








Mixing

The purpose of mixing is to produce a homogeneous slurry consisting of the active
material, binder, additives and solvent which can be processed in IJP.
Conventionally, mixing includes two main pesses: dry and wet mixing (see Figure 2).

(a) (b)
Figure 2: Schematic depiction of the principle of (a) dry mixing and (b) wet mixing

The former describes the blended mixing of active materials with binder and conducting
additives (where appropriate), which are all available in powder form. The binder is used for
good cohesion between the particles within attebde and also a sufficient adhesion to the
respective current collectors [21]. Wet mixing describes the part of the pinogbich solvent
is added successively to the mixture. N-rglairrolidone (NMP) in the combination with the
binder polyvinylidene fluoride (PVDF) is most commonly used as a solvent [22]. Due to the
distinct volatility and the potentially harmful efft to pipes and components in the print head,
suspensions on the basis of this chemical compound are considered hardly suitable for 1IJP. A less
aggressive and environmentally friendly alterratis water, but this also requires the use of
water-based binder materials such as carboxymethyl cellulose (CMC) or styrene-butadiene rubber
(SBR) [23, 24]. However, some cathode materials such as high-energy NMC (HE-NMC) are
sensitive to water and require different solvents for printing [25]. This exhibits that the potentially
suitable solvents have advantages and dasidges and must be selected depending on the
respective anode and cathode materials. NeJveghewater is assumed to represent a suitable
solvent for the majority of relevant active materials. Previous works have already demonstrated
the applicability of water as a solvent for graphite [26], graphene [27], LTO [15]LBRAd12,

14-15].

Additionally, additives may be required to prevent the formation of agglomerates as well as to
stabilize the slurry in order to inhibit sedimentation (see Figure 3) [20].

For a stable and reliable processing of the suspension within a print head, the particle size of the
input materials should not exceeds uof the nozzle diameter [28]. THLA ET AL. [29] even
reported a threshold value &fasrr A print head can contain up to several hundred nozzles.
Depending on the nozzle diameter and the distaa resolution of 100 to 5000 dpi is achieved

with a wet film thickness ranging from 50 nm to 10® [20]. However, there is a conflict of
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objectives between the nozzle diameter and the attainable resolution of the printed structures. The
larger the nozzle diameter, the smaller is the resolution.

Since the particle size distribution of electrochemical powders is also in the lower micrometer
range [30, 31], processing without any adaptions of the powder, the print head or both is not
possible. Furthermore, the suspension characteristics have to be adapted to the printing process to
ensure the formation of stable droplets (see Figure 3). As this requires a lot of research in
advance, an approach for adjusting the electrochemical suspension on the print head and vice
versa is presented in Section “Approach for the reliable processing of an electrochemical
suspension in 1JP.”
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Figure 3: Characteristics of a printable suspension in IJP (n: dynamic viscosity, y: shear rate)

Inkjet printing

This step is divided into three subprocesses; pre-processing, processing and post-
processing. The process chain described in the following represents a concept in which the
cathode and anode structures are fabricated in separate manufacturing processes.

Pre-Processing
Initially, the current collectors, which consist of thin metal foils, may undergo a plasma

treatment to roughen the surface and thereby contribute to a more enhanced adhesion of the
deposited suspension [32]. Commonly, copper is utilized for the anode and aluminum for the
cathode. The thickness of the aluminum foil can be found in the range between 10 to 20 um [32],
whereas the copper foil is in the range between 4 and 12 pm [33].

The respective current collector has to be attached to the building platform in a fixed position.
Due to the low thickness, it is expected that this will be a major challenge. It is conceivable that a
vacuum adapter plate is installed on top of the building platform for this purpose [34]. Similar
problems can be found for positioning thin probes in a microscope or profilometer.
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Processing
The actual printing process is characterized by the layerwise fabrication of the electrode

on the basis of the digital data set. The process steps — application of a new layer, solidification
of the layer (evaporation of solvent) and elevating of the print head or lowering of the building
platform — are repeated iteratively until the complete electrode structure is formed (see Figure 4).

solidification of the layer

Figure 4: Schematic illustration of the process with the respective process steps

In contrast to the conventional production chain, the IJP process enables the targeted
deposition of the suspension on the current collector directly where the later electrode is created.
This leads to an efficient use of the costly raw material powder. In order to prevent a blurring of
the individual layers and thus to enable a high degree of shape retention, layerwise drying is
required. The degree of drying must be carried out in such a way that good adhesion of the
respectively subsequent layer is guaranteed. The drying method should be adapted to the
absorption behavior of the used solvent. Water, for example, primarily absorbs medium wave
radiation and then converts it directly into heat, leading to a particularly quick evaporation.
Therefore, infrared lamps that are characterized by medium wave radiation are suitable for drying
water-based suspensions [35]. Additionally, during processing the formation of capillary forces in
the fine channels of the print head must be avoided, since this causes the remaining nanoparticles
to accumulate on the walls and clog the channels. Consequently, the print head, including the
nozzles, remains completely flooded, reducing the free surfaces between the fluid and the
atmosphere to a minimum.

In order to guarantee a stable printing process, after which the fabricated electrodes meet the
quality requirements, a comprehensive process monitoring or controlling concept respectively is
needed. Rudimentary approaches for this can be found in the literature:

In [36], a concept for monitoring the droplet formation at the print head employing ultrasound is
described. During the generation of drops, pressure fluctuations occur near the nozzle due to the
highly dynamic emission of the suspension, which can be measured with a suitable acoustic
sensor. An absent signal or deviations from the expected signature indicate a problem in the
respective nozzle. Furthermore, an approach of optically analyzing the substrate by means of a
camera to detect defective nozzles during the printing process was recently demonstrated [37].
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Both approaches are suitable for print head variants, in which the nozzles are arranged such that
several nozzles can reach a certain point on the substrate, depending on the kinematics of the
printer. Consequently, a control mechanism can be implemented directly into the printer's
firmware by sequentially controlling the nozzles and analyzing the resulting acoustic signals. If
deviations are detected, the system attempts to identify and deactivate the respective nozzle as
well as compensate for the defective nozzle by using another remaining nozzle.

Post-Processing
The manufactured electrodes are separated from the platform. For this purpose, the

vacuum is degraded. Subsequently, the building platform is cleaned with isopropanol in order to
avoid a contamination of the current collector foils. Furthermore, residues of the suspension in
the print head, including all channels and nozzles, must be removed using a suitable cleaning
agent. The manufactured electrodes are treated in a drying process with a vacuum furnace to
remove the residual humidity, which is indispensable for the subsequent cell assembly.

Cell assembly

The cell assembly is conducted in a dry room at an ambient temperature of 22° C + 2°C
with a dew point of —42° C , equivalent to a relative humidity of < 1 % [38]. The porosity of the
fabricated electrodes, which is a function of the electrode thickness, is calculated. Due to the
three-dimensional structures, the thickness is not constant over the length, width or diameter of
the electrode. To overcome this issue, an average electrode thickness is assumed. As a result, the
porosity can only be approximated. Based on this, it has to be evaluated whether a calendaring
process is required. The aim is to achieve the desired porosity only by well-set process
parameters. For example, it is expected that the porosity can be adjusted selectively by the
targeted activation or deactivation of adjacent nozzles.
Subsequently, the current collectors and separators are customized with regard to the required
format of the cell. Due to the targeted deposition of the slurry, the active material does not have
to be cut to size. Currently, the electrode cutting process is realized by die cutting or laser cutting.
The latter provides a high flexibility of the cutting pattern, which may be of major importance for
the individual structures enabled by IJP. In the subsequent cell formation, the anode-separator-
cathode pairs are oppositely arranged and fixed. Current collectors coated only on one side can be
generated with the process chain described in this paper. Fabricating current collectors coated on
both sides in order to increase the energy density requires further modifications in the IJP
machine. They are welded together to obtain an electrical and mechanical connection between the
current collectors of the positive and negative electrode. This process step is followed by
packaging the cell stack. Steel and aluminum are often utilized as casing materials. The housing
both prevents the entrance of humidity and dust into the cell and enables the uptake of electrolyte
in the subsequent filling and wetting process. This process is technologically sophisticated and
marks a decisive progress towards the functionality of the cell. Previous studies have even
demonstrated that laser structured electrodes were subject to a significant reduction of the time
required for a complete wetting [39]. This emphasizes that the structuring of the electrodes has
the potential to contribute to an accelerated lead time. Commonly, an electrolyte for lithium-ion
batteries is in a liquid state and consists of a combination of conductive salts, an organic aprotic
solvent and additives. Furthermore, polymer electrolytes are used, which in the current design
assume both the role of the separator and the electrolyte [40, 41]. It is expected that the latter type
of electrolyte is printable in IJP, as it is in a gel-like condition. Finally, the packaging is sealed.
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Formation/Quality assurance

The formation refers to the first charging and discharging cycles of the cell under defined
conditions. Within this process a passivation layer, the so-called solid electrolyte interface (SEI),
is formed at the interface between the active material of the anode and the electrolyte due to the
decomposition of the electrolyte [42]. To the knowledge of the authors, the influence of the
electrode structure on the formation of the SEI has not been investigated so far. This is intended
to be done by postmortem investigations in which the cyclized cells are reopened and various
analyses are carried out. For quality assurance purposes, cell tests are conducted. A major
challenge during this is the comparability of electrodes with different structures, since the areal
capacities fluctuate over the diameter of the electrode. This implies that a straightforward
comparison of the absolute capacity retention is not possible.

Identification of geometrically optimized electrode structures
The primary goal of electrode structuring is the active shortening of the ion paths as well

as the simultaneous increase of the surface-area-to-volume ratio [43, 44]. This is expected to lead
to a reduced internal resistance of the cell and thus to an enhanced charge and discharge
capability [2].

In a preliminary study, exemplary electrode designs with the same loading were designed in a
CAD program and meshed (see Figure 5). The counter electrode represents the negative part of
the interlocking design, but is, for purposes of clarity, not shown. Table 1 shows the
specifications of the base electrode.

Table 1: Specifications of the investigated base electrode

Specific feature Value
Dimensions of the base of the electrode 2mmx2mm
Base area of the electrode 4 mm?
Volume of material 0.5 mm?3

The Hilbert base extrude was inspired by the internal structures of fern leaves, which are

known for their efficient platform for energy storage in biological processes. The internal
structures were reconstructed by using the mathematical Hilbert fractal curve [45].
For an initial assessment, the surface area was determined. Furthermore, the mean ion and
electron transport distance were calculated by means of the k-nearest neighbors’ (k-NN)
algorithm (see Figure 5) which is widely used as a classification algorithm in Machine Learning
[46]. K-NN represents a classification method in which a class is assigned taking into account its
k closest neighbours. The principle of k-NN is schematically depicted in Figure 6. Figure 6a
shows two sets of data points, one in blue and the other in green. Among these, an unknown point
(marked in red) needs to be classified as either blue or green. Hence, the whole space is
tessellated into Polygonal regions called Voronoi cells (see Figure 6b). A polygon region is
constructed around each point in which all points in that region are only closer to that
corresponding point than to any other point. The unknown point (marked in red) thus falls into
the Voronoi cell of a green point and is therefore classified as green.
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(b)
(d) (e)
(8 (h) @
Figure 5: Selection of investigated electrode structures: (a) unstructured electrode, (b) square
base extrude, (c) cylinder extrude, (d) triangle base extrude, (e) square base pyramid 6x6,

(f) square base pyramid 8x8, (g) triangle base pyramid, (h) concentric square, (i) Hilbert
fractal base extrude

(a) (b)
Figure 6: Schematic depiction of the Voronoi cells in k-NN search with the data set A (marked in
green), the data set B (marked in blue) and the unknown point (marked in red) (modified from

[46])
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From Figure 7, the following conclusions can be drawn:

e The structured electrodes have a higher surface area than the flat electrode.

e Irrespective of the shape of the base (square/triangle), the pyramidal structures show
lower mean ion transport distances compared to non-pyramidal structures.

e Pyramidal structures have a higher surface area than non-pyramidal structures. In
particular, the triangle base electrodes have a higher surface area than the square base
and the cylindrical electrodes.

e All electrode designs have a higher mean electron transport distance than the flat
electrode. However, it was reported that the rate performance is mainly limited by the
electrolytic conductivity and the Li* diffusivity and not by the electronic conductivity,
especially at high current rates [43, 44].
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Figure 7: Mean transport distances for ion and electron charge and surface area for different
electrode designs

The aim of future work must be to examine whether the simulation approach from [45]
can be transferred to interlocking structures. The goal is to develop an electrochemical model,
which describes the relationship between the geometric dependencies and the electrical
characteristics (e.g. rate capability) directly. Consequently, the capacity progression during the
charging and discharging cycles could be predicted.
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Approach for the reliable processing of an electrochemical suspension in 1JP

Previously, it was demonstrated that a wet grinding of commercially available powder in a
planetary micro mill prior to the mixing process leads to a reduction of the entirety of raw
particles below the limit value for printing [10]. Subsequently, the aqueous mixture was further
diluted and mixed in a commercially available mixer. Other authors processed electrochemical
suspensions based on commercially available nanopowders whose particle sizes were already
below the threshold [12]. Therefore, a novel approach is suggested here, since the grinding
process is assumed to lead to a destruction of the atomic structure of especially complex
composite structures optimized for the application in a lithium-ion cell. As a result, the modified
material may be restricted in the capability of intercalating ions. Furthermore, it is expected that
the effect of lithium plating is more significant due to the higher entire particle surface, which
leads to a reduced total capacity. This mechanism consists of the formation of a metallic lithium
phase on the surface of the anode during charging [50]. The introduced concept aims at a reliable
processing of the respective electrochemical suspensions by either isolating the particles with
additives or by a modification of the print head system. In addition, a procedure is shown for
creating a suspension whose characteristics are adequate for the developed print head system. The
authors have recently started working on the following items.

Modification of the suspensions by means of rate performance tests

Clogging due to particle fractions with high diameters and agglomeration can be
prevented by adding shear thickening substances such as xanthan [51] or methylcellulose [52] to
the mixture. Furthermore, the addition of a secondary fluid leading to a high viscosity at low
shear stress such as l-octanol [53] is conceivable. This leads to an encapsulation of the single
particles in the condition of rest situation as it appears in the print head or the reservoir. It is
expected that significantly larger particle fractions can still be processed without leading to
clogging. However, this is only feasible if the additives have no significant influence on the
electrochemical properties of the final electrode. This can be examined by conducting rate
performance tests of half cells (lithium foil as counter electrode) based on planar electrodes
fabricated from the produced suspensions.

Modifying the print head by means of a morphological box and potential analysis

If modifying the suspensions is not feasible for a reliable printing of the electrochemical
suspensions, measures have to be implemented at the print head. The aim of these measures is to
extract particles beyond the threshold value (see Section “Mixing” in Section “Hybrid process
chain”) which is in the order of a few pm for commercially available print head systems. Suitable
measures are identified on the basis of a morphological box and selected by means of a
methodical potential analysis. Subsequently, the suitability is examined in ex-situ studies.

Identifying printable suspensions by means of a physical analysis based on experiments

The properties of the respective electrochemical suspensions have to be adjusted to the
nozzle geometry of the emerging prototype in order to ensure stable droplet formation and thus
excellent printing quality. ZHANG ET AL. [5] proposed to use the Ohnesorge number Oh for
electrochemical suspensions to predict whether the formation of a stable droplet can be expected.
Since the Ohnesorge number is only valid for Newtonian fluids [54, 55] and most
electrochemical suspensions show a shear thinning behavior due to the high solid content [12,
56], the following approach in parts based on DELANOY ET AL. [12] is pursued.
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The diameter of the smallest feasible ejecting orifice is determined by screening the particle size
distribution of relevant starting materials with regard to the fractions above the threshold range
(see Subsection “Mixing” in Section “Hybrid process chain”). This is additionally influenced by
the suitability of additives or respectively the effectiveness of the identified measures at the print
head (see previous sections). If the former approach is not suitable for the application, the
tendency of the particles to format agglomerates has to be accounted for as well. This is assessed
by means of zeta potential [57] and Stokes radius measurements [58].

Subsequently, the stability of the suspensions at rest condition (storage in the print head) is
examined. Therefore, the storage modulus (G") (elastic portion of the complex modulus G*) and
the loss modulus (G") (viscous portion of G*) are measured over time at constant strain and
frequency. The phase shift § describes the ratio of the elastic and viscous proportion. If § is
between 0 and 45 °, the characteristics of a solid predominate and sedimentation as well as
agglomeration are inhibited [59]. On this basis, the solid content, the proportion of dispersants
and the ratio of shear thickening additives are systematically varied (input variables) and the
resulting course of § is evaluated.

With the calculated radius of the ejecting orifice r (usually in the range of the droplet radius) and
the targeted volume flux Q, the wall shear rate, as it applies for nozzle-based processes, is
determined as follows [60]:

40

Ywall r3

(1)
This is followed by investigations on the dynamic viscosity n (see Figure 5) and the

imposed shear stress 0. The former is dependent on the temperature T, the pressure p, the time
span t and the shear rate y. A multiple regression analysis based on the limitations resulting from
the investigations at rest situation is performed. The target properties of a shear thinning
suspension suitable for printing can be defined as follows [12] (see Figure 8):

e High viscosity at rest conditions (storage in the print head)

e Low viscosity at high shear rate (shearing of droplets)

—— dynamic shear viscosity
---- shear stress

Ne——

rest
condition

Dynamic shear viscosity
Shear stress

N
\ )
printing\‘l’/

Shear rate

Figure 8: Schematic illustration of the curves of the dynamic shear viscosity 1 and the shear
stress a as a_function of the shear rate y, the regimes for rest conditions (print head) and the
printing process are highlighted. (modified from [20])
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After printing, the electrochemical suspensions must be adjusted to achieve rapid and
continuous reforming of the rest conditions [12]. Otherwise, the droplets would expand and thus
lead to a blurring of the printing pattern.

Design of a prototypical print head

A prototypical print head enabling a free adjustment of all-important process parameters
(e.g. voltage signal and temperature) is implemented. An additional heating element is integrated
that allows a further fine adjustment of the dynamic viscosity. The nozzle geometry is based on
commercially available systems in order to ensure a transferability to other systems in the context
of later upscaling. Within this prototype, the previously identified measures are implemented, and
their feasibility is evaluated. With the aim of a high reproducibility of the droplet formation and
thus a constant shear rate, a volume-controlled operation of the piezoelectric sensor is applied.
For this purpose, the volumetric flow is measured continuously at the nozzles and the voltage is
regulated on this basis. The process of the droplet formation, separation and regression on the
current collector foil is observed by a high-speed camera, whereby a process laser is used to
illuminate the area close to the print head or respectively the building platform.

Conclusion and Outlook

An approach was demonstrated showing how to qualify IJP for fabricating geometrically
complex electrodes with interlocked structures on laboratory scale. A concept of an adapted
hybrid process chain linking the IJP process with the required process steps for the battery
production was presented. In this context, the individual substeps were analyzed with regard to
their suitability for IJP of electrochemical slurries and conceivable modifications were specified
where necessary. Furthermore, an approach for the reliable processing of an electrochemical
suspension in IJP was presented. With this procedure, the properties of suspensions can be
adjusted to the characteristics of the nozzle by analytical and experimental studies. Hence, the
results of this manuscript can contribute to the transfer from laboratory to industrial scale for
fabricating large-format cells based on structured electrodes. Furthermore, the findings can also
be transferred to relevant materials for solid state batteries. Due to the inherent ability to process
multiple materials by installing additional printer head units for any further suspension, 1JP offers
good conditions for the layer-by-layer fabrication of an entire solid-state battery cell in a single
manufacturing process.
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