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Abstract

In the current industry standard of batch processing electrode slurry, manual cleaning
processes pose significant challenges due to their labor intensive nature. The long-term
objective is to expand the existing mixing process to create an intelligent, autonomous, and
continuous slurry production process. This will result in a reduction in downtime and setup
times, as well as an increase in the degree of automation. Additionally, the implementation
of complex parameter selection in the mixing process is intended to make it manageable
for variable recipes, ensuring efficient, resource-saving process control. This study aims
to address this issue by investigating the continuous production of anode slurry and its
subsequent cleaning in a laboratory extruder, with a focus on optimizing the cleaning
conditions and analyzing the residual slurry. Several samples were taken during the
cleaning of the process area and analyzed by UV-Vis spectroscopy, while also quantifying
the residual slurry on the screw elements. The effectiveness of the cleaning was evaluated
using Sinner’s Circle parameters, i.e., the effects of time, mechanical, chemical and thermal
treatment on the effectiveness of the cleaning process are evaluated and discussed. Several
detergents were tested, including deionized water, alcohol, and industrial detergents.
Deionized water proved to be the most effective in terms of cleaning rate and residual slurry.
In addition, higher screw speeds and flow rates improved cleaning efficiency. The effect of
temperature was significant, with better cleaning rate results at higher temperatures. This
indicates that mechanical and thermal factors play a critical role in improving cleaning
kinetics. For a more in-depth knowledge of the resulting cell chemistry, successive cross-
contamination of cathode materials in anode half-cells was examined. As a result, an
indicator was identified in the first cycle that displays a voltage increase during delithiation
with regard to electrochemical properties.

Keywords: cleaning; extruder; slurry processing; sinner circle; cross-contamination

1. Introduction
The demand for lithium-ion batteries has soared, driven by the rapid growth of the

electric vehicles market, portable electronics, and renewable energy storage systems [1].
Although production technology requires a significant increase, transferring to production
standards remains challenging. Therefore, a thorough understanding of the interactions
and future pilot-scale applications is necessary. Furthermore, optimization is needed in
cell production, modules, electrode design, process–structure–performance relation, cell
quality, and production costs. In terms of production costs, 70% are material costs and 30%
are battery production costs [2].
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Regarding the production process of lithium-ion batteries, the mixing step signifi-
cantly impacts subsequent steps, affecting product properties such as performance, service
life, and slurry processability [3,4]. Many studies have investigated the mixing process
in terms of dispersion quality [5], the influence of the conductive agent [6–8], and the
process parameters in relation to the quality parameters of the slurries for different material
systems [9–11]. Furthermore, simulations are also available to describe the dispersion pro-
cess of the conductive agents and the properties in relation to particle sizes and electrode
properties [12].

The current state of the art is the production of electrode slurries through a batch
process, which severely limits flexibility and modularity. To address this issue, continuous
mixing of electrode slurries with twin-screw extruders is becoming increasingly favorable
as it has been proven to achieve better dispersion and deagglomeration, as well as higher
cell performance and electrode conductivity [13,14]. Numerical simulations reveal intricate
dependencies between shear rate, energy input, material distribution, residence time,
and particle distribution [15,16]. Additional approaches to material traceability for the
purpose of analyzing product consistency and initial models for describing the flow are in
existence [17,18]. Moreover, automated control processes [19,20] and artificial intelligence
modeling [21,22] are current research foci. In addition to increased flexibility and scalability
due to its modular design, continuous processing offers further advantages in terms of
process stability, degree of automation, consistent product quality, increased throughput,
reduced investment, and operating costs, without negatively impacting subsequent battery
production steps [3,23].

Using one extruder to process both anode and cathode materials allows for additional
savings in investment costs. However, thorough cleaning is required to prevent cross-
contamination. Currently, no international standard is available for cleaning electrode
slurries, unlike the well-established cleaning requirements in the food, pharmaceutical, and
biotech industries [24]. Current practices in batch processing rely predominantly on manual
cleaning methods, which are not only time consuming but are also prone to inconsistencies
and inefficiencies. Although the modular design of the twin screws can be adapted to
enable a self-cleaning effect [25], there is a daunting lack of research and consensus needed
for finding an optimal cleaning strategy to making the advantages offered by CIP (cleaning-
in-place) a reality in battery production lines.

To ensure high quality of the battery slurry, it is essential to prevent cross-contamination,
which can have serious consequences for the produced batteries, such as loss of perfor-
mance or reduced battery life [26]. Possible degradation mechanisms include particle
fracture, lithium plating, SEI (Solid Electrolyte Interphase) layer growth or structural de-
composition [27]. It is particularly important to remove all residual particles from the
processing area, especially during the transition from cathode to anode. In this regard,
initial analyses of defects were carried out, which examined manufacturing defects caused
by production flaws and raw material impurities. These impurities accelerate battery
degradation and frequently cause internal short circuits in lithium-ion batteries [28,29].
Furthermore, the influence of electrolyte contamination on pouch cells was investigated
in [30], and Li plating simulations were carried out in [31].

The aim of this work is to systematically investigate the continuous cleaning process
of twin-screw extruders for minimizing cleaning time and cross contamination. A stan-
dard water-based anode slurry formulation is produced and characterized with respect to
rheology and particle size distribution to establish the initial condition prior to cleaning.
Cleaning kinetics are then determined by quantifying both the slurry concentration in the
extruder outlet and the residual slurry in the extruder chamber. The analysis is based on the
Sinner Circle, which evaluates cleaning efficiency through time, mechanical and chemical
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action, and temperature, complemented by contamination type and surface geometry [32].
On this basis, cleaning instructions for the extrusion plant after anode slurry production
are developed. Different cleaning media, as well as flow rate and screw speed, are system-
atically assessed, given that effective removal of residues is essential for consistent slurry
quality. To verify the remaining contamination and its influence on subsequent processing
steps, a detailed analysis of successive contamination is performed. Cathode materials
were mixed into anode slurries, and the resulting anode half-cells were cycled to determine
the impact of potential contamination during the mixing step. Electrochemical analyses
detected contamination right at the start of cycling.

2. Materials and Methods
This section comprises the materials and methods used to produce, analyze and test

the cleaning of the anode slurry. A detailed presentation of the materials used is given, as
well as a description of the specific procedures and equipment used for these processes.
Due to their inexpensive and more sustainable properties, an increasing number of cleaning
tests have been carried out using anode materials in order to gain as much knowledge as
possible about the various cleaning processes in the extrusion process.

2.1. Materials for Slurry Production

The anode slurry consists of the main components active material, conductive additive,
binder and solvent. In order to ensure comparability of the test results of the cleaning pro-
cesses, a standard recipe was used for the production of the anode slurry. This formulation
has a liquid content of 55 wt% and a solid content of 45 wt%. The same formulation was
used for all experiments, containing 93 wt% anode active material (graphite), 2 wt% carbon
black (CB), 2 wt% carboxymethyl cellulose and 3 wt% styrene-butadiene rubber (SBR) for
li-ion battery anodes. Deionized water was used as solvent.

In this work, MECHANO-CAP©1P1 was used as the anode active material, which is
a high-purity, spherical natural graphite produced by the Mechanodesign process. This
process ensures accessibility of the basal planes of the graphite, which are planar layers
of carbon atoms, allowing rapid intercalation and deintercalation. C-NERGY SUPER C65
Conductive Carbon Black from Nanografi Nanotechnology was used as the conductive car-
bon black due to its high electrical conductivity and low density. Of particular importance
is the low specific surface area of 62 m2/g, which allows for uniform distribution of the
conductive additive in the solvent. However, it should be noted that CB tends to agglom-
erate in aqueous solvents, which reduces conductivity and can affect the homogeneity of
the anode slurry. The binders used are CMC powder with a degree of substitution of 0.8
from Carl Roth and SBR from Nanografi Nano Technology which is a milky white liquid
emulsion and has a solid content of 51.3%. This combination provides effective binding
and stabilization of the anode materials, thereby improving the mechanical flexibility and
adhesive strength of the anode.

The variation in the recipe significantly affects the resulting slurry, and the conductive
agent and binders are essential for the processability of the slurry. The choice of CMC
binder, in terms of its molecular weight and degree of substitution, is crucial for adsorption
onto graphite particles. This affects not only the flow behavior and processability of the
slurry, but also the microstructure of the dry layers, as well as their electrical conductivity
and cohesive strength [33]. For reproducibility purposes, the same formula was selected in
the first step despite its effects on the subsequent cleaning process. This was done to obtain
a detailed analysis of the cleaning process.
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2.2. Detergents

Based on preliminary turbidity tests for cleaning anode slurries in a continuous process,
the following cleaning agents were evaluated to determine their cleaning effectiveness for
removing slurry residues from the screws of the twin-screw extruder: Deionized water
was used as the primary cleaning agent because it allows thorough cleaning and removal
of water-soluble residues without leaving behind minerals or salts. It also serves as the
solvent for making the anode slurry. The water has a residual conductivity of 5 µS/cm and
a pH of 7.

Ethanol (99.9%, CAS 64-17-5, Häffner GmbH, Asperg, Germany) is investigated as de-
tergent as it is completely miscible with water and many organic solvents and its relatively
low viscosity. However, its use in industrial applications requires explosion protection cer-
tificates, which makes its use in larger cleaning processes more complicated. The Industrial
Cleaner CB-100 from Bio-Circle Surface Technology GmbH is a highly effective cleaning
agent specially developed for the removal of residues in plastics and polymer processing.
As an aqueous and low-foaming cleaner, CB-100 is based on renewable raw materials and is
therefore environmentally friendly and biodegradable. It is designed to effectively dissolve
and remove polymer deposits, dirt, grease and other stubborn contaminants, including
soot and rubber residue, making it interesting in the scope of this work.

Finally, Ecolab’s (Monheim am Rhein, Germany) COSA™ CIP 96 was used, a highly
alkaline, surfactant-free, sequestering cleaner designed for clean-in-place (CIP) cleaning
in pharmaceutical processing equipment. It is particularly suitable for the removal of fat
and protein-containing residues. When selecting the cleaning media, special attention
was paid to operation at room temperature, as elevated temperatures must be avoided
at all costs when using certain formulations and solvents due to the possible risk of
ignition. The aim is to find a general procedure that can be used universally. Cleaning
granules from the company ver-rus were also studied in more detail, as reported in the
presentation of results. These are cleaning concentrates consisting of plastics and require
a relatively high temperature to effectively remove deposits and contaminants in plastic
processing machinery.

2.3. Continuous Production and Cleaning Procedure

Premixing and homogenizing the respective powders is essential to ensure a homoge-
neous slurry of the appropriate quality. A JEL RRM Mini-II rotary mixer with a maximum
filling volume of 5 L was used in this setup. This mixing process took place for over an
hour at a tumbling speed of 40 rpm. The free fall mixing method ensures a homogeneous
distribution of the components regardless of their proportions or particle sizes.

A Thermo Fisher Scientific Inc. (Waltham, MA, USA) Energy 11 co-rotating twin-
screw extruder was used to process and clean the anode slurries to compare the cleaning
procedure after each production step. The extruder used screws with a diameter of 11 mm
and a process length with an L/D ratio of 40:1. The entire extruder was housed in an
MBRAUN LABmaster pro GloveBox. This GloveBox was filled with argon gas to prevent
unwanted oxidative reactions and wetting of the powder mixture.

The extruder can reach screw speeds of 10 rpm to 1000 rpm, which allows precise
control of the mixing process. There are seven cooling and heating zones to control the
temperature during extrusion. Figure 1 shows the setup of the applied screw configuration,
which was used to produce the anode slurry and consecutive cleaning in the same process
chamber. The screw configuration consists of three conveying zones and two kneading
zones. The kneading zones of the selected cleaning configuration consist of eight and
ten mixing elements with a 60◦ offset and three additional mixing elements with a 30◦

offset. A liquid feed is provided first, followed by a powder feed in the next zone. To
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improve powder metering and conveying, two push-screw elements, each twice as long
as conventional conveying elements, were used. The liquid was supplied by a Masterflex
Easy Load II 77200-60 pump, which allows flow rates of 0.06 mL/min to 2300 mL/min and
speeds of 1 rpm to 600 rpm, ensuring precise dosing of the liquid components directly into
the screws and thus a uniform mixture.

Figure 1. Schematic representation of the cleaning screw configuration and casing of the laboratory
extruder with the liquid supply in the first zone and the powder supply in the second (from right to
left). The initials FS (feed screw) and PS (push screw) describe the respective conveying elements.
The mixing elements are characterized by F60 and F30, which have an offset of 60◦ and 30◦ to each
other per element.

After the anode slurries were produced, systematic cleaning tests were conducted to
evaluate the efficiency of various cleaning media. The extruder was rinsed with various
cleaning agent which means that the pump fed the respective liquid via the liquid feeding in
Figure 1 while the extruder was running at a certain screw speed. The process parameters,
including screw speed, cleaning agent flow rate, and temperature zones, were examined
for an in-depth analysis that is referred to and described accordingly in the following
chapters. In addition to chemical and time analysis, these adjustable parameters provided
a comprehensive insight into the mechanical cleaning component. The cleaning process
started with rinsing the extruder with the appropriate cleaning medium. Samples were
taken as soon as the cleaning medium reached the extruder outlet, and further samples were
taken after one, three, five and ten minutes. This ensured comparability over a cleaning
time of ten minutes in order to study the cleaning kinetics in more detail. The process was
conducted in triplicate and the standard deviation between repetitions was computed to
assess reproducibility.

Following anode slurry production and cleaning, the screws were pulled and cleaned
in an ultrasonic bath to thoroughly remove any residual slurry remaining on the screws.
A transsonic ultrasonic bath operating at a frequency of 130 kHz was used. The screws
were placed in the ultrasonic bath for 15 min. Ultrasonic cleaning allows for the effective
removal of contaminants. This made it possible to completely clean the complex surfaces
and structures of the screws. On the one hand, this was necessary to determine the amount
of residual slurry remaining on the screws, which is of great importance for assessing
the quality of the cleaning. In addition to the cleaning kinetics in the process chamber,
the amount of remaining slurry on the screws is also critical. This amount has been
measured gravimetrically.

2.4. Quality Control of Anode Slurry

In order to better understand the studies on the purification of the anode slurry, the
respective quality parameters of the anode suspension were determined for the recipe
already described in Section 2.1. These are the rheological properties of the slurry as a
function of speed and the respective particle size distributions.

The rheological properties of the anode slurries were measured and analyzed using
a Thermo Scientific™ HAAKE™ Viscotester™ iQ Rheometer. To determine the viscosity,
the dynamic viscosity η is plotted against the shear rate γ̇ as the behaviour is structurally
viscous. The shear rate range is 0.01/s to 1000/s. A plate-plate rheometer with a gap
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height of 0.5 mm is used. The plate has a diameter of 35 mm and was always measured at a
constant temperature of 20 ◦C.

Particle size distribution is determined using a Mastersizer 3000 laser diffractometer
(Malvern Panalytical GmbH, Kassel, Germany), which is a sequential combination of
red and blue light source measurements, and a 120 mL Hydro MV wet dispersion unit.
The sample dispersion unit ensures that the particles enter the measuring range of the
optical bench at the correct concentration and in an appropriate stable dispersion state to
ensure accurate, reproducible measurements. In this application, the anode suspension
was successfully measured at a dilution of 1:100. The measurement range of the particles is
from 10 nm to 3.5 mm in width, measured by angular scattering intensity. While the large
particles scatter light at a small angle relative to the laser beam, the small particles scatter
light at a large angle.

In order to optically assess the structure and network of the anode slurry, SEM images
were recorded. For this purpose, the slurry produced was manually applied to a copper foil
using a squeegee. The coating thickness of the electrode was 100 µm and the thickness of
the copper foil was 10 µm. The coated electrode was then dried and prepared accordingly.
For this purpose, samples from the electrode layer were punched out and SEM images
were taken of the top side of the electrode for different size scales.

2.5. Concentration Analysis

In order to assess the effectiveness of the cleaning processes, it is necessary to determine
the mass fraction of the anode slurry in the cleaning samples taken. This makes it possible
to determine the temporal evolution of the mass fraction during the cleaning process over
a total of ten minutes, which allows a comparison of the cleaning processes carried out in
terms of their efficiency and effectiveness. This procedure is based on the washing ratio
for filter cakes, which uses continuous flow and dilution methods [34]. Concentrations
were determined using UV-Vis spectroscopy, an analytical technique that examines the
absorption of ultraviolet (UV) and visible light (VIS) for various substances. A Flame-
S UV-Vis spectrometer from Ocean Insight was used for the UV-Vis spectroscopy. The
detector used in the FLAME UV-Vis spectrometer covers a wavelength range from 190 nm
to 1100 nm. The optical resolution is typically 0.1 nm to 10 nm, which allows precise
measurement of absorption and transmission [35]. In addition, a deuterium-tungsten-
halogen light source is used to cover the spectrum in the UV and visible regions.

A UV-Vis spectrum is a list of wavelength-specific absorbance values. The Lambert–
Beer law establishes a linear relationship between the absorbance A and the concentration
of the substance c. Taking into account the molar mass M and density ρ, this concentration
is converted into a mass fraction w. Hence, the relationships for determining the mass
fraction in the cleaning samples is given by

w =
M
ρ

· 1
d · ελ

· A︸ ︷︷ ︸
Lambert−Beer

(1)

where d corresponds to the path length of the light through the sample and ελ to the
absorption coefficient. The latter is a substance-specific quantity and describes the ab-
sorption strength of a substance at a specific excitation wavelength λ. The absorption
coefficient ελ, the density ρ and the molar mass M are introduced as unknowns. However,
the linear relationship between mass fraction w and absorbance A can be determined from
Equation (1) using linear regression. After measuring certain samples of known mass
fraction, a calibration curve is obtained, that allows for the analysis of the mass fractions of
the cleaning samples [35]. The reference data was generated using 10 g of anode slurry with
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a solids content of 45%. This slurry was diluted in ten steps at a ratio of 1:1. All diluted
samples were measured tenfold by UV-Vis spectroscopy and the average absorbance values
are visualized over the wavelength in Figure 2a. Water was used as a reference sample
and nine further diluted slurry suspensions were included in order to use the maximum
measurement interval with the highest accuracy.

(a) (b)

Figure 2. Preliminary calibration to determine the cleaning results using UV-Vis spectroscopy.
(a) Absorption spectra of the diluted solutions as a reference in dependence of the wavelength.
(b) Linear calibration curve of the mass fraction as a function of the absorbance.

The wavelength to construct the calibration curve was chosen at 253 nm by Recursive
Feature Elimination (RFE). Here, multivariate models are trained on all wavelengths and in
each iteration, the wavelengths with the smallest regression coefficients are removed until
only the desired number of features—in this case one—is left. This prevents overfitting of
the model and yields the most robust prediciton of concentration. The calculated calibration
curve is shown in Figure 2b. The data points clearly show the linear relationship between
the measured absorbance and the mass fraction. The constructed regression line has
a coefficient of determination of 0.993, indicating a very good agreement between the
observed and predicted values. As can be seen in Figure 2a, too high absorbance values
result in noise. Therefore, all experimental samples were diluted to an absorbance value
smaller than 0.2.

2.6. Electrode Manufacturing and Analysis

To better evaluate the slurry structure, the anode suspensions produced were applied
to a copper foil using a squeegee process with a gap height of 100 µm. In order to gain a
qualitative understanding of the electrode microstructure, SEM analyses with the Gemini
SEM from Carl Zeiss, Germany were conducted. The SEM was operated at an acceleration
voltage of 5 kV. The electrical properties of the electrode were determined using the
Hioki RM2610 system, which combines a four-wire measurement with multi-point potential
mapping and enables the extraction of both volume and interfacial resistivity.

2.7. Cell Construction and Cycling

For the purpose of obtaining an overview of the lithium-ion battery manufacturing
process, it is essential to detect the influence of possible cross-contamination of cathode
materials in anode production. To establish a correlation based on the initial mixing step,
the final anode slurry was intentionally contaminated with the cathode materials NMC and
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LFP. Specifically, these were NMC622 from BASF and LFP400 from ibu-tec. The resulting
electrode slurries were coated onto copper foils, dried, and stamped to form coin cells.

Type 2032 button cells were used for this purpose. Each anode electrode has a diameter
of 12 mm, and a Li metal counter electrode with a diameter of 14 mm was used. The button
cells were constructed according to the following scheme: a casing bottom, an anode
electrode, and the addition of 200 µL of LiPF6 electrolyte with a Whatman phase separator
with a 16 mm diameter. Then, the Li metal, a 1 mm thick spacer, and a spring were added,
followed by the buttin lid. After compression at 650 psi, the finished cell was thoroughly
cleaned before cycling. In the first cycle, each coin cell was started at C/10. After completing
a full charge and discharge process, the cell was measured at C/3 for a total of 100 cycles.
Voltage limits of 50 mV to 0.7 V were used for this.

3. Results
This chapter presents and analyzes in detail the results of the experiments carried out

to evaluate the produced slurry in terms of the quality parameters of rheology and particle
size distribution, and to clean the anode slurry in the twin-screw extruder. Emphasis is
placed on the investigation of various parameters and their influence on the effectiveness
of the cleaning processes. The relevant cleaning factors are summarized by the Sinner
circle, which includes the chemical cleaning medium, mechanical kinetics, temperature and
cleaning time. Images are also used to illustrate the most significant differences. Finally,
electrochemical analysis of cross-contamination during cycling concludes the investigation
of the process chain for manufacturing lithium-ion batteries.

3.1. Quality Parameters of Slurry

The quality of the produced anode slurries was determined by measuring viscosity
and particle size distribution (PSD). Slurry quality is important, because it will influence the
subsequent cleaning step. The viscosity curves shown in Figure 3a describe the dependence
of dynamic viscosity on shear rate for different twin screw speeds. Five different screw
speeds were chosen, ranging from 100 rpm to 1000 rpm. All curves confirm a structurally
viscous behaviour, as the viscosity of the slurry decreases with increasing shear rate
at all speeds studied. This behavior suggests that the structure of the anode slurry is
more affected at higher speeds in the extruder, leading to a reduction in viscosity. The
arrangement of the particles and the interactions within the slurry are affected by the shear
forces, resulting in the formation of a different network between the particles and the
binder [36].

(a) (b)

Figure 3. Quality parameters of the anode slurry as a function of the screw speed used in the
extruder chamber. (a) Viscosity curves as a function of the shear rate. (b) Volume-weighted density
distributions of the particle sizes.
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On the other hand, Figure 3b shows the particle size distribution of the anode slurry
as a function of the respective particle size for different screw speeds from 100 rpm to
1000 rpm. The distribution shows three distinct peaks indicating the presence of different
particle classes. The first peak, with particle sizes between 1 µm and 10 µm, represents
the smaller aggregates resulting from the dispersion of the carbon black. These particles
remain relatively stable even at higher speeds, indicating that they are highly agglomerated
or aggregated and difficult to break up. The second peak at about 20 µm largely reflects the
graphite content and the third peak at about 150 µm to 200 µm shows the presence of larger
agglomerates formed by the aggregation of several aggregates. The height and width of
this peak decrease with increasing speed, indicating that these larger agglomerates are
broken up at higher shear forces in the extruder. The decrease in particle size distribution
in the region of the larger agglomerates explains the decrease in viscosity as described in
the Figure 3a.

A significantly more homogeneous distribution can be achieved by implementing a
pretreatment process before homogenisation of the powders that will be inserted into the
extruder chamber by the feeder, or by optimizing the process parameters. The residence
time, and therefore the resulting material, can be adjusted by reducing the mass flow rate
and increasing the energy input [16,37,38]. This can be achieved by using a different screw
configuration or a higher extruder speed, for example [14]. However, the focus here was
on investigating the corresponding cleaning process, so the same process parameters were
always used for reproducibility purposes. Furthermore, it should be noted that viscosity is
largely independent of PSD because the adsorption of CMC molecules significantly affects
viscosity, which dominates and decides the consecutive cleaning kinetics [39].

At lower screw speeds, the slurry remains more inhomogeneous as the larger agglom-
erates settle more quickly. At higher screw speeds, the slurry becomes more homogeneous
and stable as the agglomerates are broken up, which can be advantageous for processing.
In summary, Figure 3b shows that higher screw speeds in the extruder result in better
dispersion of the particles and breaking up of larger agglomerates, which in turn helps
to reduce the viscosity and improve the processability of the anode slurry. The resulting
quality characteristics have a critical impact on cleaning, which is highly dependent on the
composition and initial viscosity of the slurry. For subsequent cleaning, the same recipe
with the same solids content was used for reproducibility. The extruder throughput for
production was also set to be constant at 1 kg/h of slurry and the screw speed was 750 rpm.

In order to gain a better understanding of the material being processed for consecutive
cleaning, the corresponding electrode was subjected to optical examination via SEM based
on the selected slurry formulation. A specific location was analyzed for different size scales,
which are shown in Figure 4. The active material graphite and the conductive carbon
black binder network are clearly visible in all images. The SEM micrographs at different
magnifications reveal the characteristic microstructure of the graphite-based anode. At
low magnification, large platelet-like graphite particles with irregular edges can be clearly
identified. The particles are relatively densely packed but still exhibit interparticle voids.
With higher magnification, the layered morphology of the graphite becomes more apparent,
and the interfaces between adjacent particles are visible.

In the subsequent images, the surface topography of the graphite platelets is shown in
greater detail. Sharp edges, steps, and fracture planes highlight the crystalline nature of the
graphite domains. In addition, fine particulate material can be observed in the pores and
on the surfaces of the larger platelets, which likely corresponds to conductive additives and
binder residues. These features form a percolating network between the graphite particles
and contribute to the electrical conductivity of the electrode.
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Figure 4. SEM images of the coated electrode from above. The respective anode formulation was
coated on a copper foil, dried and then analyzed for various magnifications.

Furthermore, the electrical resistivity of the electrodes was analyzed. The measure-
ment yielded a composite volume resistivity of 0.181 ± 0.07 Ω cm, an interface resistance
of 0.0347 ± 0.0046 Ω cm2, and a composite surface resistivity of 0.00077 ± 0.00007 Ω cm2.
Overall, the SEM analysis demonstrates a heterogeneous but interconnected microstructure
consisting of graphite as the active material, with smaller particles and binder phases
distributed along the particle boundaries. The hierarchical porosity visible at different
length scales indicates pathways for electrolyte infiltration while simultaneously providing
sufficient electrical connectivity through the carbonaceous binder network.

3.2. Cleaning Time

The cleaning time, although one component of the Sinner circle, is not varied as
a separate parameter in this work. Rather, continuous cleaning curves are obtained by
measuring time-specific samples. The optimal duration must be chosen to ensure complete
removal of residues without excessive consumption of resources. This is particularly
important for industrial applications where both the effectiveness and efficiency of the
cleaning process are of great importance. In general, all experimental investigations, which
will be elaborated in more detail in the following sections, showed a reduction in slurry
weight fraction with increasing cleaning time. The results generally showed that the
cleaning performance is highest at the beginning of the cleaning process. With increasing
time, the slope of the curve, and thus the amount of residue removed, decreases, indicating
a decreasing effectiveness over time.

Most cleaning samples show that cleaning is largely complete after five minutes, which
is sufficient to assess the effectiveness of the method. After ten minutes, only a small mass
fraction of the anode slurry remains, indicating almost complete removal of the residues by
the cleaning methods used. Further evaluation reveals two essential processes. Firstly, the
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remaining suspensions are discharged, and then the residues are rinsed out. To quantify
the cleaning kinetic, a double-exponential model

w(t) = A1 · e−k1t + A2 · e−k2t (2)

is used to fit the data and describe the decrease in mass fraction w. The time-dependent
concentration consists of two superimposed decay components. A1 and A2 represent
the relative proportions of the decaying components and the initial mass fraction before
exponential decay begins, whereas coefficient A1 represents the rapidly decaying fraction
associated with the fast removal of loosely bound residues, whereas coefficient A2 denotes
the slowly decaying fraction corresponding to the gradual removal of more strongly ad-
hered or inaccessible residues. The sum of both indicates the total weight fraction of slurry
at the outlet at t = 0, i.e., how much slurry is present at the beginning of the cleaning proce-
dure. Note that the starting point for each measurement is different. Each measurement
was taken analogously, beginning with the first drop of cleaning agent and continuing
for the same time interval. Slight deviations occurred at the start of each measurement
depending on the cleaning medium and process parameters, because these factors strongly
influence the dwell time.

The parameters k1 and k2 describe the corresponding rate constants. Thus, analogous
to an existing model for describing the kinetics of dispersion, a kinetic model was developed
to describe the cleaning processes [40]. The rate constants primarily describe the cleaning
kinetics and are referred to as the cleaning rate, which describes the cleaning speed. These
parameters are crucial for determining cleaning efficiency over time. The first term in
Equation (2) describes a rapid initial reduction associated with the direct displacement
effect resulting from the flow of the cleaning agent and directly rinsable residues of the
suspension. The second term represents a significantly slower decrease corresponding to
the removal of residual adhesions or hard-to-reach contaminants. This allows cleaning
processes to be compared under identical conditions with regard to cleaning kinetics.

In addition to analyzing the cleaning kinetics and the cleaning process in the process
chamber, it is crucial to quantify the amount of slurry remaining on the twin screws.
Complete and effective cleaning can only be guaranteed by considering the combination
of both parameters, as fast cleaning does not necessarily mean complete cleaning. When
studying the cleaning efficiency of various parameters, the residual slurry remaining on
the twin screws after cleaning was weighed and elicited for each cleaning strategy in the
respective following chapters. Finally, Section 3.6 summarizes every cleaning procedure
that has been investigated in this study.

3.3. Variation of the Cleaning Agent

Cleaning tests using solvents such as ethanol, isopropanol, acetone and recommended
industrial cleaners were conducted as part of initial preliminary testing. After consultation
with industry experts and based on the knowledge gained, the cleaning media were
narrowed down to the following for more specific investigation. Figure 5 compares the
cleaning media deionized water, ethanol, COSA™ CIP 96 and CB 100 in terms of their
effectiveness in removing residues from the anode slurry and shows the different cleaning
kinetics. The exponential fit according to Equation (2) is also shown and the numeric
value of the kinetic parameters k1 and k2 are provided in the legend. All fits reached high
degrees of determination (R > 0.999) and the full data of all fit curves is provided in
the Appendix A Table A1. The four detergents show different decay curves of the mass
fractions over the cleaning time. Deionized water starts with a mass fraction at 6.568% and
shows a rapid decrease in the first few minutes before stabilizing at a low level. This shows
the high effectiveness of deionized water in removing anode slurry residues.
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Figure 5. Influence of different cleaning media on the cleaning performance at 500 rpm and
1000 mL/h. Error bars indicate the standard deviation of triplicate cleaning experiments. Dashed
lines show the fitted cleaning kinetic model.

To be noted, cleaning kinetics or model parameters alone can be misleading. In
addition to long-term kinetics, the absolute values and final residual slurry in the extruder
must be compared. For the final assessment, the residual slurry after each cleaning process
was plotted on the second y-axis in Figure 5. This data confirms that water is the most
effective cleaning medium because the residual slurry mass is lowest. While the initial
ejection removes most of the slurry produced from the extruder chamber, the removal of
the last particulate residues is crucial for effectiveness.

Ethanol starts at 4.376% and also shows a rapid decrease in the first few minutes, but
stabilizes at a slightly higher level than deionized water. The second highest cleaning rate
k1 at the beginning of 6.234 is obtained for Ethanol. This is due to the fact that ethanol has
reached its cleaning limit and only removes the superficial and easily soluble components
of the anode slurry. Although ethanol lowers surface tension, it does not lower it enough
to break the adhesion of binders. In contrast, water-based anode slurries are formulated
to adhere well to surfaces. The less soluble components, such as graphite and carbon
black, which are more adherent to the surface, remain on the screws and are not effectively
removed. As a result, after about one minute of cleaning, only relatively clear ethanol
flowed from the extruder outlet without a large amount of suspended slurry residue which
is confirmed by a small value of 0.042 for k2. In comparison, deionized water shows a
k2 value of 0.342, indicating much better cleaning efficiency over a longer cleaning time.
Therefore, from a chemical perspective, ethanol proves to be an ineffective cleaning agent,
but it emphasizes the effectiveness of the extruder in removing the remaining slurry.

COSA™ CIP 96 shows no significant change in the mass fraction of residues after
3 min, indicating that this cleaning medium is not very effective. The cleaning kinetics
model also confirms this, as it yields the only negative k2 value for this medium. The
slightly negative value most likely stems from fitting and experimental errors and should
be interpreted as zero, i.e., the absence of a slower, diffusion-driven deep cleaning. Graphite
and carbon black are hydrophobic, carbon-based materials that are difficult to dissolve
in water-based cleaners. The chemical stability and strong adhesion of these components
can reduce the effectiveness of CB 100. Additionally, the low-foaming formulation, when
combined with the shear forces caused by rotational speed, limits interfacial activity. This
reduces the mechanical detachment required to remove fine graphite or carbon black (CB)
particles, as well as the formulation’s limited compatibility with CMC-based residues. This
explains why CB 100 loses its effectiveness after the first minute of cleaning. Although the
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cleaning rate k1 shows the highest overall value, the absolute values of the mass fractions
over cleaning time show no advantage.

In order to better assess the effectiveness of the cleaning process, Figure 6a illustrates
the double screw geometry used immediately after processing the anode slurry formulation.
The black slurry can clearly be seen distributed along the screw, particularly in the kneading
elements and in the last section of the conveyor elements before discharge. Figure 6b–e
shows the twin screws at the end of each cleaning process for visual assessment. For this
purpose, the four different cleaning media were considered separately. At first glance,
the screw appears clean after cleaning with CB100, but upon closer inspection, many
black spots remain, indicating that they did not come off during cleaning. For the ethanol
procedure, it is clear that the slurry dried more strongly on the screw elements. For this
reason, ethanol is absolutely unsuitable for removing residual slurry. With COSA CIP as
the cleaning medium, the screw appears very dark, which is confirmed by the cleaning
performance of the measured samples.

In summary, deionized water with a high cleaning rate of k2 has the best cleaning
performance and is the most effective cleaning medium under the tested conditions. Also,
there are hardly any visible residues and the screw alone shows the cleanest results based
on visual assessment. Furthermore, when using water as a cleaning agent, no further
impurities originating from the cleaning agent itself are to be expected that could affect the
quality of the slurry. This is why further testing of process parameters was carried out with
this solvent.

(a)

(b) (c)

(d) (e)
Figure 6. Visual assessment of the twin screws at the end of each cleaning process for the various
cleaning media. (a) Reference image of the twin screws immediately after slurry processing. (b) CB100
as cleaning agent. (c) Ethanol as cleaning agent. (d) Cosa CIP as cleaning agent. (e) Water as
cleaning agent.

3.4. Mechanical Investigations

In this section, the influence of various mechanical procedures on the cleaning per-
formance is examined. The parameters considered include the change in the amount of
cleaning medium to be conveyed and the screw speed of the extruder which is responsible
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for the main energy input. The test results are analyzed based on the quantitative approach
and the cleaning kinetics according to Equation (2).

3.4.1. Speed of Double-Twin Screws

Figure 7 shows the influence of the screw speed on the cleaning kinetic. The screw
speeds 200 rpm and 1000 rpm were studied at a constant flow rate of 756 mL/h with
deionized water in order to determine the two extremes of the screw speed and thus obtain
information about the parameter range of the extruder. The data show that the cleaning
rate of k1 is slightly higher at higher speeds, resulting in a value of of 2.567 in comparison,
but the second term shows that k2 is much higher for lower speeds. This shows that higher
screw speeds are beneficial at the beginning for better ejection, but concerning the dwell
time a slower screw speed is in advantage. After ten minutes of cleaning, the mass ratio at
1000 rpm is only 0.025% compared to 0.034% at 200 rpm.

Figure 7. Influence of the speed on the cleaning performance with demineralized water at
a constant volume flow of 756 mL/h. Error bars indicate the standard deviation of triplicate
cleaning experiments. Dashed lines show the fitted cleaning kinetic model.

Higher screw speed creates greater shear forces and turbulence in the extruder, which
helps to remove contaminants from the surface. This explains why cleaning is faster
at 1000 rpm and why the mass fraction decreases faster at the beginning. For further
discharge, a lower screw speed results in a beneficial cleaning rate due to less intense
rotational forces, supporting the axial movement. The higher speed can also result in better
mixing and distribution of the detergent, ensuring that hard-to-reach areas such as between
the kneading elements are cleaned more efficiently. Furthermore, the fill level decreases as
the speed increases, which has a significant impact on cleaning. Finally, a longer contact
time is improving cleaning due to slower movement and longer dwell time.

The results indicate that the dynamic effects, such as increased turbulence at high
speeds due to the increased shear forces, contribute significantly to the cleaning efficiency.
The gravimetric validation confirm the UV-Vis spectroscopy results in Figure 7. In this
evaluation as a higher screw speed leads to less residual slurry, here 0.1 g compared to 0.2 g
at lower speed. This suggests that the use of higher speeds is favorable to ensure fast and
thorough cleaning of the extruder. The analysis illustrates the importance of mechanical
influences and flow dynamics in optimizing cleaning processes in industrial applications.
The interplay between the correct speed and the volume flow of the cleaning medium is
therefore crucial for the cleaning kinetics and effectiveness.
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3.4.2. Volumetric Flow Rate of Cleaning Agent

Figure 8 illustrates the influence of the volume flow rate for three different flow rates
(304 mL/h, 504 mL/h and 704 mL/h) on the cleaning performance at a constant extruder
speed of 500 rpm. It can be observed that a higher flow rate improves the cleaning efficiency
as cleaning rate and effectiveness of the remaining slurry are favoring. After ten minutes of
cleaning, the mass ratio dropped to 0.015% at a flow rate of 704 mL/h, while it was still
0.042% at 304 mL/h. This indicates that increasing the flow rate accelerates the removal of
residuals because the cleaning medium flows faster through the extruder, rinsing out more
potential contaminants.

The average residence time is shorter for processing in the extruder at higher volume
flows. However, the residence time distribution is more important than the average because
particles can remain in the extruder for significantly different lengths of time. This explains
why cleaning is seemingly less effective at lower volume flows, even though the cleaning
rates are higher. The correlations with values A1 and A2 are what make the difference
here. This demonstrates that, while efficiency and cleaning kinetics can be described
quantitatively, describing the resulting effectiveness requires considering the absolute
values and analyzing the remaining slurry on the screws. Hereby, the highest flow rate
results for the lowest amount of slightly more than 0.3 g compared to 0.6 g for the lowest
flow rate.

Figure 8. Influence of the volume flow on the cleaning performance with demineralized water at
500 rpm. Error bars indicate the standard deviation of triplicate cleaning experiments. Dashed lines
show the fitted cleaning kinetic model.

The high value of k1 at 304 mL/h shows that the cleaning process is slightly more
efficient in the beginning, but the curve reaches a certain plateau earlier, which means that
the efficiency decreases rapidly. Factors such as flow rate, turbulence and dwell time play
a crucial role. At a lower flow rate, the liquid has a longer contact time with the surfaces,
resulting in a faster initial cleaning effect, which explains the higher k1 value. At the same
time, the lower flow rate can lead to a buildup of contamination in certain areas or to
residues that are more difficult to remove. This explains the higher residue levels found at
the end that are decreasing with increasing flow rate.

3.5. Influence of Temperature

To investigate the cleaning process at elevated temperature, all zones of the extruder
were heated to 90 ◦C. In addition, the screws were cleaned with deionized water at a
moderate flow rate of 556 mL/h and a screw speed of 500 rpm. The sample water with the
anode slurry residue, taken at the extruder outlet, had a measured temperature of about
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50 ◦C. The cleaning temperature otherwise used is 20 ◦C, and cleaning with deionized
water is also used for comparison in this chapter.

The results of the analysis of the influence of temperature are shown in Figure 9. When
cleaning with deionized water at 50 ◦C, the initial mass ratio is 7.102%, which is similar
to the value for cleaning at 20 ◦C. However, the reduction in the mass ratio over time is
much faster, so that after one minute it is well below 1% at 0.536% and after three minutes
it is already below 0.1% at 0.096%. In the final phase, the mass ratio continues to decrease
and finally reaches 0.020% after ten minutes, so that the mass ratio at the normal cleaning
temperature is approximately twice as high. This is also confirmed by comparing the
cleaning rate k1 at the beginning of 2.94 to the cleaning rate of 2.05 at room temperature.

Figure 9. Influence of temperature on cleaning performance with demineralized water at 500 rpm
and 556 mL/h. Error bars indicate the standard deviation of triplicate cleaning experiments. Dashed
lines show the fitted cleaning kinetic model.

At higher temperatures, the deionized water is more effective in removing anode
slurry residues, as evidenced by the faster and greater reduction in mass fraction over the
entire cleaning time. At elevated temperatures, water becomes less viscous, improving
the rinsing effect. At the same time, the viscosity of the residual slurry decreases, making
it easier to wash out. Furthermore, CMC is water-soluble but swells slowly at room
temperature. Higher temperatures increase the dissolution and swelling rates, causing
binder residues to detach more quickly. Additionally, the surface tension of water decreases
with temperature, resulting in better wetting of metal surfaces in the extruder. This means
that remaining deposits are dissolved more effectively. This effect is confirmed by the
gravimetrically determined residual slurry of 0.1 g at elevated temperature, compared to
0.3 g at room temperature.

Since cleaning with granules is state of the art in polymer processing using extruders,
tests have also been carried out with cleaning granules after slurry production, but these
require a temperature of over 150 ◦C. This preheating causes the residual slurry in the
extruder chamber to dry out and harden, making an effective cleaning process impossible.
In addition, the use of high temperatures in the extruder chamber should be avoided
because, depending on the composition of the formulation, premature evaporation of the
solvent or degradation of the binders could occur. Either scenario would be fatal to a
flexible and automated production and cleaning process.

3.6. Overall Discussion

Comparing the cleaning efficiency of various parameters, the cleaning rate and the
residual slurry remaining on the twin screws after cleaning were compared before. The
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parameters studied included temperature, screw speed, volume flow and the type of
detergent used. These measurements provide an insight into the effectiveness of different
cleaning conditions, further supported by the plotted cleaning profiles obtained from the
data. Table 1 summarizes the final measured value after each cleaning process and adds
a calculation of the cleaning time until 0.01% residue is achieved. The aim is to illustrate
the confirmation of taking two regimes into consideration. Hereby, the cleaning rate is
discussed in terms of the remaining mass fraction after ten minutes and the predicted time
to reach 0.01% concerning the efficiency. Additionally, the effectiveness must be examined
in relation to the residual slurry.

Table 1. Final overview after completion of the cleaning process and calculated cleaning time until
0.01% residue.

Experiment
Mass Fraction

in % After 10 min
Predicted Time
to 0.01% in min

Deionized Water 0.045 10.34
Ethanol 0.078 34.19
CB 100 1.385 21.30
COSA™ CIP 96 0.166 Model implausible
screw speed (200 rpm) 0.038 13.32
screw speed (1000 rpm) 0.023 14.51
volume flow (304 mL/h) 0.042 12.64
volume flow (504 mL/h) 0.027 13.77
volume flow (704 mL/h) 0.015 11.67
Temperature (20 °C) 0.045 11.99
Temperature (50 °C) 0.020 10.16

Taking into account a free volume of 36.53 cm3 for our screw configuration in the
extruder chamber and a density of our anode suspension of approximately 1.3 g/cm3, the
extruder conveys most of the volume in the process chamber during processing without any
further addition of material. Under the assumption of a fully filled extruder chamber results
a slurry weight of 47.49 g which demonstrates that the remaining slurry is comparatively
low by weight but clearly visible. This is confirmed qualitatively by comparing the values
and shows that not all solvents are compatible and that the mechanical and thermal effects
are dominant.

Residual slurry measurements and cleaning curves consistently demonstrate the
significant impact of temperature, screw speed, and flow rate on cleaning efficiency. To
make additional estimations, we approximated the kinetic model to predict the time, in
minutes, until the remaining mass in the extruder is reduced to 0.01%. These results confirm
previous findings that higher temperatures, slower long-term speeds, and higher cleaning
medium volume flows optimize cleaning kinetics as they align with the mass fractions
after ten minutes of cleaning. The fastest times are achieved in each case, as evidenced by
the efficiency and effectiveness. Further evidence is provided by the lower residual slurry
value on the twin screws. Among the cleaning agents tested, ionized water was the most
effective, followed by CB100 and ethanol. A detailed analysis of these factors, supported
by experimental data, provides valuable insights into optimizing the cleaning process for
continuous dispersion.

For a final comparison for potential contamination with a cathode suspension that
has a equally measured density of 1.3 g/cm3, a mass fraction of 0.02% results in a residual
weight of 0.95 g contaminated mass that is remaining after a cleaning process of 10 min,
for a worst case scenario. Taking into account that a sample container has a volume of
50 mL and assuming that the remaining cathode suspension would contaminate the anode
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paste, the worst-case scenario would result in contamination of 0.015%. All of this assumes
that the cathode material would continue to adhere to the screw elements and would not
change during the subsequent anode processing. This influence must now be validated in
terms of electrochemistry.

3.7. Analysis of Cross-Contamination

Determining the effects of potential contamination during the mixing step requires
investigating the resulting cell performance in terms of electrochemical properties. Due to
the occurrence of unpredictable short circuits at the start of the 100-cycle test or during the
test itself when contamination levels were too high, it has not yet been possible to identify
a limit value for completed cleaning based solely on specific capacity data.

Therefore, an initial close examination was conducted to compare the discharge curves
of an anode half-cell with those of a contaminated anode half-cell containing 8.5 wt% NMC.
The results are shown in Figure 10a,b. Voltage over capacity was plotted for over 20 cycles.
The sequence began with C/20, changed to C/10, and then concluded with C/5. During
the first cycle, a passivation layer called solid electrolyte interface (SEI) forms on the anode
when the electrolyte comes into contact with the first current. This layer protects the anode
from further reactions with the electrolyte, thereby stabilizing the battery. However, if
the SEI layer grows too thick over time, it leads to capacity loss and increased internal
resistance of the battery. Thus, the SEI layer is an important yet problematic component.
Thus, the first step is an irreversible process.

As shown in Figure 10a, the discharge curve in the first cycle of the reference anode is
significantly longer, as the lower C-rate results in a slower cycle. The other curves do not
show any gradations or discrepancies, such as undesirable side reactions. Thus, delithiation
proceeds properly for the reference anode. A large difference in the first charging cycle is
clearly visible when the reference is compared to the contaminated cell in Figure 10b. When
the voltage falls below approximately 0.7 V, there is a sudden increase in voltage. This
spike is an activation or side reaction artifact caused by the NMC particles on the anode.
Therefore, lithiation of NMC occur simultaneously on the contaminated anode.

(a) (b)
Figure 10. Galvanostatic Cycling in 3D representation: voltage vs. capacity over several cycles
in order to describe the discharge curves. (a) Anode half-cell as reference. (b) Anode half-cell
contaminated with NMC.

Since NMC-contaminated anode half-cells led to a short circuit within a very short
time when the contamination exceeded 12 wt%, LFP-contaminated anode half-cells were
tested in parallel. A gradual increase in contamination was investigated. In this case, a
significantly higher degree of contamination was achieved, presumably due to the con-
siderably finer PSD of the LFP active material. The coin cells were cycled at C/10. A
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total of 100 cycles were performed, nevertheless, no reproducible information on longevity
or performance as a function of contamination could be obtained. Thus, the decisive
electrochemical analysis comparison was performed in the first cycle.

The delithiation process undergoes several stages. Figure 11a shows the voltage curve
as a function of specific capacity during the discharge of an anode half-cell. These describe
the intercalation processes during delithiation and can be divided into four characteristic
stages that correspond to the well-known staging sequence already described in previous
studies: LiC6 → LiC12 → LiC18 → LiC24 → C [41].

(a) (b)
Figure 11. Voltage curve of the delithiation of an anode half-cell over the specific discharge amount is
shown. The graph shows the first discharge cycle. (a) Four stages of discharge of an anode half-cell
as a reference. (b) Anode half-cell gradually contaminated with LFP from 0 wt% to 20 wt%.

Each of these stages is characterized by a typical potential plateau in the voltage curve
and reflects structural rearrangements of the intercalation system. In the initial delithiation
phase, lithium departs the fully occupied intercalation sites. This stage is characterized by
a relatively steep voltage drop, as the lithium concentration in the graphite layers decreases
abruptly. The associated plateau is comparatively short and thermodynamically stable, but
reacts strongly to ohmic losses. As delithiation progresses, the Li occupancy density for
the second stage decreases. In this stage, there is a significant drop in potential, which is
determined by the coexistence of two phases, LiC12 and LiC18, that describe the lithium
stoichiometry in graphite. The process is increasingly limited by diffusion and interfacial
kinetics. In the third phase, only part of the graphite layers are occupied by lithium. The
plateau becomes flatter and is more strongly dominated by kinetic effects, as the Li transport
paths are lengthened and the exchange current density at the interfaces decreases. The
contribution to the total capacity is significant, but delithiation proceeds more slowly. The
final delithiation stage corresponds to the removal of weakly bound residual lithium from
the graphite layers. Thermodynamically, this results in a flat potential curve at low capacity.
The fourth phase is characterized by a flat potential curve at low capacity.

These four stages were examined analogously for the contaminated cells, as shown
in Figure 11b. It was found that the electrochemical discharge behavior of the graphite
half-cells changes significantly with increasing LFP contamination. While the reference
electrode without impurities clearly exhibits the characteristic potential plateaus of the
graphite staging sequence, these plateaus become significantly shorter even with low
LFP content.

At around 1–2.5 % contamination, the plateaus appear increasingly sloped and lose
their horizontal shape. This indicates that the lithium is primarily absorbed by the con-
taminated cathode material in the half-cell anode, meaning that the lithium ultimately
intercalates with the graphite. This additional accumulation of lithium causes a significant
increase in voltage. The required end-of-charge voltage for LFP is approximately 3.6 V,
which is never reached in the anode half-cell. Therefore, after the first cycle, the contam-
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inated LFP acts as inert material in the cell, which further hinders ion transport. With
10 wt% and 20 wt% LFP content, this effect increases even more, as much more lithium is
preferentially absorbed by the LFP in the first step, and this absorption is thus distributed
over a wider voltage range. Thus, the transitions between stages are distorted, and plateaus
are barely recognizable. This results in limiting electronic and ionic transport.

For a more in-depth electrochemical analysis of the contaminated half-cells, dQ/dU
analyses were also performed. This differential capacity analysis is an established method
for visualizing phase transformations and transitions within intercalation electrodes. Steps,
plateaus, or breaks in the voltage curve appear as distinct peaks in the dQ/dU represen-
tation, which can be directly assigned to the phase boundaries of the graphite staging
reactions. This allows the method to provide a much more precise analysis of the transition
areas, the phases involved, and their relative proportions.

Figure 12 illustrates the electrochemical analysis of the various degrees of contamina-
tion, which, analogous to Figure 11 describing the delithiation curves, increase successively
from a plain anode half-cell to a contamination rate of 20 wt% LFP. The diagram describes
how the capacity of a cell changes as a function of voltage, which is used to investigate
phase-specific reactions and degradation mechanisms. The ordinate describes the capacity
density per voltage unit and explains how much charge is stored or discharged for a given
voltage change. The abscissa describes the voltage of the battery relative to the lithium
reference and thus indicates the state of discharge.

The curves from the first discharge cycle are shown, as an anomaly also occurs only
in the first cycle. A sharp increase in dQ/dU below 0.5 V is a critical sign of unwanted
reactions, from which capacity losses can be predicted. Possible causes for this are higher
internal resistance, an unstable SEI layer, or electrolyte decomposition, which can result
in a short circuit. Furthermore, lithium plating occurs preferentially below 0.5 V, which
electrochemically confirms cross-contamination. Lithium plating leads to an accumulation
of Li ions on the electrode, from which dendrites can grow through the electrolyte. As soon
as these come into contact with the separator, a short circuit occurs, stopping the cycling of
the cell.

The dQ/dU analyses illustrate the influence of LFP contamination on the delithiation
of graphite. While the reference electrode without foreign matter shows pronounced
and sharply defined peaks that can be assigned to the classic staging transitions, these
characteristics are increasingly attenuated and broadened even at low contamination levels.
At 2.5 wt% LFP, the peaks appear less intense and partially split, indicating a growing
inhomogeneity of the reaction fronts. At 10 wt% and 20 wt%, the transitions are severely
faded, and peaks that were originally separate merge, especially in the range of 0.4–0.5 V,
where transport limitations dominate, which is why the dQ/dU curve is characterized by
undefined signal areas and irregular deflections.

Based on the electrochemical analysis in Figure 12, an indicator can also be identified
here in the first cycle, whereby even slight contamination of up to 2.5 wt% did not lead to
any decrease in capacity or premature failure of the cell over 100 cycles. The presumed
cause here is the formation of the SEI layer and the associated irreversible lithium deposi-
tion. This results in a large amount of charge being accumulated without any significant
change in voltage, resulting in the high dQ/dU peak. The higher the contamination, the
higher the peak, which shows a maximum point in the other charge direction at a con-
tamination of 20 wt% LFP. Nevertheless, although these indicators show a clear influence
of contamination on the electrochemical properties, they do not provide any information
about the effects on the service life or performance of a longer-running cell. This has
provided valuable electrochemical insights and quantifications on contaminated coin cells.
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(a) (b)

(c) (d)
Figure 12. Electrochemical analysis of contaminated anode half-cells in the first cycle of cycling.
(a) Anode half-cell as reference. (b) Anode half-cell contaminated with 2.5% LFP. (c) Anode half-cell
contaminated with 10% LFP. (d) Anode half-cell contaminated with 20% LFP.

4. Conclusions
This work investigated the continuous production of anode slurry and its subsequent

cleaning in a laboratory extruder, where the anode slurry was always produced according
to a fixed recipe. The focus of this work was to investigate the optimum conditions for
cleaning within the extruder and the resulting anode slurry residues to ensure a flexible and
intelligent production of battery slurry. The influence of the four parameters of Sinner’s
circle was investigated to assess the effectiveness and efficiency of the cleaning process.
All cleaning samples were measured by UV-Vis spectroscopy. Based on Lambert–Beer’s
law, a calibration curve was constructed using reference samples and a univariate linear
regression to calculate the concentration or mass fraction of the sample remaining after the
absorption measurement.

Deionized water proved to be the most effective cleaning medium, removing slurry
fastest while avoiding additional safety concerns. Also, it acts as a solvent for the production
of anode slurry. High initial screw speeds enhanced slurry detachment through stronger
mechanical action, whereas lower speeds toward the end enabled more uniform deep
cleaning. Despite the influence of residence time distribution on the apparent cleaning
rate, increased flow rates further improved residue removal by flushing out more material
in less time. Elevated temperatures likewise enhanced cleaning efficiency by accelerating
slurry dissolution and detachment, as long as drying effects were avoided.

Regarding the electrochemical analysis of higher contamination levels, it was demon-
strated that valuable information can be obtained during the initial charging cycle to
determine the extent of contamination of the half-cell. Due to a certain charging voltage of
the cathode material, which is never reached in an anode half-cell, the lithium primarily
accumulates on the contaminated cathode material and then remains as inert material.
Thus, increased contamination results in strong limitations of electronic and ion diffusion.

However, it was possible to demonstrate that, after five minutes, less than 0.1% slurry
remained in almost every cleaning test. In terms of contamination levels, this would
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not significantly impact battery performance but would promote long-term degradation
mechanisms, such as lithium plating. Despite this, with sufficient time, the extruder can
fully exploit its advantages over batch processing and significantly reduce the overall
cleaning time.

In conclusion, this study has provided valuable insights into the continuous clean-
ing of anode slurry. It clearly shows that time, as well as thermal and chemical effects,
greatly influence cleaning kinetics. Additionally, the self-cleaning effect of the twin-screw
extruder has been confirmed. To optimize dwell time, cleaning should be carried out
at the lower screw speed in the end with a high volume flow of cleaning medium that
corresponds to the solvent of the intended slurry. Finally, the remaining materials should be
removed from the extruder quickly and efficiently to ensure high quality and reproducibil-
ity of the upcoming formulation change. Nevertheless, testing these recommendations on
industry-scale production lines is necessary to validate the experiments and quantify the
economic efficiency.
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CB Carbon Black
CIP cleaning-in-place
CMC Carboxymethyl cellulose
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PSD Particle Size Distribution
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SBR Styrene-butadiene rubber
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Appendix A

Table A1. Fit parameters for different cleaning methods.

Cleaning Procedure A1 k1 A2 k2 R2

Deionized Water 5.9660 2.0499 0.6022 0.3418 0.99997
CB 100 6.2367 22.8841 4.3600 0.1145 0.99979
Ethanol 4.2590 6.0646 0.1170 0.0420 0.99999
Cosa CIP 96 11.6418 1.6864 0.0587 −0.0732 0.99998
screw speed—200 rpm 9.3668 2.4247 0.4342 0.2831 0.99999
screw speed—1000 rpm 2.8276 2.5669 0.1004 0.1590 0.99999
volume flow—304 mL/h 10.7061 3.4710 0.7635 0.3430 0.99999
volume flow—504 mL/h 10.0625 2.3512 0.2747 0.2407 0.99999
volume flow—704 mL/h 7.1507 2.5538 0.2319 0.2694 0.99999
temperature—20 ◦C 5.9660 2.0499 0.6022 0.3418 0.99997
temperature—50 ◦C 6.8661 2.9402 0.2358 0.3111 0.99999
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