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ABSTRACT

Ultrasound is a commonly used tool to aid cleaning of microscopic or soluble contamination. Transferred to
battery electrodes, it can be applied to remove active material and binder from the current collector foil.
Many direct recycling studies make use of it as an effective delamination method, but rarely investigate in
the process parameters. This work considers frequency, temperature, residence time and type of solvent as
important adjusting screws to gain a valuable recycling product.

Triethyl phosphate as a non-critical solvent alternative reached fast and similarly good delamination
results to the common N-methyl-2-pyrrolidone close to 100 %, while dimethyl sulfoxide caused undesirable
structural changes of the lithium-nickel-manganese-cobalt-oxide cathode active material observed by X-ray
diffractometry. Others like cyrene, ethyl acetoacetate and acetone did not reach sufficient delamination degree,
which was below 31 %. In general, elevated temperatures were necessary to enable dissolution of the binder,
but no significant difference between 60 °C and 80 °C was observed.

29kHz ultrasound frequency generates strong cavitation micro jets, which delaminated the electrode
efficiently. It reached a delamination degree of (101.4 + 0.6) %, but also caused plenty pitting of the current
collector foil. This resulted in 4478 ppm of additional aluminum in the inductively coupled plasma optical
emission spectroscopy of the recyclate and would make battery manufacturers reject the material. A frequency
of 120kHz reached complete delamination ((100.5 +0.3) %) without pitting and exceeded the initial aluminum
content by just 121 ppm. The cavitation micro jets at higher frequencies are of greater number concentration,
but less energetic, and spare the foil from pitting with simultaneously high delamination degree.

In literature, ultrasound treatment has been described as a promising way to regain active material during
direct battery recycling. This study carries on these investigations and gives further insights in the process step.
It demonstrates the importance of the process parameters, especially the so far often neglected frequency, and
the solvent phase, for a successful recycling.

Introduction

The Joint Research Center of the European Commission predicts a

delayed by their lifetime, production scrap accrues immediately during
manufacturing. According to the Battery 2030 report of McKinsey and
the Global Battery Alliance [5], about 600kta~! of production scrap

multiplication of the material demand for LIBs due to the upcoming
energy transition [1]. The massive need for these materials leads to
social, political and environmental issues [2,3]. The recycling of battery
materials is essential to set up a circular economy and helps to reduce
the need for mining and the import of critical materials [4]. End-of-
life (EoL)-batteries as well as production scrap are subject to research
in battery recycling. While EoL-batteries impact recycling capacities

are expected in 2030. It can be categorized in dry and wet scrap,
depending on whether they have become into contact with electrolyte
or not. Dry scrap consists of defective coatings e.g. from start-up or
shut down, stamping residues and defective electrode stacks or non-
filled cells. Wet production scrap originates from electrolyte-filled and
formed cells which do not meet the quality requirements. In contrast
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Symbol Unit/Dimension
c speed of sound ms~!

D degree of delamination -

d diameter m

f frequency 57!

g gravity ms™2

h height m

i integer coefficient, number -

Ley cavitation noise level -

m mass kg

n rotation speed s

N natural numbers -

Oint intensity-weighed distribution -

R radius in Hansen space kg®m=0-35-!
RCF relative centrifugal force -

T temperature K

t time S

v velocity ms~!

14 volume m3

x particle size, diameter m

i mass concentration kgm™3

B Hansen parameters kg®>m=0-35-!
n dynamic viscosity kgm™!s~!

0 scattering angle °

3 temperature °C

A wavelength m

P density kgm™3

® mass fraction -

to wet production scrap and EoL-batteries, the active material in dry
scrap is not degraded from formation or battery usage, nor mixed with
different battery types. This makes it a valuable resource to recycling.

Paths of recycling

The pyro- and hydrometallurgical recycling processes are estab-
lished on industrial scale [6-10] and are mainly designed to regain the
high-value metallic components from EoL-batteries, leaving others non-
targeted. Pyrometallurgical recycling involves the high-temperature
smelting of spent LIBs, while hydrometallurgical recycling uses aqueous
solutions to leach metals from cathode materials [4,11-13]. In case
of recycling EoL-LIBs, the degraded materials need to be renewed, so
the break down to the level of elements during pyro- and hydromet-
allurgical paths seem reasonable. Pristine active material can then be
resnythesized from the recycling products.

Recycling non-degraded dry production scrap through pyro- or
hydromatallurgical processes means to destroy the intact chemical
and crystallographic structure of the active material. It needs to be
expensively resynthesized from its precursors. Direct recycling methods
address this drawback. Instead of regaining the constitute elements
from the LIBs, recovery takes place on the particle level, preserving
the material’s structure. The substantial effort invested in producing
active materials along the value chain is obtained due to the higher
value level of the recyclate. Owing to the greater economic efficiency as
well as the simple set-up, the method is especially interesting to battery
manufacturers running an in-house recycling for their residues. [4,14-
18]

The main task in direct recycling of dry production scrap is the
delamination of the current collector and the contamination-free re-
covery of the active material. [14,17,19-21] If the electrodes have not
yet been assembled or degraded, neither a complex separation as pre-
treatment, nor a regeneration of the spent material as post-treatment is
needed. The delaminated active material can directly be reused in the
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production. In case of readily assembled cells, a disassembly needs to
be installed upstream.

Crushing and sieving, thermal decomposition or solvent dissolution
of the binder are commonly used to free/release the active material
particles from the electrode foil. However, each of the methods faces
its own challenges. But still, direct recycling of production scrap can be
a worthwhile process. Several publications therefore deal with the up-
coming challenges: Crushing is associated with particulate copper and
aluminum contamination of the recyclate [14,19,22,23], while thermal
decomposition consumes a lot of energy and might release aggressive
fluorine components [24-30]. The dissolution of the binder can be
time-consuming and implies the application of a solvent [14,28,31,
32]. Also other alternative methods for delamination like mechanical
brushing or ultrasonication are investigated to efficiently delaminate
the production scrap for its direct recycling [28,33-36].

Solvents and ultrasound in LIB recycling

In LIB-anodes, the water-based binder system of styrene-butadiene-
rubber and carboxymethyl cellulose replaced the PVDF with NMP in
favor of safety and costs [37]. This simplifies the production as well
as the recycling of LIB-anodes. Wiechers et al. [34] developed a simple
and efficient recycling path for anode scrap assisting the binder disso-
lution in water by ultrasonication. In extension to Wiechers et al. [34]
and Ren et al. [38], this study deals with the challenges of strong
adhesive forces by the PVDF-binder in the cathode.

In LIB-cathodes, PVDF is the predominant binder which brings up
some challenges. Main problem is the requirement for an aprotic-polar
solvent. The most commonly used solvent to dissolve PVDF is the
reproductive toxic solvent NMP [39], which has been added to the Reg-
istration, Evaluation and Authorization of Chemicals (REACH) list [40].
This is an issue for safety at work and environmental concerns, which
has been addressed in context of LIB-production as well as of recycling.
Several less problematic, sustainable and green alternative solvents like
TEP, DMSO, GVLA, dimethyl isosorbide (DMI) etc. have been assessed
to substitute NMP. However, the dissolving properties for PVDF of all
of them are poorer than NMP. [30,31,41-47] Therefore simple stirring
induced delamination of the cathode can be inefficient: Taking a long
time, consuming a lot of solvent, requiring elevated temperatures or
other energy inputs. Ultrasonication can be an option to highly improve
the dissolution of polymeric PVDF binder in an organic solvent. It
assists the dissolution process, as well as the mechanical removal of
the coating by cavitation. This seems to be a promising approach to
perform the delamination applying solvent alternatives in an effective
manner. [35,36,42,48,49]

Idea of this study

In the present study, a combination of ultrasound assistance and the
optimization of process parameters enables the application of green sol-
vent alternatives with high delamination degree, despite their partially
worse dissolution properties.

+ Green solvent alternatives: Designing a recycling process is guided
by the principles of environmental, economic, and social sustain-
ability. However, the use of NMP contradicts these sustainability
goals, making it desirable to replace this hazardous solvent. Green
solvent alternatives are therefore made an objective of this study,
even though they introduce certain challenges: In former stud-
ies they did not reach as high delamination degree as NMP or
required elevated process parameters [31,48]. Ahuis et al. [31]
performed a solvent-based recovery of shredded cathode scrap
in a stirred vessel. They reached recovery yields close to 70 %
using NMP at room temperature or TEP at 75°C as solvents.
He et al. [48] reached 99% of delamination in NMP using an
ultrasonic bath at 40kHz. The idea of applying solvent alterna-
tives has been introduced, but was not pursued under optimized
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parameters, as their delamination was less effective in the begin-
ning. Conversely, the effect of temperature, power and time was
investigated on NMP, which was taken up for the green solvents
in this study.

Fast and high delamination degree: In terms of industrial applica-
bility, close to complete delamination is necessary and should be
reached within reasonable time. It is reported that ultrasonica-
tion can accelerate the solvent-based binder dissolution [36,38].
Hence, an ultrasound based process was chosen for this study.

Metal impurities play a crucial role in terms of reusability of the
recyclate. Even if batteries are running with higher metal content, man-
ufacturers demands are usually strict. Goal of this study is to provide a
high-quality recycling product with little impurities by optimizing the
ultrasound process parameters.

* Analysis of metal impurities: Lei et al. [35] applied high power
ultrasonication with 2200 W and 70 W cm~2 at 20kHz to delam-
inate spent LIB-cathodes. They swiftly reached up to 99.5% of
delamination. Despite the observation of pitting, the contamina-
tion of the recyclate has not been investigated, although crucial
for the reuse case. He et al. [48] reported an aluminum content
of 0.08 wt %. This value shall be undercut to generate a more
pure and high-value recycling product. This study provides an
analysis of contamination due to pitting of the current collector
foil caused by ultrasound cavitation as a base to optimize the
process parameters.

Ultrasound process parameters: Some studies [31,42,48,50] inves-
tigated the impact of temperature, power and time. Anyway,
there is little research considering ultrasound frequency as an
important parameter for the delamination step, although it is of
high relevance for impurity generation [51]. All of the mentioned
parameters are of high significance because they can influence the
degree of delamination, the mechanical integrity of the active ma-
terial as well as the level of contamination. Therefore, this study
takes all of them into account to develop a sustainable and cost-
saving direct recycling approach for solvent-based LIB-cathode
production scrap.

Ultrasound treatment and green solvent alternatives can enhance
the mechanical direct recycling. This work combines both and presents
a simple and efficient recycling process for solvent-based LIB-cathode
production scrap. All dry residues that have not yet come into con-
tact with electrolytes can be recycled without any pre-treatment. This
can include defective coatings before and after calendaring or punch-
ing residues. In future, the process will be extended for wet rejects
and EoL-LIBs which necessitates a disassembly and drying step. Those
are also part of the research project this study belongs to and are
investigated by Henschel et al. [52] and Lodige et al. [53].

The active material coated current collector foils are inserted into
a suitable solvent and are exposed to an ultrasound cleaning device
for delamination. Green solvent alternatives were applied as process
liquids. Process parameters like temperature, residence time and ul-
trasound frequency are varied and evaluated in terms of delamination
degree and the recycling material’s quality. The delamination step
results in a diluted suspension of active material and its additives. It can
be rethickened for producing 100 % recycling electrodes [34] or added
to the manufacturing process [31].

Materials and methods
Raw materials

Goal of this study is to develop an optimized ultrasound assisted
recycling process which is suitable for industrial cathodes. Cathode

production scrap was hence sourced from a gigafactory for automotive
batteries. It has been produced from nickel rich NMC cathode active
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Table 1
Composition of the cathode production scrap used as source material: indus-
trial cathode (indCath), laboratory cathode (labCath).

Compound Unit indCath labCath
NMC wt % >95.0 94.0

CA wt % <2.5 3.0
PVDF wt % <2.5 3.0
Solvent - NMP TEP

Solid content wt % unknown 67

Foil pm 13 16

Load gm™? 165 178
Coating - double-sided single-sided

material (CAM) with a stoichiometry of > 811, carbon based conductive
additive (CA) and from PVDF as polymeric binder. NMP was used as
solvent to prepare the slurry. The current collector is a 13 pm thick
aluminum foil. The coating was double-sided and has been calendared.
As a label for this material, indCath is established throughout this work.
The composition is given in Table 1. The pristine NMC powder has been
supplied for the purpose of analysis too. Both are stored in an argon-
filled glovebox (PureSmart T3, Jacomex, France) at <10 ppm H,O.

Self-produced cathodes are used in parallel during this study. Ac-
cording to Chen et al. [45], TEP can be equally used to substitute NMP
as a solvent in battery production. This is applied here in favor of
safety and environment. At first 0.67 g of PVDF-binder (HSV9300, Gelon
LIB Group, China | MSE12201S-000-DO, Sartorius, Germany) were
dissolved in 102.31 mL TEP (Triethyl phosphate 99%, Acros Organics,
Belgium | Blaubrand Eterna, Brand, Germany) for 4h at 65 °C in a wide
neck bottle (Rasotherm laboratory bottles borosilicate glass, 3.3 Scherf-
Prézision, Germany) on a magnetic stirrer (RCT basic, IKA, Germany).
The following mixing of the slurry with CA and CAM takes place in
the glovebox. 6.67 g of carbon black (CB) (C-NERGY Super C65, Imerys,
France) and 208.92 g of NMC811 (S85E, Gelon LIB Group, China) were
prepared on a weighing dish (LC6201S, Sartorius, Germany). First,
an overhead mixer (Eurostar 60 control, IKA, Germany) with a dis-
solver stirring tool predispersed the CB for 30min at 1200 min~' in
the PVDF-TEP-solution. NMC was stirred in at the same speed for 2h
afterwards. To prevent the slurry from segregation, it is coated onto the
aluminum foil (16 pum - 280 mm Al-foil roll, Gelon LIB Group, China)
immediately using a doctor blade with a height of 120 pm (BEVS1818
mini film applicator & BEVS18063/150, BEVS, China). The two-stage
drying process is similar to Chen et al. [45]. It starts in an oven
(UN110, Memmert, Germany) at 60°C for at least 6h and ends in
an vacuum oven (RVT360, Heraeus, Germany) at 120 °C after another
6h. The readily prepared in-house cathodes are subsequently stored
in the glovebox again. labCath is the label to distinguish them from
the industrial ones. In preparation for the experiments, coin-like plates
were punched out of the cathodes.

Acknowledge that materials and chemicals used in this study may
cause serious health problems. It is essential to consult safety data
sheets of your supplier and to set up a safe working procedure if you
try to reproduce this experiments.

Choice of solvent alternatives

The main demand to a solvent in cathode production, as well as
in this direct recycling process, is to easily dissolve the PVDF-binder.
Hansen et al. [54] developed a method to predict if a material (typi-
cally a polymer) will dissolve in a solvent. It is found on the concept
that like dissolves like, which means the intermolecular interactions of
material and solvent are alike. Each molecule is therefore characterized
by three Hansen parameters for dispersion forces é,, dipolar forces §,
and hydrogen bonds §,,. If the distance between a polymer (index 1) and
a solvent (index 2) in Hansen space R, calculated by Eq. (1) is less than
the so called interaction radius R,, the solid will probably dissolve [54].

R, = \/4(5112 =541+ (60 — 5;:1)2 + (6pp — 6p)? (€D)]
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Table 2

Selection of possible polyvinylidene fluoride (PVDF) dissolving solvents
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according to

Hansen et al. [54] and Bottino et al. [57] for lithium-ion battery cathode production and recycling
and their Hansen solubility parameters 6 including the distance in Hansen space R, and their
evaporation temperature and their globally harmonized system of classification and labelling of

chemicals (GHS)-symbols [58].

Molecule 5,/MPa™ 5 /MPa® 5, /MPa’>  R,/MPa”>  9,/°C  GHS-symbols
Polyvinylidene fluoride 17.20 12.50 9.20
N-methyl-2-pyrrolidone  18.00 12.30 7.20 2.57 203 LOXE
Triethyl phosphate 16.80 11.50 9.20 1.28 215 @
Ethyl acetoacetate 16.50 10.80 8.30 2.38 180 none
y-valerolactone 18.50 14.10 6.60 4.01 207 none
Cyrene 18.80 10.60 6.90 4.37 227 @
Acetone 15.50 10.40 7.00 4.56 56 O ®
Dimethyl sulfoxide 18.40 16.40 10.20 4.69 189 none

The possible solvents have now been chosen by minimizing R, and Table 3

rejecting highly hazardous, poorly available or expensive chemicals.
This study focuses on TEP as its R, to PVDF of 1.28 MPa%’ is the
smallest among the remaining aprotic-polar solvents and it was success-
fully tested for battery production [43,45]. Further biorenewable NMP
alternatives like Cyrene [44], y-valerolactone [55] and DMSO [43]
have been investigated for LIB-manufacturing and were additionally
included in the solvent selection. Data on the process compatibility
of these solvents can be found in literature [45,55,56]. Acetone as
a common solvent and EAA with promising Hansen parameters were
considered in this study too. Table 2 lists the chosen solvents and their
Hansen solubility parameters including the distance to PVDF in Hansen
space.

The solvents have been sourced from the following suppliers: NMP
(Superclo Emplura 1-Methyl-2-pyrrolidone, Merck, Germany), TEP (Tri-
ethyl phosphate 99%, Acros Organics), EAA (Ethyl acetoacetate for
analysis, Merck, Germany), GVLA (y-valerolactone 98%, ThermoFisher,
Germany), cyrene (Cyrene 99%, Merck, Germany), acetone (Aceton
rein, Hugo Héffner Vertrieb, Germany) and DMSO (Dimethyl sulfoxide
< 0.03% water for analysis, VWR, France).

Experimental set-up

This study consists of two experimental procedures: Firstly, the
parameters for decoating were studied using single plates of indCath
on a 10 mL-scale. Secondly, the best parameter setting was chosen and
investigated under increasing solid content. This was additionally per-
formed using labCath highlighted by purple color in Fig. 1. In contrast
to indCath, the labCath do not underlie non-disclosure restrictions for
analytical methods. All the experiments were run in triplicates to proof
reproducibility and to give a standard deviation.

Delamination parameters

In the light of future scale-up, two commercially available ultra-
sound resonators by Weber Ultrasonics were chosen. They are usually
applied in bigger industrial context e.g. cleaning of metal compo-
nents or textiles and can simply be scaled-up [59]. One of them
is a multi-frequency resonator (PSW200 W 40-80-120kHz + MG200
TFDMF 40-80-120, Weber Ultrasonics, Germany), which is able to
operate at different frequencies: 40 kHz, 80 kHz and 120 kHz. The second
(PSW200 W 25 kHz + ULC premium 29 kHz, Weber Ultrasonics, Ger-
many) is solely for 29 kHz. Pre-experiments showed that an operation at
80kHz is far worse than the other frequencies. It reached its maximal
degree of delamination (16.0 + 6.2)% at 60°C, with 10mL of solvent
after 15min. A central reason might be the lowest cavitation activity
among the other frequencies at constant generator power, indicated
by the cavitation noise level given in Table 3. 80kHz was therefore
not further considered. Anyway, the power of the ultrasound generator
was chosen as comparative parameter over cavitation activity because
energy consumption of the process is decisive for future industrial
applications. It is furthermore not possible to adjust the nominal power

Cavitation noise in the ultrasonic bath measured according to IEC TS
63001:2019 Ed.1 with Kavimeter, Elma Schmidbauer, Germany.
f/kHz 29 40 80 120

Frequency

Cavitation noise Lcy/dB 36.80 35.80 27.87 28.63

of the generator, and power regulation by pulse-width modulation
would introduce an additional disparity. The ultrasound generators
were run in their standard mode, which means 200 W continuous
ultrasonication without pulse-width modulation, but with sweeping
function and amplitude modulation. These options are used to improve
the cleaning efficiency and also enhance the delamination of electrodes
like Yamada et al. [51] showed.

The 200 W ultrasound resonator is mounted at the bottom of a ~5L
stainless steel basin, which is water-filled. A convector heater (ED,
Julabo, Germany) circulated and tempered the water to the desired
temperature (Qtemp 200, VWR, Germany) of 60°C and 80 °C. Exper-
iments without heating were not included, because pre-experiments,
as well as Chen et al. [45], did not give reason to expect the PVDF-
binder to dissolve in TEP at room temperature. 10 mL (Research Plus,
Eppendorf, Germany) of solvent was poured over a plate of indCath
in a 100 mL-laboratory bottle (Rasotherm laboratory bottles borosil-
icate glass, 3.3 Scherf-Prazision, Germany). A stainless steel basket
constantly defined the position of the sample. It was placed in the
middle of the smaller sub-units, the ultrasonic resonator is made of.

The belly of the standing ultrasound wave in the basin should
ideally define the height of the basket to reach the best exposure
of the sample. It is located at a multiple integer i € N of half
the wavelength 4/2 from the resonator [60]. Several different phases
between the resonator and the sample (water, glass, solvent), as well
as the frequency sweep function, complicate the prediction of an op-
timal distance massively. It was therefore determined experimentally:
h(29kHz) = 32mm and A(40kHz, 80kHz and 120kHz) = 27 mm. The
slight effect of temperature on the speed of sound and wavelength
defgT = 2.5ms~! K~![60] can be neglected.

The bottle was removed from the ultrasound bath after a defined
time. To investigate the effect of residence time, the experiments were
repeated with different settings between 1 min and 15 min. The remain-
ing plate was picked out of the bottle, gently rinsed, dried in a weighing
dish at 60 °C over night and used to calculate the delamination degree
D. The generated suspension, containing the target CAM, was subject
to analysis described in Section “Analytical methods”. The degree of
delamination D gives a value for the fraction of cathode coating which
has been removed from the current collector foil. The initial mass of
the plate m,,,, the mass after decoating my,,,, and a mean mass of the
aluminum foil m 4, underneath the coating is weighed (PBA2241-1S-FC,
VWR, Germany) to calculate D according to Eq. (2).

D= Mprate = Mdecoat (2)

Mpyrate — M|
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Fig. 1. Schematic experimental procedure to determine the ultrasonic delamination degree of industrial cathode production scrap and the properties of the
recycling suspension on 10 mL-scale (green) and of laboratory cathodes with additional crystallographic material analysis (purple).

The best parameters using TEP were repeated with the solvents
mentioned in Section “Choice of solvent alternatives” to provide a va-
riety of possible green process liquids for direct LIB-cathode recycling.
An experiment with NMP serves as benchmark to compare the results
of the green substituents.

To sum up, the parameters temperature, frequency, time and sol-
vent were investigated while keeping the ultrasound power and liquid
volume constant.

Increasing solid content

It is intended to use as less volume of solvent as possible in order to
save costs and energy for the solvent and the following separation steps.
This corresponds with a preferably high solid content in the recycling
suspension after the delamination step. An adjusted experimental pro-
cedure was derived from Section ‘“Delamination parameters”: Several
cathode plates were consecutively delaminated in the same bottle with
10mL of TEP. As a result, the solid content of the recycling suspension
was increased step by step. This is indicated by the multiple arrows in
Fig. 1. The experiment was performed using indCath, shown in green,
as well as labCath, shown in purple.

Analytical methods

Particle size distribution (PSD)

The particle size of the CAM is intentional engineered to adjust
the LIB’s properties. It should be obtained during the recycling process
to possibly reuse the material over and over. PSD is mean of choice
to assess the mechanical integrity of the particles. It was determined
for the pristine materials, as well as the recycling suspension, based
on their sedimentation behavior in a liquid phase. The sample is cen-
trifuged in an analytical centrifuge (LUMiSizer, LUM, Germany) while
simultaneously recording the transmission profile of monochromatic
light (4 = 870nm) along the cuvette height. The SEP-View software
then calculates the sedimentation velocity distribution of the particles
from the change of transmission profiles after predefined time intervals.
According to Stoke’s Eq. (3) (modified from [61]), the parameters
particle density p,, fluid density p;, the viscosity # and the relative
centrifugal force RCF are needed to convert the sedimentation velocity
v to an equivalent particle diameter x,,. The density and viscosity
are parameters given by the substances, while RCF results from the

Table 4

Standard operation procedure used for the particle size distribution measure-
ment of lithium-ion battery recycling suspensions with a LUMiSizer analytical
centrifuge.

Step time/s interval/s profiles/— speed/s™!
1. 1200 4 300 200
2. 300 2 150 2000
3. 750 5 150 4000
4 82,500 250 330 4000

selectable centrifugal speed and the radius. Outcome of this analysis is
a cumulative intensity distribution Q;,, of the sedimentation-velocity-
equivalent particle diameter x,,. Further insights in this method are
given by Lerche et al. [62].

18-n-v
=\ G, - s, RCF g ®

For reliable results some requirements must be fulfilled: The sample
needs to be lightly translucent to show a measurable change of its
transmission profile from the very beginning of the analysis. Otherwise
the bigger particle size fractions will not be detected. On the other
hand, the particle concentration should be high enough not to impair
the resolution of the PSD. An initial transmission of around 20 % was
found to be suitable by Yildiz et al. [63] who validated this method
for aqueous anode slurries. In case of this study, it was reached by
adjusting the sample concentration to around 3 gL~! with additional
solvent. A serial dilution yielded comparable results between 1.2 gL"!
and 4.7 gL~!'. Measurements of artificially generated recycling suspen-
sions with different PVDF-content did not indicate an impact of the
binder on the PSD in this range of concentration.

During the sedimentation analysis, the bigger and denser NMC-
particles will sink much faster than the smaller and lighter CB-particles.
The standard operating procedure of the LUMiSizer is consequently
divided into the four steps listed in Table 4. The majority of NMC will
be detected at low rotational speed in the beginning, while the majority
of CB will be detected later at maximum speed. Short time intervals
for the measurements of the transmission profiles were set right after
increasing the speed. This avoids unsteady PSD due to particles sinking
unnoticed.
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After the triplicate measurement, PSDs based on the density of NMC
or CB were exported from the software. An analysis applying different
densities in different size ranges is not possible. The mixture of the NMC
and CB produces a bimodal PSD. Its saddle point can be assumed as
the crossover between the bigger NMC- and the smaller CB-particles.
The exported PSDs were cut there, and the density of NMC was used
for the particle size range above the saddle point, and the density of CB
was used below. The recombination resulted in a proper density-revised
PSD.

Elemental analysis using inductively coupled plasma optical emission spec-
troscopy (ICP-OES)

For the ICP-OES measurement, the samples had to be dissolved
in acid to ensure a homogeneous distribution of all elements. Each
sample (~ 2 g of recycling suspension including the solvent) was mixed
with 5mL subboilded nitric acid (HNO3 65 % AnalaR Normapur, VWR,
Germany), 1 mL hydrochloric acid (HCl 30 % Suprapur Supelco, Merck,
Germany) and 5mL ultrapure water (Ultra Clear (0.055 uScm™'), Evo-
qua, USA). The mixture was digested in a microwave oven at 230°C
for 25 min. After cooling, the samples were diluted to a final volume
of 50 mL with ultrapure water. The element concentration in the digest
was measured with an ICP-OES (iCap 7000, Thermo Fisher Scientific,
USA), either in a radial or axial mode, depending on the expected con-
centration range. All samples were prediluted to minimize interferences
and assure an optimal measurement range. A wide range of elements
was analyzed and can be found in Table SL.5. The certified reference
standard MISA 6 (LGC Standards, UK) was repeatedly measured to
ensure precision and accuracy.

The samples of recycling suspension contain different amounts of
NMC after the ultrasound treatment depending on the delamination
degree. To enable a comparison of the aluminum impurities in the
different samples, the mass fraction of aluminum in NMC w,; was cal-
culated according to Eq. (4). The mass concentration of aluminum was
divided by the sum of NMC and aluminum mass concentration. Oxygen
is not detected in an ICP-OES and was considered proportionally in
the equation. The ratio of the molar masses NMC including oxygen
97.2gmol™" and NMC excluding oxygen 65.2gmol~" extrapolates the
missing mass of oxygen.

Bai

- (Bi + Pni + Prin + Peo) + Bas

4

Wp1 =
Al 97.2 gmol™!

65.2 gmol ™!

Crystallography analysis using X-ray diffractometry (XRD) coupled with
rietveld refinement

In preparation for the XRD-analysis, the recycling suspension re-
sulting from increasing solid content experiments (Section “Increasing
solid content”) were dripped onto a polypropylene foil for X-ray ap-
plications (Polypropylene Thin-Film 425 6.0 um, Chemplex, USA) and
dried overnight (>16h) at 60 °C. The foil was then mounted on a silicon
mono-crystal for the measurement. Due to non-disclosure, solely the
NMC by Gelon, which was used for the labCath, was crystallographi-
cally analyzed. This is indicated by purple color in Fig. 1.

To analyze the impact of the solvent alternatives on the crystal
structure, 1g of NMC powder was mixed with 10mL of solvent in a
100 mL laboratory bottle and ultrasonicated for an extended time of
26 min at 80 °C. The suspension was filtered on a membrane (WwPTFE
0.45 pm 47 mm DISC, Pall, USA) afterwards and dried overnight (>16h)
at 60°C. The resulting powder was transferred to the sample cups.

Powder XRD analysis for bulk crystallography characterization of
the NMC material was conducted using a AXS D8 with DAVINCI
diffractometer (Bruker, Germany), utilizing the X-ray emission line
of Cu-Kal,2 with an average wavelength of 1.54184 x 10~'m, and
operation voltage and current at 40kV and 40mA, respectively, for
1-D diffraction measurements. The 20 scattering angular range was
between 2° to 82°, measurement time of 0.6 s per step, and a 20 angular
increment of 0.02°. The instrument is coupled with a LYNXEYE XE-T
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detector (192-channel compound Si strip), with <380eV energy reso-
lution (for copper radiation energy). Qualitative or semi-quantitative
characterization was performed with the Bruker EVA software.

The crystal structures were refined by using the computer software
FullProf [64]. The Powder Diffraction File with collection code 166714
from the inorganic crystal structures database (ICSD) provided by the
Leibniz Institute for Information Infrastructure (FIZ Karlsruhe) [65]
was used as reference. The Rietveld refinement was performed with
the parameters as set for the powder XRD measurement and a linearly
interpolated background. The following parameters were refined: scale
factor, zero-point displacement, unit cell parameters (a and c in R3m
space group), peak shape (Lorentzian), while in cases with platelet-
like size effect, asymmetry, and preferred orientation (Spherical har-
monics or March-Dollase coefficients). Instrument width and shape
contribution was determined using the NIST SRM660 LaB, standard.

Workaround according to non-disclosure

On the one hand, the real industrial cathode production scrap orig-
inating from a gigafactory makes this study very up-to-date and highly
relevant for companies and industrial partners. On the other hand, a
compromise needs to be made on the level of detail of the published
data, because some are classified confidential by the manufacturer. The
experiments were carried out using indCath and labCath in parallel
to complete the data and to keep up the scientific significance. First
of all, the ultrasound parameters were studied and optimized on in-
dustrial rejects to proof the feasibility of the ultrasound delamination
for them. This includes an optimization of delamination degree, PSD
and aluminum impurities. The optimal parameters were then used to
continue the experiments for both, industrial and laboratory cathodes.
During the analytic part of the study, solely the restricted XRD was
skipped for indCath and the results are published for labCath only (see
purple elements in Fig. 1). It is likely that the industrially prepared
material changes in a similar way because the parameters are not re-
duced anymore after optimization on the industrial material. However,
the missing data for full certainty cannot be published at this time
due to non-disclosure. All other analysis were conducted using the
higher relevant indCath. Concerning the ICP-OES measurement, the
baseline of impurity or doping elements in the pristine material was
classified confidential too. Only differences are mentioned, which is
fully sufficient to interpret the values as impurities from the recycling
process.

Results and discussion
Delamination process parameters

The study of different ultrasound parameters is presented by Fig.
2. It shows that, at the latest after 15 min, each of the chosen frequen-
cies 29kHz, 40kHz or 120kHz closely reached complete delamination
(D =~ 1). Regarding the frequency of 40kHz, the plot nicely shows the
increasing delamination degree with time. Starting from (60.1 + 10.7) %
after 5min at 60°C, it reached (100.4 + 2.6) % after 15 min. This trend
shows the dissolution of the binder in the solvent and the displacement
of the particles by shear forces in the ultrasound field, taking a certain
time, limiting the speed of delamination. A further raised temperature
from 60 °C to 80 °C might increase the delamination, but the difference
is statistically insignificant, as a two-sided t-test demonstrated. The
values of single delamination experiments and the significance test are
given in Table SI.1.

The delamination degree quickly reached (101.4 + 0.6) % after 5 min
at 60°C, using the 29 kHz-resonator. This acceleration at first seems to
be an improvement in comparison to 40 kHz, but high aluminum impu-
rities massively reduce the value of the recycling product. Engineered
NMC particles may contain Al,05 as a surface coating in a range from
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Fig. 2. Ultrasound induced delamination degree of lithium-nickel-manganese-cobalt-oxide (NMC) industrial cathodes (indCaths) in triethyl phosphate at varying
temperature, time and frequency complemented by the aluminum (Al) impurities (Raw data given in Table SI.1 and Table SL5.).
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Fig. 3. Partial loss of area due to pitting of the current collector aluminum foil after ultrasound delamination with different frequencies at 60°C.

several ppm to percent increasing the material’s stability [66-68]. But
the blue bars in Fig. 2 show a 4478 ppm higher aluminum content than
in pristine NMC measured by ICP-OES. (The raw data is given in Table
SLI.5.) A critical level of 500 ppm metal impurities was independently
mentioned as an industrial guideline for the reuse of recycled CAM by
a battery-recycling company [69] and a battery-manufacturer. Reasons
are mainly safety and liability concerns and not solely the lasting
performance of the battery. This limit of additional impurities was
exceeded by the delamination at 29 kHz after 5min, and the material
would not be reintroduced in the manufacturing process. The pitting,
photographed in Fig. 3, was clearly identified as source of the massive
aluminum impurities. It was estimated to 6 % of the current collector’s
area by image binarization. Due to closely complete delamination with
simultaneously excessive aluminum impurities, the 29 kHz-experiment
was prematurely aborted after 5min as even higher impurities can be
expected at longer residence times. In general, the mass loss of an
aluminum plate also causes a defective calculation of the delamination
degree, because the mass of aluminum is assumed constant in Eq. (2).
This is the reason why D might occur slightly too high or can even
reach > 1. The impact of pitting on the final delamination degree
is negligible anyway, as the mass of the pitted aluminum is small
among the whole electrode plate. For an exemplary calculation please
refer to Appendix A. In addition, the parameter sets causing strong
pitting disqualify themselves due to high impurities, not due to their
delamination degree.

Regarding the 40kHz-experiments, the impurity of 1661 ppm ad-
ditional aluminum renders the material useless, as from the 29 kHz-
experiments. The highest investigated frequency of 120kHz combined

quick and high delamination degree with little aluminum impurities.
120kHz can meet the highly relevant criteria for industrial direct recy-
cling and the reusability of the recycling product. (100.6 + 0.1) % were
reached after just 5 min at 60 °C. The pristine NMC’s aluminum content
was just exceeded by 121 ppm even after 15min and a delamination
degree of (100.5 + 0.3) %. According to Sutilov et al. [60] and Neppi-
ras et al. [70], the cavitation bubbles shrink with rising ultrasound
frequency. At the same time, they occur in higher number concen-
tration, but have less kinetic energy. This leads to little mechanical
damage of the current collector during their collapse, barely causing
aluminum contamination. This effect of gentler cleaning conditions at
high frequencies is widely applied in megasonic cleaning of wafers [71,
72].

Further clarification on the high delamination degree can be derived
from studies of ultrasound cleaning: Lower frequencies are used to me-
chanically remove microscopic contamination like particles (here: NMC
and CB). High shear forces are generated by big collapsing cavitation
bubbles and their micro jets, which pull off the contamination. High
frequencies are applied to remove submicroscopic contamination. They
are buried in the viscous boundary layer and are hardly subject to
shear forces. High ultrasound frequencies diminish the boundary layer
and cause a greater acoustic streaming in the solvent. This is heavily
in favor of cleaning soluble contamination [73,74]. Transferred to the
cathode delamination, high ultrasound frequencies likely support the
dissolution of the binder, which might have led to high delamination
degree even at high frequency. Both effects are probably present in
all performed experiments, because the range of frequency does not
exceed one magnitude. However, their part of contribution to the
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Fig. 4. Particle size distribution of regained recycling material containing lithium-nickel-manganese-cobalt-oxide (NMC) and carbon black after ultrasound
treatment completed by the particle size distribution of pristine lithium-nickel-manganese-cobalt-oxide (characteristic values given in Table SI.2).

delamination process varies and affects the delamination result, as well
as the contamination.

In order to assess the mechanical integrity of the CAM particles
after the ultrasound treatment, the PSD is compared in Fig. 4. Pure and
pristine NMC CAM serves as reference. Its PSD is represented by the
light green graph. Continuing, the PSDs of the recycling suspensions
originating from promising ultrasound parameter sets from Fig. 2 are
plotted. They state that the PSD in the recycling suspension after
ultrasound delamination was the same independently from frequency
or temperature. Most eye catching difference to the pristine NMC is
the rise in the particle size range from 0.02pm to 0.5pm. It can be
explained by the CB additive in the cathode coating which is not
included in the measurement of the pristine NMC. Solely comparing
the NMC-correlated part (figuratively stretching the curves in direction
of y-axis) no significant change in the particle size by the ultrasound
treatment was observed. Very high sedimentation velocity of big and
dense particles might have caused further little variations for particle
sizes close to 10 pm. Anyway, the differences are very slight. The fact
that the target NMC particles are not mechanically damaged during the
ultrasound treatment, and primary particles can be regained, is very
important for the applicability of this process (see Section “Particle size
distribution (PSD)”).

Solvent alternatives

According to the experiments with TEP, it is reasonable to chose the
frequency of 120kHz as the most appropriate one to further investigate
different solvents for delamination. As rising the temperature had no
negative effect while using TEP and might have positive effect on the
dissolution by other solvents, the temperature was set to 80°C. One
goal of this experiment is to offer several different solvent alternatives
and in comparison to identifying a suitable solvent, adapting the tem-
perature in this range is facile. All solvent experiments were run at the
same parameters (120kHz, 80 °C), except from acetone whose temper-
ature was limited to 50 °C due to its boiling point at ambient pressure.
For high pressure experiments please refer to [75]. Fig. 5 shows the de-
lamination degree in different green solvent alternatives. GVLA reached
(100.1 + 0.4) % within 15min while cyrene, EAA and acetone did not
exceed 31 %. TEP and DMSO completed the delamination earlier and
so the experiments were stopped after 5min. The different color of

the diagram’s bars intend to indicate the difference in delamination
speed. These two solvents are therefore promising nominees to replace
NMP in the direct recycling process. For comparison with the industrial
standard solvent in LIB production, NMP delaminated (99.4 + 0.6) %.
Single experiment data on the delamination with solvent alternatives
is given in Table SI.3.

It is remarkable that DMSO, being more distant in Hansen space,
reaches better delamination than EAA. Higher distances than a non-
solute would lead one to expect non-solubility in the first place. Study-
ing the method of Hansen solubility sphere in depth reveals that it
is an empirical correlation without any claim of absoluteness. It is
also stated in [54,76] that especially smaller molecules promote little
chemical resistance and thermodynamic encouragement, particularly
better diffusion, penetration, and smaller free energy of mixing. They
could unexpectedly dissolve a polymer better than predicted from the
Hansen parameters. Hansen [54] therefore suggests to check potential
outliers according to their molar volume. Comparing the molar volume
of DMSO (71.1 cm? mol~!) and EAA (125.6 cm® mol™!) gives an indication
that this might be the case here.

Another requirement to the solvents is that they are inert to NMC.
They should not damage its crystal structure, which is relevant for the
battery’s electrochemical performance and investigated by XRD. The X-
ray diffractogram of the pristine NMC cathode material in Fig. 6 shows
well expressed diffraction peaks. The crystal structure corresponds to
the rhombohedral R3m space group [77], without any characteris-
tics pointing to the presence of a C2/m phase [78,79]. The refined
diffractogram of the pristine NMC in Appendix C Fig. C.2 agrees with
literature [80]. More specifically, it shows under-calculated intensity
values primarily of the 00l peaks, e.g., 003 and 009, and secondarily
of hOl peaks, e.g., 107. This feature is most probably attributed to
the presence of crystallites stacked along c-axis direction. These have
increased average diameter and express non-systematic inaccuracies
in relative intensities [81] in comparison to the rest of the NMC
crystallites. Milling of the material would show refined diffractograms
similar to the ones in [82].

The diffraction peaks of the pristine NMC and the material subjected
to ultrasonication with different solvents show both comparable and
contrasting features. The 003 peak e.g. (see zoom in Fig. 6) is expressed
between 18.69° and 18.74°. The higher 26 refers to the pristine material
(18.74°). Almost identical peak position, with an insignificant shift to
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Fig. 5. Ultrasound induced delamination degree of industrial cathodes in different process liquids: N-methyl-2-pyrrolidone (NMP), triethyl phosphate (TEP),
dimethyl sulfoxide (DMSO), y-valerolactone (GVLA), cyrene, ethyl acetoacetate (EAA) and acetone (raw data is given in Table SI.3).

lower degrees, is observed for the ultrasonicated material, with the
corresponding peaks to be located at 18.69° and 18.71°, for TEP and
GVLA, respectively. The width of the 003 peak for these three samples
is accordingly similar. Higher degree diffraction peaks (101, 006, 102,
104, etc.) exhibit exactly the same features.

The 0.05° 20 shift of the 003 diffraction peak and analogous shifts
for other peaks might be attributed to different processes. Firstly, minor
potential intercalation of Ca®™-cations from the TEP solvent in the lay-
ered structure of the NMC, could exhibit subordinate lattice distortions.
On the other hand, minor intercalation of Mg**-cations from the GVLA
solvent show much less crystal lattice distortion and near identical peak
positions. The ionic radius of Mg?" compared to Ca®" is much more
similar to Li* with 2.44 % and 31.7% relative difference in octahedral
coordination, respectively [83]. This could result in the observed out-
come. The changes in calcium and magnesium concentration measured
by ICP-OES (Table 5) support this hypothesis. The result of reactions in
the interface between Ca?" or Mg?" in the solvents and the NMC surface
could be studied by high spatial resolution microanalytical techniques
capable of achieving low detection limits, e.g., laser ablation-inductivly
coupled plasma-mass spectroscopy (LA-ICP-MS) or focused ion beam-
time of flight-secondary ion mass spectroscopy (FIB-ToF-SIMS). High
spatial resolution techniques could reveal a radial gradient of these
elements’ concentration across the NMC particle cross-section.

Though the potential source of calcium or magnesium is proposed
to be the solvent in each case, an intercalation mechanism for Ca®" and
Mg?* in the NMC alkali layers is not well-understood yet. To our knowl-
edge, research on Ca?' and Mg?" intercalation is primarily limited
to (a) post-lithium batteries, i.e., Ca-ion and Mg-ion batteries and to
cathode active materials which are not related to NMC [84-87], and (b)
Ca?" or Mg?" doping in the transition metal layers of the NMC [88,89].
Additionally, diffraction peak shifts related to the 00l peaks could
be also related to crystallographic expansion and, hence lattice strain
due to solvent co-intercalation [90], although the phenomenon is best
described in graphite [91,92], and layered sodium transition metal
sulfides [93], which have received more attention. Prime candidates
for solvent co-intercalation are materials characterized by quite weak
interlayer binding energies [90], like layered materials distinguished
by van der Waals interlayer forces, i.e. not NMC material.

Furthermore, small diffraction peak shifts could be attributed to the
experimental conditions and, more specifically, to potential exposure

Table 5

Brief extract of relevant elements from the inductively coupled plasma op-
tical emission spectroscopy measurements of the solvent alternatives triethyl
phosphate (TEP), dimethyl sulfoxide (DMSO) and y-valerolactone (GVLA) to
compare calcium (Ca), magnesium (Mg) and Li content before and after ul-
trasonication and filtration with lithium-nickel-manganese-cobalt-oxide (NMC)
(further elements are given in Table SL5.).

Sample Li/mgL~! Ca/mgL~! Mg/mgL™!
Pristine TEP solvent <0.003% 5.92 0.03
TEP+NMC-filtrate 7.23 <0.021° 0.08
Pristine DMSO solvent <0.003* 2.87 0.02
DMSO+NMC-filtrate 25.03 <0.007* <0.000*
Pristine GVLA solvent 0.11 <0.007* 0.01
GVLA+NMC-filtrate 3.37 <0.007* 0.00

2 Limit of quantification
b limit of detection

to moisture or CO, from the atmosphere [94]. This is explained via
a H'/Li" exchange mechanism [95] and further aging process and
reaction with CO,. Nonetheless, our XRD patterns show no lithium hy-
droxide or lithium carbonate formed in the experiment, processes and
analysis timeframe [96-98] and even not after 6 weeks (see Appendix
B). Thus, most probably the diffraction peak shifts are not connected
to the storage of the NMC material.

Dissimilar to TEP and GVLA, the ultrasonicated material in the
DMSO solvent show a more significant shift to lower 20 degrees and,
more importantly, double diffraction peaks or peak splitting. The (003)
peak is expressed at 18.55° and 18.69° for the CAM in DMSO. The
increased shift could correspond to a potentially stronger chemical
process compatible with this feature. The hypothesis for intercalation
of primarily Ca2* and subordinately Mg?" in the crystal lattice could
stand, as well as the solvent co-intercalation, as discussed. Addition-
ally, towards this direction, higher amount of lithium was leached
from the NMC material by DMSO. However, the double peak feature
might correspond to possibly a partial phase segregation [99,100],
or be apparent and traced to inter-particle heterogeneity caused by
electro-autocatalytic reactions in an NMC particle [101].

As a hypothesis, we investigate peak splitting that might be then
attributed to the formation of two separate lithium-transition metal
oxides, with fractionated contents of nickel, cobalt and/or manganese
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Fig. 6. X-ray diffractometry of lithium-nickel-manganese-cobalt-oxide (NMC) after ultrasound treatment at in different process liquids and solvents compared to
pristine NMC and the diffractogram of regained NMC after increasing solid content experiments.

between them. The hypothesis is supported by the crystal refinement
of the ultrasonicated material, with substitution of Lit in the lattice
by Mg?" and Ca?*, by around 0.01 and 0.02 atoms per formula unit
(apfu), respectively (Appendix C Table C.1 and Fig. C.4). In all cases,
anti-site Li*-Ni®" substitution, as described in [102] as paired anti-site
defects, seems more limited. The cases with suspected Li-loss agree with
refined structures with shorter unit cell dimension along the c-axis.
Additionally, relative to the pristine NMC, both average crystallite size
and micro-strain show lower respective values.

A verification of the hypothesis on lattice distortion and phase
segregation requires the use of transmission electron microscopy, pos-
sibly coupled with electron energy loss spectroscopy, and then bet-
ter constrained further crystallographic refinement. A fractionation of
nickel, manganese and cobalt and the degree of calcium and magne-
sium intercalation in the NMC layered structure could then be clearly
identified.

Increasing solid content

To study the impact of increasing solid content, the best parame-
ters from the previous experiments in Section “Delamination process
parameters” were chosen. An ultrasound frequency of 120kHz at a
temperature of 60°C delaminated the cathodes in TEP entirely. The
residence time was set to 10min to have some reserves when the
solids hampers the delamination. The plot in Fig. 7 shows that the
delamination can be repeated in the same bottle of solvent for multiple
times. This was limited by a growing amount of sediment sticking to
the plates when removing them from the bottle. It was therefore also
necessary to rinse the plates in a separate beaker before drying them
for the gravimetric determination of delamination efficiency.

The brown points originate from experiments using indCath. Despite
some outliers, the delamination degree stays high until a solid content
of 20wt %. The used indCath were classified as production scrap and
could include inhomogeneous mixing, defective coating or local com-
pression [103] which might be a reason for the volatile delamination
degree. As an average of all 25 repetitions, the delamination degree
was (86.8 + 19.3) % high and can be assumed to be in a suitable range
for application. A dual-stage set-up could support the robustness of the
process in future applications and would avoid problems by sediment
adhesion.

The delamination of labCath can be repeated at least for 25 times
too. The average delamination degree was (94.9 + 9.1)% and never
decreased below (76.2+36.9) % until a solid content of (15.90+0.38) wt %.
Single experiment values are given in Table SI.4. In contrast to indCath,
the labCath have not been calendered, which probably was the reason
for the higher delamination degree. Another reason is that the labCath
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experiments did not reach as high solid contents as indCath due to one-
sided manner of coating. Anyway, purpose of the parallel experiment
with labCath was to investigate crystallographic changes of the material
after the recycling process with subsequent XRDanalysis. Main focus in
terms of delamination degree is on indCath.

The X-ray diffractogram of labCath material after 25 repetitions
in TEP (see Fig. 6) shows distinct peak shift and splitting of the 003
peak. The changes are more pronounced than during the experiment
with DMSO. It is significant that pristine NMC material did not change
during 26 min of ultrasonication but did during the increasing solid
content experiment. This may be due to the extremely extended ex-
periment duration to up to 250 min, during which time the material
is exposed to ultrasound and solvent. This issue will be reduced in
future scale-up studies. High amounts of cathodes will be treated
at the same time under exploiting a maximum of solid content and
therefore much faster. Anyway, residence time needs to be considered
as an important parameter. The storage of the material was under dry
argon atmosphere (<10ppm H,0), while the experiments took place
under ambient atmospheric conditions. This may also be a reason for
structural changes [104], however, based on the previous discussion
and time dependent XRD measurements of the pristine NMC as control
material, it does not seem to be the case. In industrial applications, the
recycling steps would take place under dry room conditions, hence, no
issues are expected in this concern.

Outlook: Wet electrodes

When considering the entire variations of production scrap, not
only dry rejects occur. Electrolyte-filled and formed cells are the most
complex version of production scrap. As an outlook to recycle these as
well, shipping returned cells were disassembled by hand and not further
optimized ultrasound delamination experiments were performed on
the cathodes. They are from the same type as the industrial ones
described in Section “Raw materials”. Fig. 8 shows that the ultrasound
delamination degree is lower than for dry production scrap, and that
the variation between the samples is higher. Wet scrap indCath got
delaminated by (66.0 +16.9) % within 5 min, while dry scrap got delam-
inated completely. (77.5 + 15.1)% of the coating’s mass was removed
after 15min. The ultrasound delamination is also feasible with formed
and electrolyte-wet cells, but might take longer exposure time or does
not reach as high delamination degree as dry scrap in terminal state.
Electrolyte in the porous electrode structure which needs to be dis-
placed by the solvent before dissolving the binder can be a reason
for that. Research on this hypothesis, as well as an optimization of
the process parameters especially for wet scrap, will be conducted for
further publication.
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Fig. 7. Delamination degree of industrial and laboratory cathodes while increasing the solid content in the triethyl phosphate solvent by reapplying suspension
for new sample plates further and further (raw data given in Table SI.4).
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Conclusions

Ultrasound has been considered as an effective process step for

electrode delamination in direct battery recycling by several studies.
This work gives further insights in delamination conditions by varying

important process parameters. Central findings of this study are:

* Solvent selection: A suitable solvent needs to be chosen to success-
fully delaminate PVDF-binder based NMC-cathodes. The repro-
ductive toxic, but in battery production commonly used solvent
NMP could be replaced by less critical, green alternatives. Most
promising candidate is TEP, which reached a comparable high
delamination degree and little structural changes of the active ma-
terial. It is therefore possible to fulfill the thought of sustainability
in recycling even more when considering solvent alternatives in
a conceptualization of a battery recycling plant. Anyway, there
can be reasons to stick with NMP e.g. the integration of an in-
house production scrap recycling in an existing production line.
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It is reasonable to assume that the results using TEP in this
study can be reached or even exceeded by NMP due to its better
PVDF-solubility.

Process temperature: Elevated temperatures were necessary to ba-
sically enable the binder dissolution, but no significant effect
between 60°C and 80°C on the delamination degree was ob-
served.

Ultrasound frequency: The ultrasound frequency played a cru-
cial role in terms of delamination speed and purity of the re-
cyclate. It turned out that only the application of high fre-
quencies, like 120kHz, can meet the purity requirements for
recycling-NMC. Contrary, lower frequencies corroded the cur-
rent collector quickly and caused high aluminum impurities.
This study recommends to apply high ultrasound frequencies to
avoid undesirable impurities. Mechanical damage of the mono-
crystalline NMC-particles seemed not to be an issue, as the PSD
did not change during all of the experiments.
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Laboratory cathode material (Gelon S85E NMC) after >6 weeks of ambient storage
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Fig. B.1.

X-ray diffractometry of lithium-nickel-manganese-cobalt-oxide (NMC) used in the laboratory cathode (Gelon S85E) after an ambient storage time of

minimum 6 weeks not indicating the formation of lithium hydroxide or lithium carbonate.

+ Solid content: The increasing solid content experiments showed
high delamination degree until > 20% and laid the foundation
for a scale-up.

The development of a direct recycling process can be guided by
the findings of this study. It opens up important design parameters
which strongly influence the success of ultrasound delamination and
the reusability of the recycling product. It is therefore suggested to
pursue from the following:

* Scale-up: For sure, the development of a scalable process on
technical scale needs to be done in future. This maximizes the
yield of recyclate and minimizes the solvent consumption at the
same time.

Pre-thickening: A pre-thickening of the suspension during the de-
lamination step can facilitate the further processing to a slurry for
production of new batteries [34].

Cell tests: The preceding points result in higher amounts of re-
cyclate. This enables the preparation of sample cells to further
characterize the electro-chemical integrity of the material, which
will be part of following studies in this project.
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Appendix A. Error by pitting

Pitting makes < 7% of the current collector’s area and the current
collector itself is averagely 10.1 % of the electrode only. The error in
the delamination degree is therefore below a one digit percentage and
negligible for a comparison of the process parameters. The effect is
presented based on an artificial 100 %-case with average values.

M40 = 161.7mg
my, = 16.5mg

Myecoat = 16.5 mg

_ Mpigre = (Mgeeor =7%)  162.5mg — (16.5mg (~1.2mg))
B - 162.5mg — 16.5mg

rhplute —my
= 1.0000 (40.008)

Appendix B. Ambient storage of lithium-nickel-manganese-cobalt-
oxide

See Fig. B.1 for the X-ray diffractogram.
Appendix C. Rietveld refinement

Find the visualized Rietveld refinement in Figs. C.2-C.7 and the
corresponding data in Table C.1.

Appendix D. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.fub.2026.100176.
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Fig. C.2. Rietveld refinement of pristine NMC crystal structure without ultrasonic treatment.
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Fig. C.3. Rietveld refinement of NMC crystal structure after ultrasonic treatment in TEP (26 min, 120kHz, 80°C).
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Fig. C.4. Rietveld refinement of NMC crystal structure after ultrasonic treatment in DMSO (26 min, 120kHz, 80 °C).
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Fig. C.5. Rietveld refinement of NMC crystal structure after ultrasonic treatment in GVLA (26 min, 120kHz, 80°C).

14



S. Kaiser et al. Future Batteries 10 (2026) 100176

g 1INMC - labCath delamination 25x (1 one phase)
S BE44-
; ] ¢ Yohs | Ycal(t | Yobs_Ycalc | Bragg pos.
]
£ 4E+4 8
: :
2 : §
< 3E+4
5 ] 8
© ¢
= 2E+4 p
7 - 9
g 1B+4-
= 1
2 0E+0
+—
2 ]
%‘ “1E+4 - oy LA %( Wﬁ
A l
— T T T T T T T 1 —
0 10 20 30 40 50 60 70 80

Scattering angle 26 / ° [Cu-Ko emission line]

Fig. C.6. Rietveld refinement of NMC crystal structure after ultrasonic treatment in TEP during the increasing solid content delamination experiments (<250 min,
120kHz, 60°C).
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Table C.1
Rietveld refinement of NMC crystal structure after ultrasonic treatment in different solvents and after the increasing solid content delamination experiment.
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pristine NMC (Gelon S85E) 2.01 2.871639 14.198465 0.043 n/a n/a normal 2.46 0.98 10.9 <0.01

NMC in TEP 3.51 2.872273 14.200033 0.005 0.011 0.022 normal 0.21 0.07 9.85 <0.01
. 2.861912 14.022989 n/a n/a n/a under 0.06 <0.01 n/a n/a

NMC in GVLA 8.10 2.867333 14.175024 n/a n/a n/a over 0.09 <0.01 6.03 <0.01

NMC in DMSO 5.01 2.872365 14.198237 0.025 0.001 0.010 normal 0.10 0.03 5.80 <0.01

4.91 2.867376 14.178411 0.036 n/a n/a normal 0.87 0.13 111 <0.01

labCath delamination 25x 7.03 2.861912 14.022989 n/a n/a n/a under 0.06 <0.01 n/a n/a

: 2.867333 14.175024 n/a n/a n/a over 0.09 <0.01 6.02 <0.01
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