to-
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electrode ratio is reduced to <1.5:1 w/w, minimizing solvent consumption. In the CO2—assisted method, the solvent
consumption is approximately 6.7 times lower than employing 100% TEP in stirring condition. This could be further
improved by moving from batch like systems to semi-continuous ones, enabling to recirculate the solvent mixture in
the system. It is worth noting that other reports provide liquid-to-solid ratios, but these systems predominantly utilize
pure solvent. In contrast, this study employs a combination of TEP and acetone, with only TEP consumption

considered, as it is the active solvent enabling binder dissolution.

In Table 4, all the methods present a similarity of requiring an agitation system or stirring along with the significant
solvent consumption to ease the agitation. Considering that the electrodes are in a sheet-like structure, maintaining
homogeneity of mixing poses challenges which is not a limitation in the CO2 method. Additionally, stirring conditions
are difficult to scale up due to electrode density and their settling in the reactor. Hence, sustaining stirring conditions
for efficient delamination necessitates a substantial input of mechanical energy. In contrast, the strategy
implemented in this study, employing pressurized CO2, eliminates the need for agitation. In these conditions, CO2
exhibits high diffusivity, hence, the CO2 medium enables a better impregnation by the solvent mixture, ensuring

better distribution of TEP and increasing contact with all PVDF matrices, thus accelerating dissolution process.

In contrast, the compared methods require a ratio of 10:1 w/w. This significant reduction in reagent consumption,
coupled with the fast processing time, can be attributed to the utilization of pressurized CO.. Finally, for chemical
delamination method, in the case of pressurized processes with fluids, the solvent must be miscible with the gas
carrier, CO2 for example, on top of its ability to dissolve the binder. Furthermore, for the method to be qualified for
direct recycling, it must be supported by the electrochemical performance of the recycled powder, ensuring that the
solvent used is benign to NMC622. The valorization of PVDF and Al foil while preserving the properties and

characteristics of the positive electrode material remains a central objective in this research.

Conclusion

This manuscript presented an innovative approach via chemical dissolution as a new direct recycling method for the
LIB positive electrode scraps, which resulted to the 100% efficient delamination of the components of a positive
electrode scrap. The Al foil was manually separated after the delamination process. By implementing filtration, the
dissolved PVDF together with the TEP and acetone flow through, resulting to its separation from the NMC622 and
carbon black mixture. The dissolved PVDF can later be recovered through reprecipitation by adding water. The
recovered NMC622 and carbon black mixture was not further separated as both components are needed for the new
electrode formulation. The use of pressurized CO: significantly improves dissolution of PVDF in TEP in terms of
processing, solvent quantity consumption in mild conditions of 100 bar of CO2 and 120°C. This process suppresses

the need of stirring and could be implemented in continuous flow.
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The main challenge of direct recycling to preserve and directly reuse materials is exceeded in this study, all the
components, PVDF, Al foil, NMC622 and CB were successfully separated. Most importantly, the recycled NMC622
revealed pristine level properties with preserved crystal structure, morphology, and chemical composition. Long-
term cycling tests revealed identical cycling behavior between the pristine and recycled NMC622 materials with
similar capacity and capacity loss per cycle. Electrodes cross sections and changes in particle size distribution
suggested that electrode formulation of the recycled active material would necessitate optimization, to reach fast
charging electrochemical performance for electrodes made of 100% recycled material. However, we have to keep in
mind that at the industrial level, only few % of recycled NMC622 will be re-injected into the production process and

diluted within pristine NMC622, lowering this downside.

The optimized parameters outlined in this paper could be further evaluated by converting the setup into a semi-
continuous or continuous process. For instance, the solvents utilized can be separated and recirculate the CO: further
reducing the overall solvent consumption. This section of the article provides valuable insights of the effective
utilization of pressurized CO2 in combination with a mixture of TEP and acetone for the delamination of positive
electrode production scraps, qualifying them for direct recycling. Lastly, the industrial translation of this pressurized
fluids technology in multi-material composite such as the LIB electrodes is already demonstrated as this technology
is used in the same range of temperature and pressure by the IDELAM company for the recycling of shoes, for
instance. Implementing this technology in LIB is not limited to NMC based technologies and LIB recycling, but could
be used also to other technologies such as LiFePOs-based Li-ion batteries or Na-ion batteries. The TEP-acetone-CO2
solvent system can still be used as long as the binder is PVDF. If the binder should be replaced, the technique could
still be used as long as the miscibility of the solvent into the fluid is respected with a different pair of solvents that
has the ability to dissolve the binder and especially benign to the cathode active material. A life cycle assessment
(LCA) is being conducted to validate the impacts of this innovative process compared to others approaches in the

direct recycling of LIB positive scraps but is beyond the scope of this study.
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Synopsis:

Pressurized CO: enables a 100% efficiency delamination and separation of a production scrap Li-ion battery
electrodes, recovering NMC622 with electrochemical properties comparable to pristine material. This benign,
efficient process supports direct re-use, promoting sustainability by reducing waste and avoiding complex

reprocessing, making it a promising solution for battery recycling.
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