2 M processes

Article

Investigation of a Jet-Based Direct Mixing Process for Improved
Structuring of Conductive Battery Hetero-Agglomerates

Joscha Witte 1'*, Zhi Cheng Hua 2, Victor Kolck 3, Harald Kruggel-Emden 3, Stefan Heinrich 2

and Eberhard Schmidt !

check for
updates

Citation: Witte, J.; Hua, Z.C.; Kolck,
V.; Kruggel-Emden, H.; Heinrich, S.;
Schmidt, E. Investigation of a
Jet-Based Direct Mixing Process for
Improved Structuring of Conductive
Battery Hetero-Agglomerates.
Processes 2023, 11, 3243. https://
doi.org/10.3390/pr11113243

Academic Editors: Christos Argirusis

and Qunjie Xu

Received: 24 September 2023
Revised: 9 November 2023
Accepted: 15 November 2023
Published: 17 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Institute of Particle Technology, University of Wuppertal, Rainer-Gruenter-Strafie 21, Geb. FF,

42119 Wuppertal, Germany

Institute of Solids Process Engineering and Particle Technology, Hamburg University of Technology (TUUH),
Denickestrae 15 (K), 21073 Hamburg, Germany

Chair of Mechanical Process Engineering and Solids Processing, Technische Universitat Berlin,
Ernst-Reuter-Platz 1, 10587 Berlin, Germany

*  Correspondence: jwitte@uni-wuppertal.de; Tel.: +49-202-439-1522

Abstract: A jet-based direct mixing process is used to effectively mix heterogeneous materials. In
this work, its application in the structuring, coating and agglomeration of cathode materials for
all-solid-state battery (ASSB) production is investigated, with the aim of increasing the homogeneity
and conductivity of the composites and ultimately improving battery performance. In this process,
different particle systems consisting of lithium iron phosphate (LFP), carbon black (CB) and sodium
chloride (NaCl) are dispersed in the gas phase and brought together in a mixing zone as particle-
laden aerosol jets. The cathode material’s structure is studied through scanning electron microscopy
combined with a focussed ion beam (SEM-FIB). Electrical conductivity measurements of the resulting
composites assess the degree of mixing and the changes in tortuosity, while a laser light diffractor
and a cascade impactor analyse the particle size distribution (PSD). The jet-based process effectively
produces hetero-agglomerates with the possibility of creating different composite structures by
adjusting the process parameters. The mass concentration influences not only the structure, but also
the PSD in the flow and the electrical conductivity of the composite. The results serve as a basis for
future experiments with solid electrolytes to comprehensively evaluate the process and the resulting
battery materials.

Keywords: mixing process; particle jets; agglomeration; coating; hetero-agglomerates; particle size
measurements; lithium-ion battery; all-solid-state battery (ASSB); cathode material

1. Introduction

Functional disperse particle systems with special properties are becoming increasingly
important today in many areas, such as the automotive industry (e-mobility) or the energy
storage (battery technology) [1]. By mixing heterogeneous particle systems, materially
different particles can come into direct contact with each other (hetero-contacts), so that new
special properties and functional material systems can arise through the resulting interface
or in the contact between the different components. Other applications of heterogeneous
composites include materials science (e.g., nanocomposites for mechanical reinforcement),
the pharmaceutical industry (e.g., nanoparticles as drug carriers) and magnetic seeded
filtration for water treatment [2-6].

The overall aim of the research approach in this work is to contribute to the develop-
ment of new particulate products based on the formation of hetero-agglomerates in the gas
phase. In order to achieve this goal, it is necessary to establish gas-phase-based processes
that allow the controlled formation of hetero-agglomerates. As such processes are still lack-
ing, a novel process of jet-based direct mixed agglomeration in the gas phase is proposed
and its application to the production of cathode materials for all-solid-state batteries (ASSB)
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is investigated experimentally. ASSBs are also heterogeneous composites, as they consist of
different material components that interact with each other through hetero-contacts at the
interfaces. These hetero-contacts influence the ion and electron transfer, can improve the
reaction kinetics and contribute to increasing the specific capacity and cycling stability of
the battery [7]. With the increasing demand for high-performance and sustainable energy
storage systems, the development of advanced battery materials gains importance, with
ASSBs being considered as promising next-generation energy storage devices due to their
high energy density, safety and long lifetime. They offer many possibilities and oppor-
tunities by having many advantages over conventional lithium-ion batteries. Since they
do not use a liquid but a solid electrolyte, they are non-flammable and protected against
explosions [8]. In addition, they can achieve a higher energy density due to the use of a
lithium metal anode [9-11]. Other advantages are that the size of the battery can be reduced
and the lifetime and capacity of the battery can be increased [12]. These features make
them an attractive choice for a wide range of applications, from portable devices to electric
vehicles and energy storage systems.

The cathode material is a critical component of ASSBs and its performance is directly
related to the overall performance of the battery. As already mentioned, no liquid electrolyte
is used in ASSBs, but a solid electrolyte layer takes up both the ion conductor and the
electrical insulator. Nevertheless, it is necessary to have solid electrolytes in the cathode
material to ensure sufficient transport of the ions through the cell. A production of the
ASSBs on a laboratory scale could be realised [13]. However, the large-scale production of
such cathode materials for ASSBs is still a challenge that has not yet been overcome.

In order to achieve a good product quality and ultimately enable an application in
ASSBEs, it is important to have sufficient mixing of the cathode material, which usually
consists of an active material, conductive additive material and solid electrolyte material.
Functional mixing of these three components (hetero-agglomeration) may create a compos-
ite (hetero-agglomerate) with new outstanding electrochemical and mechanical properties.
In this context, both the composition of the mixture and the production conditions are of
crucial importance. Figure 1 schematically illustrates the formation of hetero-agglomerates
in the ideal case.

(a) (b)
o+

Figure 1. Idealised schematic of the functional mixing of microparticle agglomerates (a) and nanopar-

ticle agglomerates (b) to form a hetero-agglomerate (c).

By bringing together three particle components a new composite is formed. The
degree of mixing determines the distribution of the components in the mixture and thus
reflects the homogeneity of the mixture [14,15]. If there is a high degree of homogeneity,
a high number of contacts between the components can also be achieved. These contacts
are called hetero-contacts, and the process is called hetero-agglomeration. A high degree
of mixing of the cathode material of ASSBs and thus the increased formation of hetero-
contacts within this composite allows the electrochemical properties of the battery to be
improved by allowing the lithium ions and electrons in the active material of the cathode
to intercalate [7]. The resulting hetero-agglomerates are held together by weak interaction
forces (e.g., van der Waals forces, electrostatic forces or hydrogen bonds). Through further
treatment (e.g., thermal stabilisation) particles of complex structure can be formed, which
are called hetero-aggregates.

There are different ways to form hetero-agglomerates. In principle, a hetero-agglomerate
as in Figure 1 can be formed by direct mechanical mixing [16] of different components—
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but in practice this is not feasible. The reason for this is that primary particles in the
submicron range tend to already adhere strongly among themselves and form agglomerates
on different scales with different shapes and resulting fractals [17]. Usually, the primary
particles (<1 pm) first form a primary agglomerate (fractal dimension ~ 2). These usually
agglomerate into simple agglomerates (>1 pm) of compact shape (fractal dimension ~ 2.7),
which then form complex agglomerates (>>1 um) consisting of both primary agglomerates
and simple agglomerates (fractal dimension = 2) [18]. Mechanical mixing is strong enough
to overcome the binding forces at the scale of the complex agglomerates and possibly the
simple agglomerates, but it is usually not strong enough to overcome the resulting binding
forces at the scale of the primary agglomerates. Therefore, mechanical mixing leads to
hetero-agglomerates, which have a low degree of mixing but also a low number of formed
hetero-contacts in relation to the total number of primary particles. Under such conditions,
the produced composite will show poor performance, or in case of solid-state batteries,
a high amount of inactive material with poor electrical and ionic conductivity. Another
possibility for the formation of hetero-agglomerates represents the formation in the gas
phase [17], although fewer processes have proceeded in this way so far [19-22]. However,
this situation is expected to change, as gas-phase processes in particular allow for more
comprehensive process control. In addition to the electrostatic and van der Waals forces,
which also play a role in this context, the properties of the flow field also influence the
formation of hetero-contacts and thus hetero-agglomeration in the gas phase. In the gas
phase, the synthesis of hetero-agglomerates can be achieved by mixing existing particle
systems (A + B) as well as by a sequential fabrication process that often involves nucleation
of the second phase (B) on the first (A). The disadvantage of the sequential manufacturing is
that the particle formation is not separated from the mixing process. Therefore, limitations
might prevail in terms of the parameters of the formed hetero-agglomerates. Additionally,
undesired phases might result out of the sequential manufacturing process. Therefore,
the approach of direct mixing in the gas phase is pursued in this project and sequential
fabrication is not considered further.

To realise the direct mixed gas-phase approach proposed, there are two to three re-
quirements that must be met. First, the deagglomeration of the individual components,
preferably down to the primary particle level, must be performed. This can be realised
directly in the gas flow by sheared [23], accelerated [24] or turbulent flows [25]. Another
possibility is impact crushing [26,27], which is used in mill types [21] and special mix-
ers [28]. Breaking up of agglomerates can also be implemented by mechanical shearing.
This can be realised by means of aerosol generators. In this case, the particle system to
be deagglomerated is mechanically stressed by a rotating brush with different feed rates
using dispersing gas [29,30]. Secondly, the separated primary particles of the components
forming a hetero-agglomerate must be brought together in such a way that a copious
number of hetero-contacts within the composite is formed. This step must immediately
follow deagglomeration, as the increase in number concentration strongly favours reag-
glomeration. A higher number of particles per unit volume leads to increased interactions
and collisions between particles of the same material, which should be avoided. Thus, only
a small time window is available between the deagglomeration of the starting materials and
the formation of hetero-contacts in the mixing process. Mixing of primary particles to form
hetero-contacts must often be supported by turbulence as part of a flow [31,32]. However,
very little is known about the time scales of the underlying processes. Suitable flows
for mixing are crossing jets, where, e.g., [33] the orientation and flow velocities strongly
influence the mixing and thus the hetero-agglomerates formed, which Kolck et al. have
shown in simulations [34]. In a final step, thermal stabilisation of the hetero-agglomerates
formed is still possible if required [31,32].
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2. Materials and Methods
2.1. Materials

For the cathode material, the substances lithium iron phosphate (LiFePOy4, LFP) as
the active material and carbon black (CB) as the additive were used. The suitable solid
electrolyte materials, such as lithium halide (Li3InClg) or lithium sulphide (LigPS5Cl), could
not be used experimentally yet, because both materials often react with humidity and
therefore can only be used in a dry environment [35]. For this reason, sodium chloride
(NaCl) was used as a model material for the solid electrolytes in these investigations. For
the investigations and characterisation of the dispersing units by means of laser light
diffraction (LLD), limestone (CaCOj3) was used. The properties of the materials used in the
experimental investigations, including the primary particle size (diameter), the density and
the mass fraction of each material in the final cathode composite, are shown in Table 1.

Table 1. Material properties of the particles used in the experiments.

Cathode Material
Material Limestone Lithium Iron Phosphat Sodium Chlorid
(CaCO3) ithium Iron Phosphate odium oride
3 (LFP) Carbon Black (CB) (NaCl)
Mean particle diameter [pum] 3.0 0.8 0.05 9.22
Density [kg/ m3] 2700 3890 2100 2200
Weight per cent [%] / 58 4 38

LFP is a cathode material that has attracted considerable attention due to its high
theoretical capacity, low cost and excellent thermal stability [36,37]. However, its low
electrical conductivity limits its performance as a stand-alone cathode material. To improve
its conductivity and electrochemical performance, LFP is often combined with a conductive
additive. In this work, a carbon coated (2 wt%) LFP was used. With a mean particle diameter
of 800 nm (scattered light equivalent diameter), it is in the submicron range and has a
density of 3890 kg/m3. Since a significant percentage of CB (5-20 wt%) is required to reach
the percolation point of high conductivity, especially with submicron LFP particles [37],
additional CB was added. With a primary particle size of 50 nm (based on transmission
electron microscopy), CB is a very fine powder that has high electrical conductivity and can
enhance the transport of electrons within the cathode by percolation [38,39]. As already
mentioned, NaCl was used as a model material for the solid electrolyte, which could not
yet be used experimentally due to its sensitivity to humidity. The reasons for choosing
NaCl were that this material is easily available and inexpensive, harmless to health and not
electrically conductive. The latter point was important so that the electrical conductivity
of the composite can be measured without being modified by NaCl. The NaCl used has
a mean particle size of 9.22 pm (Sauter mean diameter), which is significantly coarser
than the other two cathode materials. The mass ratio of the three cathode materials is
based on research by cooperation partners at the University of Giessen, who have tried to
determine the optimum composition for the battery material in terms of its performance,
which is used for all the experiments in this contribution. For the investigations of the
dispersion quality of the brush dispersers when varying their process parameters, CaCOs
was used. The reason for choosing this substance was, on the one hand, that it is easily
available and inexpensive. On the other hand, its well-defined and reproducible particle
size distribution (PSD) allows precise control of experimental conditions and accurate
evaluation of the effects of process parameters on dispersion quality. NaCl, which is also
easily available, was not so well suited for these investigations due to its broad PSD and
especially its high proportion of coarser particles above 10 pm. With an average particle
diameter of 3 pm (scattered light equivalent diameter), the CaCOj; used is in the small
micron range. The findings obtained with this substance could thus be better transferred to
finer substance systems.
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2.2. Methods
2.2.1. Operation of the Feeding Process

The starting materials described above were to be introduced into the mixing zone
as an aerosol in a free jet. A separate dosing unit optimised with regard to the material
properties was set up for each material. A “rotating brush feeder” with external control unit,
the model RBG 1000 ISD from Palas (Karlsruhe, Germany), which is shown in Figure 2a,
was used as the basic component. This device disperses and doses particles against an
overpressure up to 300 kPa and can use nitrogen as a dispersing gas in addition to air.
With our equipment and operating mode, the following sizes can be set in the specified
ranges for the unit: gas volume flow from 2 to 5 m>/h, particle mass flow from 0.314 to
219 g/h (with a tamping density of 1 g/cm?), particle size range from 0.1 to 100 um and
particle number concentrations up to 107 cm 3. The functional principle of the dispersing
unit is shown in Figure 2b. The feed unit moves upwards at an adjustable feed speed
(0700 mm/h) and pushes the feed piston upwards, feeding the powder to a rotating brush.
The top layer of particles is removed from the brush and the particles and agglomerates
are brought into the brush chamber, where they are transferred into the dispersing air
stream, which is fed from the side. The particles can be given an additional acceleration by
a beating movement of the brush bristles. Ideally, the rotating brush breaks up the particles
down to the primary particle level (deagglomeration), which then leave the disperser as an
aerosol jet.

a) b air—> aerosol
brush
Solid tank powder
Feed
movement Feed piston
\T

Figure 2. Photo (a) and schematic illustration of the functional principle (b) of the rotating
brush disperser.

2.2.2. Jet-Based Direct Mixing Process

A jet-based direct mixing process in the gas phase was proposed and realised. A photo
(a) and a schematic drawing (b) of the experimental setup are shown in Figure 3. Two
brush dispersers faced each other and dispersed the various particle components (LFP-CB
mixture and NaCl). The generated aerosol jets then collided in a mixing zone, which was
located in a vertical tube. In the mixing zone, we assume that particles and agglomerates
adhere to each other due to adhesion forces and form hetero-agglomerates. After the
collision, the particles can flow down the tube, mix further and continue to agglomerate.
During the mixing process, the particle collective was sampled in situ at three different
locations in the tube. This was performed using a scanning electron microscopy (SEM) stub
(diameter = 12.7 mm), which is a sample holder used to mount and hold specimens for
imaging with a scanning electron microscope. This was inserted into the flow to collect the
sample. In this way, a sample could be taken directly from the gas stream and then analysed
in the scanning electron microscope without further preparation. In order to investigate
the properties of the agglomerates formed, further sampling took place in the lower part
of the setup. On the one hand, the entire particle stream could be sampled by depositing
it on a filter. This had the advantage that larger sample volumes (e.g., for conductivity
measurements) could be obtained. A filter medium with an ePTFE membrane from the
company Heimbach (Diiren, Germany) was used for this process. Alternatively, the PSD of
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a partial stream could be investigated using a cascade impactor. In addition to sampling,
this device also performed size fractionation of the particles and agglomerates formed.
The sample collected on the filter or in the impactor could then be examined by SEM in
combination with focussed ion beam (FIB). This allowed the particles to be characterised in
terms of their shape, size, morphology and internal structure.

b) —— _ Mixing zone
Disperser 41 Disperser
— O ] —
0
i
’EI
0
T . | 1
] ‘ 4 ¥~Sampling area
d | SEMstub - E SEM stub
( poo> J—
\@ “l ‘ 9 ZD

| - ‘\ : % Cascade
isperser N A
P ¥ T impactor

Figure 3. Photo (a) and schematic illustration (b) of the experimental setup.

Figure 4 shows a flowchart of the experimental procedure for the proposed mixing
process. All three investigated materials were first weighed out in the correct mass ratio for
the desired cathode composite. After weighing, LFP was mixed together with CB. For this
purpose, both materials were mixed dry for three minutes in a 3D motion mixer (Turbula®,
Willy A. Bachofen AG, Muttenz, Switzerland). In this way, the active material could already
be homogeneously mixed with the conductive additive. Before the mechanically premixed
binary material system of LFP and CB was mixed in the gas phase with the model material
for the solid electrolyte, it was broken up again in the brush disperser, ideally down to
primary particle level, and dispersed in the gas phase. Since homogeneous mixing of
all three cathode materials (active material, conductive additive and solid electrolyte) is
important to achieve good electrochemical properties, effective mixing of these components
in the gas phase is required in the mixing process proposed here. The solids tanks of the
dispersing units were then each filled with the materials (LFP-CB mixture and NaCl). In
order to maintain a constant dosing rate during operation of the dispersers, a constant
tamping density in the solids’ container had to be ensured. For this purpose, a defined
amount of solids was gradually filled into the tank, which had a constant volume, and
slightly compacted each time by uniform tamping. The filled solids container was then
placed in the dispersion unit and the jet-based direct mixing process was operated (see
Figure 3). The ambient conditions in the laboratory were constantly recorded during these
tests. The air temperature was approx. 21 °C, the humidity approx. 35% and the air
pressure approx. 962 hPa. After sampling, the composites produced were analysed using
various measurement techniques, which are described in detail in the next chapter.

2.2.3. Measurement Technology

Both the starting materials and the composites produced in the mixing process (see
Figure 3) are examined using different measurement techniques. The measuring devices
used in this work are shown in Figure 5.

In order to investigate the generated mixture in the setup, the low-pressure impactor
DLPI+ from the company DEKATI (Finland) was used (see Figure 5a). Cascade impactors
consist of a series of impactor stages in which the particles are separated according to
their decreasing inertia, resulting in fractions with different particle sizes [40]. The cascade
impactor separated particles in the size range between 16 nm and 10 pm into 14 fractions.
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After a gravimetric evaluation of the impactor stages, a mass-related PSD of the investigated
particle collective related to the aerodynamic diameter could be determined.

Weighing of
LFP,CB and NaCl

l

Premixing of
LFP+CB (Turbula)

l

Filling solid tanks Scanning electron
(constant tamping) microscopy (SEM)
Mixing Process Characterisation Casacade impactor
. # . # . . .
and sampling of composites (size fractionation)
Electrical
conductivity test

Figure 4. Flowchart of experimental procedure for cathode composite production.

Figure 5. Cascade impactor (a), laser light diffraction (LLD) measurement of aerosol jet (b), scanning
electron microscope used (c) and material tester for electrical conductivity measurements (d).
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A laser light diffractor (HELOS, Sympatec, Clausthal-Zellerfeld, Germany) was used
to examine the aerosol jets generated by the dispersers. This device measured the PSD in
relation to the scattered light equivalent diameter of the materials in the free jet after exiting
the dispersers (see Figure 5b). A threefold measurement of the PSD of the investigated
materials was carried out for each setting sample to improve statistical reliability.

The mixture formed could be analysed offline using imaging techniques such as SEM.
In this way, the structure of the formed hetero-agglomerates could be evaluated in order
to link the distribution of the particles within the agglomerate with the properties of the
individual agglomerates. In this way, not only the shape, size and morphology, but also
the distribution of the materials, could be characterised. The scanning electron microscope
Zeiss Supra 55 VP from the company Zeiss (Oberkochen, Germany) was used for this
purpose (see Figure 5c). In addition to this, FIB measurements of the materials were
carried out. This measurement technique made it possible to selectively cut into a material
in the smallest space (nanometre range) and directly map the material structure below
the surface.

Electrical powder conductivity measurements of the produced samples were carried
out to evaluate the electronic conductivity of the produced cathode material. In the mea-
surement method, the material to be tested was examined for its electrical conductivity
by applying a pressure, resulting in decreasing porosity and improved contact, resulting
in a function of the electrical conductivity over applied pressure [41,42]. The Zwick Z020
materials tester from Zwick Roell (Ulm, Germany) was used to apply pressure in order
to investigate the electrical conductivity in relation to the compaction of the composite
materials (see Figure 5d). For the examination of one sample, three measurements were
carried out with the Zwick. In each case, 1 g of the cathode powder mixture was weighed
into a cylindrical specimen carrier. With the aid of the material testing machine, the powder
mixture in the sample carrier was compacted with a cylinder of the same cross-sectional
area between two electrically conductive plungers with increasing force (up to a maximum
of 395 N) and a constant current was applied. The voltage between the plungers was
measured so that the voltage drop could be investigated as a function of the force—path
behaviour. By measuring the voltage, a resistance of the system was determined. This
could be converted into a specific resistance. The specific conductivity was then calculated
by dividing the measured path (length) by the product of the applied current and the
determined resistance.

3. Results and Discussion
3.1. Characterisation of the Brush Disperser

In order to realise a comprehensive characterisation of the mixing process, the dosing
and dispersing unit is first examined. For this purpose, the parameters to be set are varied
and their influence on the size distribution of the generated aerosol jets is investigated by
means of LLD. The gas volume flow (depending on the pre-pressure setting), the brush
speed, the mass flow (depending on the feed speed setting) and the self-determined tamp-
ing density can be varied. The influence of the mass and volume flow on the measured PSD
of CaCQj is of particular interest here, and can ultimately provide information about the
dispersion quality of the dosing unit. Table 2 shows an overview of the process parameters
that are varied in the characterisation of the brush dispersers in order to investigate their
influence on the PSD measured by LLD. In these experimental investigations, only one
influencing variable is varied at a time while all other setting parameters remain constant.
First, starting from case A, the mass flow was increased twice by increasing the feed rate
(cases A-C). Then, starting from case D, the volume flow was reduced twice by reducing
the pre-pressure (cases D-F). All measurements were carried out at the highest brush
speed of 1200 rpm to achieve the best dispersion of the powders. The higher speed creates
stronger mechanical forces that break up agglomerates in the powder. Furthermore, faster
brush movement reduces the formation of new agglomerates, as particles have less time to
reagglomerate. At the highest speed, a smaller volume of particles per rotation is also cap-
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tured by the brush, which also promotes more effective dispersion. The constant tamping
density in all measurements of CaCOj is 1.17 g/cm?. The LLD measurements were carried
out directly behind the outlet of the dispersers in order to avoid reagglomeration of the
particles and a change in the PSD before they are measured.

Table 2. Set and resulting (result.) parameters for characterising the dispersers.

Variation of Mass Flow Volume Flow
Case A B C D E F
Set pre-pressure [kPa] 150 150 150 250 150 85
Result. volume flow [m? /h] 3.5 35 35 5 35 25
Set feed speed [mm /h] 300 500 700 500 500 500
Result. mass flow [g/h] 110 184 257 184 184 184
Result. mass concentration [g/m?] 314 52.6 73.4 36.8 52.6 73.6

Figure 6 shows the PSD of CaCOj3 determined by means of LLD with variation of
the mass flow (cases A-C). In the diagram, the x-axis indicates the particle size (scattered
light equivalent diameter) in pm and the y-axis the mass-related distribution sum in %. In
these experiments, the mass flow is varied from 110 to 257 g/h (see Table 2) and a constant
volume flow of 3.5 m3/h is set. It can be seen that the PSD hardly changes when the mass
flow is varied. The mass-related median is only in the particle size range of 3.6 to 3.8 um.
This suggests that the dispersion quality is largely maintained even at increased mass flows.
Since a high mass flow probably promotes hetero-agglomeration (see [34]), it makes sense
to choose a high feed rate, since this obviously hardly influences dispersion.

100 T T T T T T — 1 _g—8—8&—#&

e
80 | / _
/A

4 110¢/h (A
‘//5 —e— 110g/h (A)

IS
=
Olm
o
8
g 0r /A’ ]
= E 7 — & -257g/h(Q)
z 2
A 40 | o Mass median diameter -
g 7l ~ -
= £ i . . 3.61 -3.80 um
g 2 |
g ,/E Il
) 5 i :
~ i
(Rl
m
0 1 1 I I 1 1 1 1 1 1 I 1
2 4 6 8 10

Particle Size x / ym

Figure 6. Cumulative particle size distribution (PSD) by mass of CaCO3 with variation of mass flow
(cases A-C) determined with LLD.

Figure 7 shows the PSD of CaCOj3 determined by means of LLD with variation of the
volume flow (cases D-F). For comparison, the primary PSD of the used CaCO3 measured
by LLD by the producer (Eduard Merkle GmbH) is also shown. However, when varying
the volume flow of the dispersers, clear differences in the PSD can be observed. Here,
the volume flow is varied between 2.5 and 5 m?/h and a constant mass flow of 184 g/h
is set (cases D-F). It can be seen that a lower gas supply results in a shift of the PSD to
coarser particle sizes, particularly evident at a flow rate of 2.5 m3/h. At the highest volume
flow, the median particle size is 3.3 um, while at the lowest flow rate it is 4.75 um. One
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reason for this could be the sharp increase in the particle number concentration, which
increases the probability of collisions between the particles and thus homo-agglomerate
formation. On the other hand, it may be due to the fact that a lower gas flow means that the
particles exit the disperser more slowly due to the lower gas velocity and have more time
to reagglomerate. In addition, a poorer distribution of particles in the gas phase occurs
at a lower volume flow, which can lead to collisions between particles and agglomerate
formation. Furthermore, dispersing air assists in breaking up agglomerates, so a lower gas
supply could worsen deagglomeration, resulting in more coarse agglomerates exiting the
disperser. When comparing the PSD at lowest volume flow (case D) with the producer’s
PSD (see Figure 7), only a slight deviation can be observed. This is also underlined by the
fact that the median particle size is in a similar range. This suggests that the dispersion of
these materials with the brush dispersers works well, thus underlining the justification of
their use in this mixing process.

100 . r T T — T T a8
,o-_");i A
e
- o~ - Primary PSD (producer) ,Zg#"
s
80 - Mass median diameter A/ A ]

Xegy = 3.0 um
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Mass median diameter
N 3.30-4.75 ym

Cumulative Distribution Qg(x) / %

2 4 6 8 10
Particle Size x / um

Figure 7. Cumulative PSD by mass with variation of disperser volume flow (cases D-F) and producer-
determined primary PSD of CaCO3; measured with LLD.

The choice of the set parameters has a considerable influence on the formation of
hetero-agglomerates. In addition to the particle concentration, the residence time of the
particles in the mixing zone (depending on the volume flow) also plays an important role
in promoting hetero-agglomeration (see [34]). To increase the particle concentration, it
is therefore advisable to increase it via the mass flow, as it has a lower influence on the
dispersing effect of the brush dispersers (see Figure 6). The residence time, on the other
hand, can be increased via a lower volume flow, although this should not be selected too
low to ensure good dispersion (see Figure 7). Therefore, the influencing parameters of the
mixing process should be adjusted to maximise the promotion of hetero-agglomeration
while ensuring acceptable dispersion and no excessive homoagglomeration prior to the
mixing process.

3.2. Investigation of the Feed Material

A detailed understanding of the starting materials is essential before examining the
mixing process. This enables valuable insights into their properties and composition, which
are helpful for the analysis of the composites produced. For optical analysis, the materials
are examined using SEM. This makes it possible to investigate them in terms of their
size, shape and morphology in order to identify them later in the produced mixtures and
compare them with the agglomerates formed. Figure 8 shows SEM images of the individual
starting materials LFP (a), CB (b) and NaCl (c) as well as a LFP-CB mixture (d). Comparing
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the images with each other, differences can be seen with respect to the structure and size
of the particles and agglomerates. The LFP particles exhibit a regular crystal structure
and are predominantly in the submicron size range (a). CB, on the other hand, exhibits a
porous, highly branched structure and its particles are predominantly in the nanometre
size range (b). The difference in size between the two materials is evident from the SEM
image of the LFP-CB mixture (d). NaCl consists of larger partly cubic crystals, whose
particles are significantly larger (micrometre range) and have a wide particle size range.
The aforementioned differences allow the three substances in the cathode composite to be
distinguished microscopically.

Figure 8. SEM images of the starting materials LFP (a), CB (b), NaCl (c¢) and LFP-CB mixture (d).

Furthermore, it is important to examine both materials used in the dispersers individ-
ually with regard to their size distribution before they meet in the mixing zone. For this
purpose, the PSD of the feed jets after leaving the dispersers is measured by means of LLD.
Here, the PSD of the aerosol jet is not measured directly behind the outlet of the dispersers
(as in Section 3.1), but after exiting the feed tubes (length = 210 mm), which are connected
to the dispersers and represent the connecting piece to the large vertical tube in the mixing
process. In this way, the aerosol entering the mixing zone can be examined.

Table 3 shows the settings and parameters of the feed materials NaCl (cases A-C) and
LFP-CB (cases D-F) that were adjusted during the experiments to produce the cathode
composites. In these experiments, the mass concentration of the aerosol is in the focus and
is varied. Starting from a low mass concentration, the mass concentration is increased twice
by increasing the mass flow and decreasing the gas volume flow. The choice of parameters
aims to test and compare different settings with large variation in the influencing variables
to cover a wide range and identify potential differences in the composites by means of
impactor and SEM. Furthermore, it is important to compare the results of these tests with
the findings from Section 3.1 to better understand correlations and deviations. The set
parameters are adapted to the required mass ratio of the three cathode materials in the
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composite to be produced, which is always the same (see Table 1). As already mentioned,
this is based on the findings of research partners at the University of Giessen on the optimal
composition of the battery material with regard to its performance.

Table 3. Set and resulting (result.) parameters to increase the mass concentration (by increasing the
mass flow and decreasing the volume flow) for the investigation of the feed materials.

Material NaCl LFP + CB

Case A B C D E F

Set pre-pressure [kPa] 250 150 85 250 150 85
Result. Volume flow [m?/h] 5 35 2.5 5 3.5 2.5
Set feed speed [mm/h] 51 300 395 91 535 703
Result. Mass flow [g/h] 14.1 82.7 109 24.04 141 186
Result. Mass concentration [g/ m3] 2.81 23.6 43.6 4.81 40.4 74.3

Tamping density [g/ cm?] 0.878 (constant) 0.841 (constant)

Figure 9 shows the PSD of the used NaCl measured by LLD at three different mass
concentrations (cases A-C). In the diagram, the cumulative distribution is plotted as a
function of the particle size x (scattered light equivalent diameter). In addition to the
mass-related PSD at the three different mass concentrations, the mean number-related
PSD of these three cases is also shown. The diagram shows that the mass-related PSD
shifts slightly into the coarser range when the mass concentration is increased. At the
lowest mass concentration of 2.7 g/m?, a median particle size of 10.5 um is measured,
whereas at the highest concentration (43.6 g/ m?) it is 12.4 um. In the LLD measurement
of the LFP-CB mixture (see Figure 10), the shift of the mass-related PSD with increasing
mass concentration (cases D-F) can be observed even more clearly. At the lowest mass
concentration of 4.81 g/m?, the mass median is still 1.58 um. When the mass concentration
is increased to 74.3 g/ m3, the median is 4.88 um. This difference in PSD when varying the
mass concentration can have different reasons. On the one hand, it is due to the influences
on the dispersing effect of the brush dispersers described in Section 3.1. Increasing the mass
concentration (especially reducing the volume flow) can cause a poorer dispersion of the
starting materials. As a result, a higher proportion of coarser, unbroken agglomerates can
exit the disperser, shifting the PSD into a coarser range. Especially the lower air supply has
a clear influence on the dispersion quality (see Figure 7). On the other hand, the increased
formation of agglomerates in the aerosol jet can also be a reason for the shift in PSD. After
exiting the dispersers, the aerosol jets still flow through the feed tubes (length = 210 mm)
before exiting as a free jet and being detected by the laser light diffractor. As the mass
concentration increases, there is a greater chance of collisions between particles in the feed
tubes. In these collisions, the particles can stick together and form larger agglomerates.
This creates larger particles in the size distribution. Compared to the mixture of LFP
and CB, the tests with NaCl show a less significant shift of the PSD into a coarser range
with increasing mass concentration. This observation can be explained by the fact that
agglomeration is less pronounced with NaCl. This is due to the already comparatively
larger primary particles of NaCl. Since agglomeration tends to occur more strongly with
smaller particles, the larger particle size of NaCl reduces the tendency to agglomeration.
The additionally presented number-related PSD for the NaCl and LFP-CB mixture illustrate
that a considerable proportion of fine particles is present in these materials. The number-
related median is 1.15 um for NaCl and 0.96 pm for the LFP-CB mixture. This is in marked
contrast to the mass-related PSD, where the median is significantly higher. This difference
is particularly pronounced in the case of NaCl. The mass-related PSD refers to the weight
or mass of the particles in each size class. Larger particles, which have more mass, have a
greater influence in the mass-based distribution. If there are few large particles, they can
dominate the entire distribution, even if the number of these large particles is relatively
small. Number-based distribution, on the other hand, looks at the number of particles in
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each size class, regardless of their mass. Smaller particles have a greater influence on the
number-based PSD, as they tend to occur more frequently.
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with LLD.
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determined with LLD.

3.3. Examination of the Cathode Composite
3.3.1. Cascade Impactor

After the investigation of the dispersing units and the starting materials, the focus
is on the operation of the jet-based mixing process for the production of the cathode
material. The examination of the formed composite is an important and extensive part
of this work. Table 4 shows the process parameters investigated in the production of the
cathode composite in the mixing process (cases A—C). This refers to the cumulative values of
all parameters that influence the mixing process. This means that the sum of the individual
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parameter values for NaCl and the LFP-CB mixture from Table 3 is meant for each case.
These parameters are examined in all subsequent investigations of the cathode mixture.

Table 4. Process parameters of the composites in the mixing process in the three cases investigated.

Material NaCl and LFP-CB Mixture
Case A B C
Volume flow [m>/h] 10 7 5
Mass flow [g/h] 38.1 224 295
Mass concentration [g/ m3] 3.81 32 59

To investigate the size distribution of the composite produced in the direct mixing
process, a partial stream is taken from the process using a cascade impactor. During
sampling, a size fractionation by inertial separation takes place at the same time, which
can subsequently be evaluated gravimetrically. Figure 11 shows the mass-related PSD of
the cathode composite produced when different mass concentrations (cases A-C) are set
at the dispersers (see Table 4). In the diagram, the particle size (aerodynamic diameter) in
um is plotted on the x-axis and the mass-related cumulative distribution in % on the y-axis.
As with the LLD measurements of the feed materials, a shift of the PSD into a coarser
range can be observed when the mass concentration is increased. This is also shown by the
determined mass medians of the experiments for the different mass concentrations, which
range from 1.17 um (at 3.81 g/ m?) to 1.86 um (at 59 g/ m?). However, the shift in the PSD
is not as large as in the LLD measurements (see Figure 10). The deviations from the PSD of
the feed materials measured with LLD are mainly due to the different particle size ranges
detected by the two measuring devices. The cascade impactor can measure particles in the
range from 0.016 pm to 10 pm, while the laser light diffractor can detect particles between
0.9 um and over 100 pm. When comparing the PSD determined with the impactor with the
PSD of NaCl by means of LLD (see Figure 9), it can be seen that a large proportion of the
NaCl particles are not detected with the impactor. Therefore, this is the main reason why
the determined mass median of the materials in the impactor experiments is significantly
lower than in the LLD measurements. In addition, the measurement methods used involve
the detection of different particle diameters. The laser light diffractor measures the particle
size based on the intensity of the scattered light, i.e., the scattered light equivalent diameter
of the diffraction-equivalent sphere. In the cascade impactor, the size fractionation of
particles is based on the aerodynamic diameter. It is defined as the diameter of a spherical
particle with a unit density and the same settling velocity as the actual particle. In addition,
the laser light diffractor captures the entire aerosol flow immediately after it leaves the
feed tubes of the dispersers and analyses the individual feed materials. The impactor, on
the other hand, takes a partial stream during the mixing process and examines the entire
cathode composite sample.

3.3.2. SEM-FIB

The optical examination of the produced mixtures is carried out by means of SEM in
combination with FIB. In this way, findings can be obtained about the size, morphology
and structure as well as the internal structure of the particles. Figure 12 shows three SEM
samples of the cathode composite taken directly from the flow at the second sampling
point for the SEM stubs. These are one sample each with a low, medium and high mass
concentration, corresponding to the investigations of the composites in the mixing process
(see Table 4). It can be seen that, at the lowest mass concentration (see Figure 12a), the
sample is very lightly loaded with particles and only a few agglomerates are visible. The
particles in the air are relatively far apart, so the interactions between the particles are
limited. As a result, the probability of particle collision is lower and fewer agglomerates
are formed. As the mass concentration increases, the particle load on the samples increases,
which favours increased interactions between the particles (see Figure 12b). The smaller
the distance between them, the more likely they are to collide and form agglomerates. The
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agglomerates may also have a broader size distribution as more particles are involved in
the agglomeration formation. At high mass concentrations, the probability of collision and
agglomeration is significantly increased (see Figure 12c). The particles are close together and
the number and size of the agglomerates formed increases as more particles contribute to the
agglomeration. Poorer deagglomeration of the feed materials due to the high volume flow
may also be a reason for the increased occurrence of larger agglomerates in the sample (see
Figure 7). Although higher mass concentrations lead to increased particle agglomeration
and thus favour the formation of complex structures, the volume flow should nevertheless
not be chosen too low, as this can lead to a deterioration in the dispersion of the starting
materials, resulting in a less homogeneous mixture. Therefore, it is better to increase
the mass concentration via the mass flow (see Figure 6). The medium concentration (see
Figure 12b) could represent a good compromise of high mass concentration with still good
dispersion, as here, many agglomerates as well as some fine particles can be seen, indicating
a previous good dispersion. In addition, the high loading of the samples at the highest
mass concentration means that the details of the surface structure of the agglomerates
formed can be obscured. This makes the interpretation of high loading SEM images more
difficult as it can be difficult to distinguish between the particles and the agglomerates
formed. For this reason, only the lowest and medium mass concentrations (cases A and B)
are considered below for a more detailed SEM investigation of hetero-agglomeration.
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Figure 11. Cumulative PSD by mass of the generated cathode composite with variation of mass
concentration (cases A—C) determined with cascade impactor.

In addition, SEM samples of the cathode composite from different sampling methods
were compared (see Figure 13). The upper sample (a) and (b) was collected at the second
position for SEM stubs directly in the flow at a set mass concentration of 3.81 g/ m?3 (case A),
while the lower (c) and (d) was deposited on a filter at a mass concentration of 32 g/ m? (case
B). The SEM images on the right (b) and (d) are false colour images of the respective sample
on the left. These images were segmented by colour using an image processing programme
in order to illustrate and clarify the differentiation of the heterogeneous particles in the
mixture. When comparing the two sampling methods, differences in the structure of the
cathode composite can be recognised. It is evident that the filter sample is more densely
loaded with particles than the SEM sample from the flow due to the higher concentration.
In addition, significantly more NaCl particles can be recognised there and the degree of
mixing also appears to be higher. Furthermore, the NaCl agglomerates in the filter sample
are more heavily coated with the LFP and CB particles. The differences between the samples
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are mainly due to the sampling method. With in situ sampling, only a small amount of
sample is taken from the flow, while a much larger amount is deposited on the filter.

Figure 13. Comparison of samples collected with SEM stub for case A (a,b) and with filter for case B
(c,d), consisting of NaCl (red), LFP (blue) and CB (yellow).
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The formation of hetero-agglomerates in the mixing process was also investigated
by SEM. Figure 14 shows exemplary SEM images of hetero-agglomerates formed from
the starting materials NaCl, LFP and CB in the proposed mixing process and collected
on a SEM stub in the flow. In addition, a false colour image of each sample (b) and (d)
is shown to highlight the heterogeneous particles within the agglomerate and to show
the relatively homogeneous distribution within the mixture. When comparing the differ-
ent hetero-agglomerates, differences in size and structure can be observed. The upper
hetero-agglomerate (a) and (b) was formed in the tests with the lowest mass concentra-
tion of 3.81 g/m3 (see Table 4). It is noticeable here that the individual primary particles
and agglomerates that make up the total hetero-agglomerate are relatively small. This
observation indicates a previously effective dispersion of the starting materials. The lower
hetero-agglomerate (c) and (d) was produced in the experiments with the mean mass
concentration of 32 g/m? (see Table 4). This hetero-agglomerate is composed of larger
LFP-CB agglomerates. This could be explained by the findings from the investigations of
the starting materials using LLD (see Figure 10). Thus, an insufficient dispersion of the
starting materials and a renewed agglomeration of the particles in the feed tube of the
disperser would be the cause for the shift of the PSD into a coarser range. The significantly
larger primary particles of NaCl in this agglomerate are due to random circumstances.
NaCl shows a broad PSD ranging from fine to coarse particle sizes (see Figure 9). The
hetero-agglomerates shown in Figure 14, which were collected directly in the flow, are only
present on the SEM samples in isolation and at a considerable distance from other particles.
From these observations, it can be concluded with a high degree of probability that the
hetero-agglomerates were already formed in the flight phase and not only during contact
with the SEM stub.

Figure 14. SEM images of hetero-agglomerates formed in case A (a,b) and case B (c,d), consisting of
NaCl (red), LFP (blue) and CB (yellow), collected on a SEM stub in the flow.
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In order to also gain insight into the internal structure of the composites and agglom-
erates formed, FIB measurements were carried out with the samples. The aim of these
measurements was to investigate the homogeneous distribution of the components inside
the samples. Figure 15 shows an exemplary FIB cross-section of a sample of the cathode
composite produced during the mixing process and collected on a SEM stub. This sample
was produced at a mass concentration of 34 g/m? (case B). The FIB image in Figure 15 gives
an insight into the distribution of the different particles in the sample. It can be seen that all
three materials (LFP, CB, NaCl) are relatively homogeneously distributed in the cathode
composite, although a good differentiation of the heterogeneous materials is not possible
in the FIB image, as for example in Figure 14.

Figure 15. Focussed ion beam (FIB) cross-section of a sample of the cathode composite formed at
mass concentration of 32 g/m? (case B) collected on a SEM stub in the flow.

3.3.3. Electrical Conductivity Measurements

In the course of analysing the electrochemical properties of the composites produced,
the electrical conductivity of the cathode materials is measured in this work. By measuring
these values, the aim is to qualitatively assess the distribution of CB within the entire
cathode material (active material, solid electrolyte). At the same time, it is intended to
explore potential correlations between the parameters to be set in the mixing process and
the measured values of electrical conductivity. As explained in Section 2.1, the Zwick
7020 materials tester is used to apply pressure to the specimen to investigate electrical
conductivity in relation to compaction of the composites. The maximum compressive force
in these measurements is 395 N.

Figure 16 shows the measured electrical conductivities (with standard deviation)
of the produced cathode composites under variation of the mass concentration in the
mixing process (cases A-C). It should be emphasised, that the input mass ratio of the
three materials is always the same in the experiments. At the set mass concentrations, an
electrical conductivity of approximately 0.06 to 0.08 S/cm was measured. For comparison,
the electrical conductivity of the raw materials LFP and CB was also measured using the
same measurement method. An electrical conductivity of 0.0123 S/cm was measured for
LFP and 6.76 S/cm for CB. It can be seen in Figure 16 that the conductivity of the composite
increases when the mass concentration is increased. On the one hand, this can be attributed
to the increased particle interactions in the gas phase at the higher mass concentration
(see Figure 12). Due to the many particle collisions and agglomerate formations in the
gas phase, a better pre-structuring of the mixture can occur. This can have an influence
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on the percolation of the CB particles within the active material and thus on the electrical
conductivity of the composite. On the other hand, the results can also be explained by
sources of error during the mixing process. It is possible that during the process material
losses of NaCl and LFP take place and finally a higher proportion of CB is present in the
composite, which influences the measured electrical conductivity. These are also important
findings that are taken into account when planning a new experimental setup.
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Figure 16. Electrical conductivity of the produced composites under different adjusted mass concen-
trations (cases A—C) measured at a compressive force of 395 N.

4. Conclusions

With the aim of improving the structuring of conductive battery hetero-agglomerates
for ASSBs, this work has addressed the use of a jet-based direct mixing process.

The investigations of the brush disperser by means of LLD provided important find-
ings on the influence of the mass and especially the volume flow (dispersing air volume)
on the dispersion quality of the particulate components. With a set high volume flow of
5 m?3/h, the dispersion of the investigated materials works very well (see Figure 7). If this
is reduced to 2.5 m3/h, the dispersing effect becomes worse and more coarse particles and
agglomerates emerge from the aerosol jet of the disperser.

When the produced composites are examined by SEM, an increased formation of
hetero-agglomerates and a uniform distribution of particles within the mixture can be
observed. This indicates that the brush dispersers effectively break up and disperse the
input materials and bring them together with the various primary particles. In the SEM
samples at low mass concentration (3.81 g/m?), the particles are far apart in the process,
reducing the probability of collisions and interactions between the particles, whereas as
the mass concentration increases (up to 59 g/m?), particle interactions increase, leading to
increased agglomerate formation.

Electrical conductivity measurements of the composites showed that an increase in
mass concentration resulted in an increase in electrical conductivity (from 0.06 to 0.08 S/cm).
This may be due to increased particle interactions as a result of the higher concentration in
the gas phase, leading to an improvement in the conductive pathways of the CB particles
within the active material.

The results suggest that the use of the jet-based direct mixing process can lead to
significant improvements in the structure and conductivity of battery hetero-agglomerates,
which can enhance the performance of batteries. Further research should be carried out
to investigate the effects of the mixing process on other battery materials, particularly
suitable solid electrolyte materials (e.g., Li3InClg and LigPS5Cl). The use of these materials
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opens up possibilities for comprehensive electrochemical characterisation of the produced
composites, including the measurement of ionic conductivity and capacity.
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