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Abstract: To enhance the performance of state-of-the-art lithium-ion batteries, high-capacity
silicon is increasingly introduced as active material for anodes. Furthermore, advanced
batteries with new electrode architectures—so-called 3D architectures—can provide signifi-
cantly enhanced electrochemical performance compared to state-of-the-art batteries. To
facilitate and speed up the architectural development, the laser-induced forward transfer
(LIFT) process was applied as a digital additive manufacturing method. As polyvinylidene
fluoride (PVDEF), the binder commonly used in the LIFT process, is not a suitable binder for
silicon-containing electrodes due to its weak binding forces, polyacrylic acid (PAA) was
introduced as a binder for use in printable electrode pastes. Since water as a solvent in such
pastes evaporates quickly and the corresponding printing time would be too short, glycerol
was added to the solvent mixture in different amounts. The silicon in the printed electrodes
reaches a specific capacity of more than 3000 mAh-g™! for most of the printed anodes. To
further improve the electrochemical performance of the printed electrodes, as well as the
rheology of the slurries, two different conductive additives with different particle sizes
were used.

Keywords: lithium-ion battery; graphite; silicon; nanoparticles; polyacrylic acid; laser-
induced forward transfer; additive manufacturing

1. Introduction

In order to further reduce CO; emissions from the mobility sector and meet the
challenge of fluctuating electricity supply from renewable energies, the storage of elec-
trical energy has to be improved regarding the energy density, power density, and also
the cycling stability. For this purpose, current research is focusing on various electric-
ity storage technologies, such as lithium-ion batteries [1], sodium-ion batteries [2], and
supercapacitors [3], to name a few. So far, the lithium-ion battery is the most promising
technology in terms of performance and scalability. For further improvements in lithium-
ion battery technology, new materials and advanced electrode architectures have to be
developed and implemented [4]. As silicon offers one order of magnitude higher theoretical
capacity (3579 mAh g~! [5]) than the commonly used graphite (372 mAh g1 [1]), it is a
promising new material for anodes [5-8]. The challenge with silicon is the huge volume
expansion of up to 300% during lithiation [6], which leads to mechanical degradation and
thus to reduced cycling stability [9]. One degradation mechanism of silicon, for example, is
the pulverization of the particles due to expansion and shrinkage, which can be avoided for
particles smaller than 150 um. Others are the growth of the solid electrolyte interface (SEI)
on the surface of the particles, which increases the ionic resistance of the particles, and the
delamination of parts of the electrode, which lose electrical contact due to expansion and
shrinkage and thus no longer participate in subsequent cycles, to name a few examples of
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the degradation of silicon [9]. In comparison to silicon, graphite only undergoes a volume
expansion of 10% during lithiation [10].

As advanced electrode architectures offer optimized electrochemical performance,
laser-induced forward transfer (LIFT) was applied to print the electrodes due to its high flex-
ibility in building-up various electrode architectures. Anodes [11-13] and cathodes [14,15]
assembled separately in coin cells vs. Li and anodes and cathodes which were assembled
together in micro batteries [16-18] have already been printed using the LIFT process. In
former studies, polyvinylidene fluoride (PVDF) was used as a binder. With the introduction
of silicon as a high-capacity material, the binding forces of PVDF are too weak [19-22], and
a different binder has to be evaluated for the electrodes. This work introduces printable,
silicon-based electrode slurries containing polyacrylic acid (PAA) as binder which is suit-
able for silicon anodes [22-24]. As PAA requires a protic solvent, but water evaporates
too quickly to print electrodes using the LIFT process, an alternative solvent type is being
investigated. With the new solvent mixture, anodes were printed and assembled in coin
cells with lithium as the counter electrode to investigate the impact of the solvent composi-
tion on the electrochemical properties. Furthermore, the impact of the type of conductive
additives on the printing behavior and the electrochemical performance was investigated.
After electrochemical formation, the cells were examined for their long-term behavior at
a low C-rate of C/10. The C-rate indicates the reciprocal time (in hours) to completely
discharge or charge the battery. It is calculated from the ratio of the applied current to the
capacity of the cell.

2. Materials and Methods

The used silicon was received from Targray (SI-15008, Kirkland, QC, Canada) with an
average particle size of 72 nm. For increasing the electrical conductivity of the electrode
layer a conductive additive was added to the slurry. In this work, two types of conductive
additive with different particle sizes were applied. As conductive additives, micrometer-
sized conductive graphite (KS6L) from Imerys (KS6L, Paris, France) with an average particle
size of dsp = 7.47 pm, measured by laser scattering (LA-950, Horiba, Kyoto, Japan), and
carbon black (C65) from MTI (Super C65, Richmond, CA, USA) with an aggregate size of
100-500 nm [25] were used. PAA with a molecular weight of 450 kg~mol_1 (181285, Merck
KGaA, Darmstadt, Germany) was taken as a binder; according to research, this is a suitable
molecular weight for silicon-containing anodes [22-24]. The state-of-the-art solvent for
PAA is water, but an evaporation time of less than 10 min for a 40 um thick layer is much
too short for establishing a reliable LIFT process. When comparing the vapor pressures of
water and N-methyl-2-pyrrolidone (NMP), which was already used for printing [17,18],
it is noticeable that the vapor pressure of water is two orders of magnitude higher, see
Table 1. Since a protic solvent is required for PAA, the vapor pressure of various alcohols is
compared to the vapor pressure of NMP. The vapor pressures of monohydric alcohols with
a longer chain length than cyclohexanol or heptanol are comparable to the one of NMP.
However, a mixture of water and glycerol was already successfully applied for the LIFT
process [26-30], but not reported for electrode printing. Glycerol can be used due to the fact
that the vapor pressure of glycerol is 5 orders of magnitude smaller than that of water, and
the printability of a mixture of water and glycerol is already proven. Therefore, a mixture
of glycerol (99.6% purity, Thermo Scientific, Waltham, MA, USA) and deionized water was
used as a solvent for the electrode slurries in this work.

To prepare the silicon-based slurries, the solid composition was selected according
to the recipe in [11]; see Table 2. Due to the resulting viscosity, different amounts of
solvent and thus different resulting solid contents (SC) were used; this is addressed later for
each slurry.
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Table 1. Used and possible solvents, their vapor pressure at 20 °C (given by the supplier for NMP
and calculated for the other chemicals by applying the Wagner equation and the parameters listed
in [31]) and the classification of the toxicity, given by Sigma Aldrich.

Solvent Vapor Pressure/kPa (@ 20 °C) Toxic
Water 2.34 x 10° X
NMP 3.87 x 1072 v

Cyclohexanol 551 x 1072 v
Heptanol 1.69 x 1072 v
Glycerol 1.26 x 107° X

Table 2. Solid composition of the used slurries, extracted from [11].

Material Silicon Ink Mass Fraction/wt.%
Silicon 40
Conductive additive 40
PAA 20

For the preparation of silicon-based slurries, the silicon particles were mixed in a
ball mill (Pulverisette 7 premium line, Fritsch, Idar-Oberstein, Germany). For the slurries
with more than 40 wt.% glycerol, a silicon to glycerol ratio of 1:5 was applied. At 40 wt.%
glycerol and less, the silicon was mixed with a mixture of 36.3 wt.% water and 63.7 wt.%
glycerol with the same silicon to solvent ratio. For the silicon-based slurry with no glycerol,
the silicon was mixed with a 4.5 wt.% PAA solution. The slurries were mixed in the ball
mill with rotating speeds of 900 rpm to 1050 rpm for 45 min. Subsequently, the slurries
were mixed in a planetary mixer (SpeedMixer DAC 150 SP, Hauschild, Hamm, Germany).
Conductive additive and the PAA solution were added for the glycerol-containing slurries,
whereas only the conductive additive was added to the slurry without glycerol. The mixing
speeds in the planetary mixer were varied between 1000 rpm and 3500 rpm for at least
75 min until a homogeneous slurry was obtained. For the variation in the glycerol content
of the silicon-based slurries, the solid content was kept to 19 wt.%. For the variation in the
conductive additive, the solid content of the slurry only containing carbon black as the
conductive additive was set to 20 wt.%, which is due to a resulting high viscosity; for the
other slurries, the solid content was kept to 29.4 wt.%.

After the preparation of the slurry, the viscosity was measured with a rheometer
(MCR72, Anton Paar Group AG, Graz, Austria) with a plate-plate configuration. The
shear rate was varied from 1 s~ 1 to 100 s~1; the corresponding results are discussed in
Sections 3.1 and 3.2.

Following the slurry preparation and the viscosity measurement, the slurry was
printed using the LIFT process. A schematic illustration is shown in Figure 1.

- Nd:YAG
pulsed UV-laser

Mask Diffractive
selector optical

Objective element
Donor plate 7 |
" =5 Anode slurry
VD& __ Substrate (current collector)

Figure 1. Schematic illustration of the used LIFT setup. VD—voxel distance; DPSD—donor plate
spot pitch; h—gap between the silicon ink and the substrate.



Batteries 2025, 11, 191

4 of 25

The anode ink is applied with a doctor blade (ZUA 2000, Proceq, Schwerzenbach,
Switzerland) with a gap of 40 um to a quartz glass wafer (DSP-200 x 0675-SGQ-00, Wafer
Universe, Elsoff, Germany) with a thickness of 0.675 mm and a diameter of 200 mm, also
referred to as a donor plate (DP). The used laser source is a frequency-tripled Nd:YAG
laser (Lumentum, San Jose, CA, USA, model: Q301-HD-1000R), operating at a wavelength
of 355 nm. The maximum average output power is 10 W, with a pulse duration of 78 ns
and a laser repetition rate of 10 kHz, which can be increased up to 30 kHz. The diffractive
optical element (DOE), shown in Figure 1, transforms the Gaussian laser beam intensity
profile into a top-hat one. The top-hat intensity profile illuminates a mask selector with
which different laser intensity profiles such as rectangles or circles of different sizes can be
selected. The laser profile in the mask selector plane is imaged via the objective onto the
backside of the donor plate with a demagnification factor of 3.5. By imaging the laser beam
onto the interface between the anode ink and the quartz glass wafer, material is partially
vaporized, resulting in material transfer towards the substrate [30,32]. In the case of anodes,
a 9 pm thick copper foil substrate is located opposite to the anode ink. The copper foil is
kept in position by a vacuum chuck. In addition to the hardware components, there are
also important printing parameters, which are depicted in Figure 1. The first parameter is
the donor plate spot pitch (DPSP). The DPSP is the distance of the ablations on the DP, and
it is chosen to be large enough so that there is no overlap of the material ablation regions.
The gap between the anode ink and the substrate (h) plays an important role for the needed
laser power for a successful material transfer [33] with an adequate shape of thetransferred
voxel [34]. For a line or areal printing, the distance between single voxels (VDs) has to be
set in such a way that a defined and optimized overlap is realized [29]. Further parameters
which are essential for the quality of material transfer are the viscosity of the ink [35] and
the average laser power applied during the LIFT [36]. Prior to the printing process, the
coated donor plates were stored under ambient conditions for 30 min to ensure a quasi-
stationary state of the anode slurry on the donor plate regarding the evaporation of the
solvents. A quasi-stationary state of the anode slurry is possible due to the low vapor
pressure of glycerol in contrast to water and even NMP. The concentration of glycerol has
to be precisely adjusted to ensure that the ink layer has a viscosity that can be printed in
the long term. The LIFT process is carried out as described by Ferndndez-Pradas [37]. The
partial vaporization of parts of the slurry with the laser creates a gas bubble at the interface
between the donor plate and the donor substrate. The expansion and subsequent collapse
lead to a transfer of material towards the substrate.

Following the printing, the electrodes were dried at 10 mbar at 80 °C for 24 h to ensure
that no residual solvent remained. Afterwards, they were cut out with a diameter of 12 mm
by using an ultrashort pulsed (USP) laser (Tangerine, Amplitude Systemes, Pessac, France)
operating at a wavelength of 515 nm. Before transferring the electrodes to an argon-filled
glovebox, they were dried a second time under the same conditions in order to remove
residual water. The electrodes were assembled in coin cells (CR2032) with lithium as a
counter electrode. The used separator in the coin cells is a Celgard 2500 (Celgard LLC,
Charlotte, NC, USA). The used electrolyte consists of a mixture of ethylene carbonate and
ethyl methyl carbonate in a mass ratio of 3:7 with 1.3M LiPFs with 5 wt.% fluoroethylene
carbonate (FEC) as additives (Solvionic, Toulouse, France). The assembled coin cells were
electrochemically characterized using a BT 2000 (Arbin Instruments, College Station, TX,
USA) at 20 °C. Low electrical currents were applied in a long-term characterization, as
shown in Table 3.
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Table 3. Discharge and charge currents, cut-off currents, and number of cycles of the long-term
characterization of the electrodes.

C-Rate Discharge C/50 C/20 C/10 C/20
C-Rate Charge C/50 C/20 C/10 C/20
Cut-off Current C/100 C/50 C/20 C/50

Number of Cycles 1 3 50 3

The electrochemical priming of the cells was performed with one cycle at C/50 fol-
lowed by three cycles at C/20. After the priming, the respective electrode capacity was
calculated based on the discharge capacity of the last C/20 cycle and was set as the
cell capacity for the following cycles. Subsequently, the cells were cycled symmetrically
50 times at C/10 to characterize the long-term stability of the material. The following three
C/20 cycles were used to calculate the capacity retention (CR), by dividing the reached
capacities at the end of the analysis by the reached capacities of the C/20 cycles in the
priming process. The cells were cycled between 0.01 V and 1.5 V. During the discharging
process, the cells were discharged with a constant current (CC) to the lower cut-off voltage.
Afterwards, they were discharged at a constant voltage (CV) to a cut-off current, followed
by a rest period of 15 min. Subsequently, the cells were charged to the upper cut-off voltage
with a constant current (CC), with another rest period of 15 min afterwards. The currents
and the associated limit values are regulated as displayed in Table 3.

The error bars in the bar plots in Sections 3.1.2 and 3.2.2 display the standard deviation
of the measured half-cells for this work.

The displayed specific discharge capacities of silicon are calculated by subtracting the
specific discharge capacities of the conductive additives, since these materials also store
lithium ions during the lithiation process (Table A2). Since the conductive additives are
added with the same weight as silicon, the specific capacity of the silicon is calculated by
subtracting the average measured specific capacity of the conductive additives for each
cycle to consider the capacity fading related to the conductive additives. For this purpose,
electrodes solely with the conductive additives are manufactured and cycled with the same
analysis protocol.

The topography and geometry of the printings were analyzed with a microscope from
Carl Zeiss Microscopy GmbH (Axio Lab A1, Gottingen, Germany).

To further investigate the difference between the printed electrodes with the fresh
and the aged slurry (Section 3.4) Raman spectroscopy was performed with a micro-Raman
system (Horiba LabRAM Odyssey, A = 532 nm, Kyoto, Japan). Additionally, laser-induced
breakdown spectroscopy (LIBS, FiberLIBS SN013, A = 1064 nm, Secopta Analytics GmbH,
Berlin, Germany) and energy dispersive X-ray spectroscopy (EDX, PW-100-018, Phenom-
World BV, Eindhoven, The Netherlands) were used to further analyze the electrodes regard-
ing their oxygen content.

3. Results and Discussion

First, the influence of the conductive additive on the slurry rheology was investigated,
since this has a significant impact on the printability. For this purpose, two conductive
additives with different particle sizes were used. Following the printing process, the
electrochemical performances, such as capacity and long-term stability at low currents,
were analyzed. In our approach, a new binder—solvent system was introduced for the
printing process, and the impact of glycerol in slurries was systematically studied, while
in the former battery research so far only a fraction of glycerol was applied for coated
electrodes [38]. However, a water—glycerol mixture was already used as solvent in the
printing process with other materials and with a very low solid content [26,29,39,40]. Both
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printing quality and electrochemical performance as long-term stability were investigated
in the following. Since the used electrodes have a different areal capacity, the influence of
the areal capacity of the electrodes on the electrochemical performance was considered as a
function of the conductive additive. Finally, the effect of the glycerol content on the aging
of the slurry was considered; so, the degradation of the material was investigated.

3.1. Influence of Conductive Additives

Prior to the characterization of the electrochemical performance of the newly devel-
oped ink, the printing quality has to be optimized in dependence of the ink composition.
First, the influence of the conductive additives and the solid content (SC) of the ink on the
viscosity and thus the printing and drying behavior is investigated and discussed.

3.1.1. Printing Quality

After preparing the ink, the viscosity was measured, as it has a significant influence
on how precisely the voxel depicts the laser beam profile and so has an impact on the edge
quality of the printed area and on the evenness of the surface. In the work of Mathews
et al. and Piqué et al. (2008 and 2013) [35,41,42], high viscosities between 90 Pa-s and
150 Pa-s show an accurate transfer of the laser beam profile, while at low viscosities below
50 Pa-s the voxels lose their shape due to the ink running off. At very high viscosities
above 500 Pa-s, the voxels are brittle and break up into small pieces during transfer. The
viscosity for the printing thus shows a tendency, but due to a different material system
with different particle sizes, the values of the optimum are not expected to be compara-
ble. For the characterization of the slurry regarding the rheology, two different additives
were used, carbon black (C65) and conductive carbon (KS6L). Also, two different solid
contents—20 wt.% and 29 wt.%—and their impact on the surface and the edge quality of
the printed layer are discussed. The measured viscosity of the manufactured slurries is
displayed in Figure 2.

In Figure 2, the measured viscosity is displayed over the shear rate. All the slurries
displayed in Figure 2a have an almost similar solid content between 19 wt.% and 20 wt.%.
The solid content was chosen because with a higher solid content the viscosity of the slurries
only containing carbon black was too high for the material to be mixed. Figure 2a shows
the slurry containing silicon with NMP as the solvent and carbon black as the additive,
which was used for printing in a previous work [11]. Additionally, slurries containing
silicon with a mixture of water and glycerol as the solvent, one with C65 and two with
KS6L as conductive additives, are displayed. The silicon-based slurry with NMP (Figure 2a,
red) and the one with 50 wt.% glycerol and carbon black (Figure 2a, green) have a similar
viscosity at a shear rate between 50 s~! and 55 s~ 1. If the carbon black is substituted by
larger particles, namely conductive graphite particles, the viscosity can be reduced [43].
With a lower viscosity, the solid content of a slurry can be further increased, leading to
a reduced shrinkage and crack formation of the printed layer during the drying process.
Additionally, during the LIFT process the mass transfer efficiency can be increased and thus
the processing time can be reduced. In Figure 2b, the viscosities of the slurries containing
silicon are displayed for a solid content of 29 wt.% and a glycerol content in the solvent
mixture of 67 wt.%. For the C65 + KS6L slurry (Figure 2b, green), C65 and KS6L were
added at a ratio of 50:50 as a conductive additive. This slurry has a viscosity of 42 Pa-s ata
shear rate of 50 s~ 1. By substituting all C65 with KS6L (Figure 2b, red), the viscosity can be
reduced by a factor of two (22 Pa-s @ 50 s '), which in general indicates a better coating
behavior with regard to the adhesion to the donor plate and the height uniformity on the
donor plate.
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Figure 2. Measured viscosity of manufactured slurries, (a) with a solid content of 19-20 wt.% and
(b) with a solid content of 29 wt.% (C65—carbon black, KS6L—conductive graphite).

After the printing, the deposited layers have to be dried. For this purpose, the
electrodes with the slurries containing glycerol were dried at 10 mbar at 80 °C for
24 h, since the electrode slurry dries far too slowly under ambient conditions. The electrode
with the NMP-containing slurry was dried under ambient conditions. The resulting surface
topographies of the dried electrode layers are displayed in Figure 3.

The microscope images each show a section of the printed 13 x 13 mm? area of an
electrode. For each deposited layer, surface pores or even holes could be detected. One
explanation may be due to the phenomenon described by Sopefia et al. [44], that holes
appear in the center of a voxel at higher laser fluences. For the investigation of the laser
parameters, first the distance between the slurry on the donor plate and the copper foil was
adjusted to 100 um. Then, the needed laser power was investigated as described in [33].
Afterwards a suitable spot distance at the donor plate was selected, at which the printed
voxels were not affected by the previous ablation on the donor plate. This was followed
by a voxel to voxel distance analysis, at which distance a closed printed line could still
be realized on the substrate, as described in [29]. If the quality of the printing was low,
the investigation of the laser parameters was repeated with a different distance from the
slurry on the donor plate to the copper foil. The laser parameter for the printing of the
electrodes can be seen in Table Al. In Figure 3a, a section of the printed area with the slurry
containing silicon with NMP as the solvent and C65 as the additive is shown. That slurry
type has already been used in a previous work and therefore is used as a reference for
the comparison of the print quality of the newly developed slurries [11]. It can be seen
that the edge of the layer is less precise and that crack formation occurs due to subsequent
shrinkage of the layer. The layer in Figure 3b, which has also a solid content of 20 wt.%,
shows many cracks after drying. In addition, the edge of the printing is less accurate than
the presented layer in Figure 3a. With partial or complete replacement of carbon black
by conductive graphite and the possible increase in solid content, almost no cracks were
formed; see Figure 3c,d. For the two layers with increased solid content, there is a small
amount of debris at the edges, slightly more for the layer with the mixture of C65 and KS6L
(Figure 3c). By increasing the solid content of the used slurry, the formation of cracks can
be reduced. This can be related to a reduced shrinkage during drying of the printing.
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Reference

€65 + KS6L

Figure 3. Microscope images (dark field filter) of deposited silicon-based layers with different slurry
compositions: (a) as reference, the silicon-containing slurry with NMP as solvent and C65 as additive
(SC: 20 wt.%), (b) slurry with water and glycerol as solvent and C65 as additive (SC: 20 wt.%),
(c) slurry with water and glycerol as solvent and C65 and KS6L—with a ratio of 50:50—as conductive
additive (SC: 29 wt.%), and (d) slurry with water and glycerol as solvent and KS6L as conductive
additive (SC: 29 wt.%).

3.1.2. Electrochemical Performance

As PVDF is not a suitable binder for silicon-containing electrodes [45-49], only the
PAA and glycerol-containing electrode pastes were used to print electrodes with a footprint
of 13 x 13 mm?. Following the printing, the electrodes were cut out with an USP laser
and assembled in coin cells (CR2032) versus lithium for analyzing the electrochemical
performance. At first, the assembled cells were cycled as displayed in Table 3, with a
priming process; subsequently, 50 cycles were applied at C/10.

The impact of different conductive additives on the specific capacity is shown in
Figure 4. In the diagram, the specific discharge capacity is displayed over the number of
cycles. At the end of the priming process, all cells achieve a specific discharge capacity
of at least around 3000 mAh-g~! or higher, i.e., all cells are quite close to the theoretical
specific capacity at room temperature for the fully alloyed Li;sSis of 3579 mAh-g~! [5,50].
The cells only containing C65 as an additive have the lowest specific capacity at the end
of the priming compared to the other cells. This might be due to differences in absolute
areal capacities. More detailed information about the respective electrochemical data of the
cells is given in Figure 5. After the priming process, the cells are cycled at a C-rate of C/10.
Compared to the C65 + KS6L cell and the KS6L cell, the C65 cell has a significantly higher
capacity fade. The higher areal capacity of the electrodes with C65 can be one reason why
the capacity fading at the C/10 cycles is much higher than at the other cells, but the crack
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formation during the drying process could also be a reason for the detected capacity decay.
Also, the specific capacity of the last three C/20 reference cycles of the C65 cell is much
lower than the specific capacity of the first three C/20 cycles. In Section 3.3 the influence of
the areal capacity on the capacity fading during cycling due to a different areal capacity is
discussed in more detail. The C65 + KS6L cell showed the highest specific capacity, but a
higher capacity decay than the KS6L cell at the 50 C/10 cycles. One possible explanation
for the faster decrease during the electrochemical priming at a C-rate of C/20 in the cells
with C65 electrodes could be the small particle size of C65. Larger particles (KS6L) in the
electrode layer lead to larger pores, which give the silicon more space to expand during
lithiation, resulting in a lower capacity fading during cycling. Also, the silicon particles are
much smaller than the KS6L particles, leading to a better adhesion on the surface of the
bigger particles, but further investigations are needed.
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Figure 4. Specific discharge capacity of silicon in printed silicon-containing electrodes (one represen-
tative example per type) with different conductive additives (C65—carbon black, KS6L—conductive
graphite). Error bars are excluded for clarity. Data for all cells, including deviations, are shown
in Figure 5.

For a better comparison of further electrochemical properties, the values for the initial
coulombic efficiency, the capacity of silicon in the electrodes at the end of the priming
process, the absolute capacity at the end of the priming process, and the capacity retention
are displayed in Figure 5.

In Figure 5a, the initial coulombic efficiency (ICE) is displayed for the cell types shown
in Figure 4. The ICE value indicates how much lithium is irreversibly consumed by re-
actions during the first lithiation cycle and therefore cannot be transferred back to the
lithium electrode during delithiation. One consumption reaction is the development of
a solid electrolyte interphase on the surface of the particles of the electrode [51]. Since
the used cells were half-cells, lithium is available in excess due to the lithium metal elec-
trode. The ICE is lower for the C65 cells compared to the other ones, and that of the
C65 + KS6L cells has the highest ICE. This cannot be only explained by the coulombic
efficiencies of the different conductive additives, because C65 has a much lower ICE com-
pared to KS6L, as shown in Table A2, which is thus in contrast to the higher ICE measured
for the C65 + KS6L cells compared to the KS6L cells. With an ICE of 85% and 86%, the
C65 + KS6L and the KS6L cells have a high ICE compared to silicon-containing anodes,
which is between 49.6% and 93.8% [52,53]. From Figure 5b, it can be concluded that the
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silicon in the C65 + KS6L and KS6L cells provides almost the same specific discharge
capacity and thus a slightly higher specific capacity compared to the C65 cells. The lower
capacity retention of the C65 cells, as displayed in Figure 5d, can be partially explained by
the higher absolute capacity of the cells, as shown in Figure 5c, and also the crack forma-
tion in the electrode layer, as shown in Figure 3b. It can be seen from Figure 5c, that the
KS6L cells have a slightly higher capacity than the C65 + KS6L cells; in any case, the
capacity retention of the KS6L cells after the C/10 cycles is a little higher than the one of the
C65 + KS6L cells. Thus, it can be concluded that the adding of KS6L as a conductive additive
increases the cycling stability at low currents, which will be also proven in Section 3.3.
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Figure 5. Summary and comparison of relevant electrochemical data of the cells prepared with
slurries with different glycerol content: (a) initial coulombic efficiency, (b) specific capacity of silicon
(excluding the capacity of the conductive additives from total capacity, see Table A2) at the end of the
priming process, (c) the absolute capacity at the last C/20 cycle of the priming process, and (d) the
capacity retention, when comparing the capacity of the first three C/20 cycles with the last three.

3.2. Impact of Glycerol

Following the investigation of the influence of the conductive additives on printing
quality and electrochemical performance, the impact of the glycerol content in the ink also
has to be investigated regarding viscosity and thus the printability of the slurry and the
electrochemical performance of the assembled cells.
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3.2.1. Printing Quality

At first the influence of the glycerol content in the solvent on the edge quality of
the area and the evenness of the surface was analyzed. For this purpose, slurries with
water—glycerol mixtures ranging from 20 wt.% to 100 wt.% glycerol content were manufac-
tured, and electrodes were subsequently printed. The viscosities of glycerol and water are
1433 mPa-s (@ 20 °C) and 1 mPa-s (@ 20 °C), respectively [31]; this leads to an increase
in viscosity with the increase in the glycerol content. The viscosity of the slurry has a
large influence on how accurately the voxel depicts the laser beam profile [35,41,42], which
is described in more detail in Section 3.1.1. The viscosity of the printing inks was thus
measured first (Figure 6). A slurry with only water as a solvent is not printable as the ink
dries too fast.
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Figure 6. Viscosities of the glycerol-containing slurries with different glycerol contents ranging from
20 wt.% to 100 wt.%.

A solid content of 19 wt.% for the silicon-containing electrode pastes for the investiga-
tion of the influence of the glycerol content was chosen because the electrode paste with
only glycerol as a solvent has a viscosity of 38 Pa-s, and mixing pastes with significantly
higher viscosities are difficult to process with the used mixer. As the glycerol content
decreases, the viscosity initially decreases rapidly, although the decrease is less strongly
pronounced below a glycerol content of less than 60 wt.%. All pastes have a shear thinning
behavior, which is more pronounced for the paste with high viscosities.

After the measurement of the viscosity, electrodes with a footprint of 13 x 13 mm? were
printed with each slurry. For this purpose, the donor plate spot pitch, the voxel distance,
and the average laser power were adjusted for each slurry type, as can be seen in Table A3.
Microscopic images of the electrodes used for the electrochemical performance analysis are
shown in Figure 7. Here, the printed electrodes and, for the sake of completeness, the tape
cast silicon electrode with only water as a solvent are shown.

Contrary to most of the printed electrodes, the electrode produced by tape casting
shows no hole formation. However, printed electrodes with only 20 wt.% glycerol in
the solvent mixture also show no hole formations, but do have an uneven surface. This
indicates that in the latter case, the transferred slurry with a high viscosity cannot spread
out homogenously to compensate for small irregularities, but there is also no hole formed
in the middle of a voxel. The holes for slurries with a higher glycerol content can be
explained in the same way as in Section 3.1 [44]. Holes appear in the electrodes with
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increasing glycerol content in the solvent mixture, while most of the holes appear in
the layer produced with 40 wt.% glycerol. The smallest number of holes, except the
electrode printed with a slurry with 20 wt.% glycerol, appears for the printed electrode with
100 wt.% glycerol. This can be explained by the fact that almost no solvent evaporates
before printing of the 100 wt.% glycerol slurry, and the viscosity of the slurry remains
the same during printing. Since most parts of the water in the water-containing slurries
evaporate prior to printing, the viscosity of the slurry with 100 wt.% glycerol should be
the lowest during printing and can thus compensate for larger irregularities than the other
ones. Here, the difference in the number of holes in the layers cannot only be explained by
the different viscosities but also by the different laser parameters which were needed for
the printing of an electrode layer; see Table A3.

100 wt.%

Figure 7. Microscope images (dark field filter) of electrodes with (a) the coated electrode with 0 wt.%
of glycerol, and the printed electrodes with (b) 20 wt.%, (c) 40 wt.%, (d) 60 wt.%, (e) 80 wt.%, and
(f) 100 wt.% glycerol content in the solvent mixture. All electrodes are manufactured with an electrode
paste with 19 wt.% solid content.

3.2.2. Electrochemical Performance

After the analysis of the printing quality regarding the glycerol content, the elec-
trodes were printed with the inks containing a glycerol content of 20 wt.% and higher.
For reference, electrodes with only water as a solvent were tape cast via a doctor blade.
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Subsequently, all the electrodes were cut out with a USP laser and were examined using
coin cell designs.

For the analysis of the electrochemical performance, the cells with silicon-containing
electrodes were cycled with the cycling protocol provided in Table 3. The specific discharge
capacity of the cells is displayed over the number of cycles in Figure 8. It can be seen that
every electrode has a specific capacity of silicon at the end of the priming process of more
than 3000 mAh-g~!. This is quite close to the theoretical capacity of silicon (3579 mAh-g~1),
with the electrode manufactured with 0 wt.% glycerol showing the highest capacity. For
the data shown in Figure 8, no obvious influence of the glycerol content can be observed.
For all the cells, a fast decrease in capacity appears during some C/10 cycles. The reason
for the faster capacity fading is not identified yet for the shown cells. It can be stated that
the specific capacity of the cells with the electrodes with 40 wt.% and 80 wt.% glycerol
is the highest specific capacity at the end of the analysis, followed by the cells with the
electrodes with 20 wt.% and 100 wt.% glycerol. However, after the C/10 cycles all the cells
have a specific capacity higher than 2000 mAh-g~!, and four cell types (20 wt.%, 40 wt.%,
80 wt.%, and 100 wt.% glycerol) are even higher than 2500 mAh-g~!. Nguyen et al. [53]
reached a specific capacity of 3500 mAh-g~! at the first cycle of the long-term analysis for
an electrode with 50 wt.% silicon nanoparticles. After 50 cycles at C/7, the electrodes still
reached a specific capacity of 2750 mAh-g~!, which resulted in a capacity retention of 78%.
The specific capacities were calculated by only using the mass of silicon and neglecting the
capacity of the used carbon black. Calculating this way, the values of the specific capacity
at the end of the priming process of the cells in this work (Figure 8) would be in the range
from 3330 mAh-g~! to 3557 mAh-g~!, with a specific capacity between 2265 mAh-g~!
and 2877 mAh-g~! after 50 cycles at C/10. The capacity retention here would be 64% to
82%. The calculation including the contribution of the conductive additives is presented
in Figure 9. Ghamlouche et al. [54], Ha et al. [55], Zheng et al. [56], and Wetjen et al. [57]
calculated the values of the specific capacity by using the mass of silicon and graphite.
The order of the following values corresponds to the order in which the publications were
named. The silicon contents of the cells in the works are 30%, 15 wt.%, 20 wt.%, and
35 wt.%. The achieved specific capacities at the first cycle of the long-term analysis are
1200 mAh-g’l, 500 mAh-g’l, 555 mAh~g’1, and 1300 mAh~g’1. The used C-rates for the
cycling were C/10, C/3, C/2, and C/2. After 50 cycles, the cells in the published works
had a specific capacity of 1080 mAh-g~!,360 mAh-g~!, 450 mAh-g~!, and 1125 mAh-g 1.
The calculated capacity retentions were 90%, 72%, 81%, and 87%. Taking the mass of silicon
and KS6L for the calculation of the specific capacity, the cells in this work would exhibit
a specific capacity between 1665 mAh-g~! and 1778 mAh-g~!, which is higher because
the used electrodes contain a higher silicon content. After 50 cycles of C/10, the specific
capacity of the cells would range from 1132 mAh-g~! to 1438 mAh-g~!, with the same
capacity retention ranging from 64% to 82%. To summarize, the cells in this work have a
high specific capacity compared to other published works and the capacity retention of the
cells after 50 cycles with up to 82% is a comparable value; in any case, it has to be taken
into account that different amounts of silicon were used for the cells and that the long-term
analysis was made at a different C-rate. Even the mass loading of the cells was different,
which makes the comparison difficult.

For a better comparison of the electrochemical performance of the cells, the initial
coulombic efficiency, the specific capacity of silicon, the capacity of the cells at the end of the
priming process, and the capacity retention after the 50 C/10 cycles are displayed in Figure 9.
Figure 9a displays the ICE of the cell types shown in Figure 8. All the cell types which
had glycerol in the slurry have a higher initial coulombic efficiency than the reference
cell, which was manufactured without glycerol. Furthermore, the cells prepared with
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20 wt.% glycerol have the highest ICE, and the cells which were manufactured with 60 wt.%
glycerol have the lowest ICE. The cells with the electrodes prepared with 40 wt.%, 80 wt.%,
and 100 wt.% glycerol have almost the same ICE, between 85% and 86%. The ICE values of
the displayed cells are comparable for the initial coulombic efficiency for silicon-containing
electrodes, with an ICE of 82% for silicon nanoparticles, as reported by Nguyen et al. [53],
and ranging from 49.6% up to 93.8% ICE, as reported by Wang et al. [52]. The specific
capacity of silicon at the end of the priming process, excluding the capacity of the KS6L
from the total capacity, is shown in Figure 9b. The silicon in all the cell types has a specific
capacity higher than 3000 mAh-g~!. The cells which were produced without glycerol
have the highest specific capacity of about 3400 mAh-g~!, which is close to the theoretical
specific capacity of silicon of 3579 mAh-g~! [5]. For the cells which were manufactured
with glycerol, the cell with 100 wt.% glycerol as the solvent has the highest specific capacity,
but here the differences in values are less than 250 mAh-g~!. One possible explanation
for the higher specific capacity of silicon in the electrodes manufactured without glycerol,
compared to those with glycerol, could be the presence of fewer defects in the electrode
layer. Additionally, it is observed that the silicon in the electrode produced with 100 wt.%
glycerol, which exhibits the fewest defects and most uniform structure, shows the highest
specific capacity among the printed electrodes. The assumption would be that the number
of surface defects correlates with limitations in electrode adhesion to the current collector.
Reduced adhesion would lead to increased ohmic resistivity, which in turn would lead to
increased overpotential and thus a decrease in capacity, and forced mechanical degradation
due to volume expansion during cycling would also be expected. However, it is important
to note that other factors may also contribute to these differences, and further investigation
is needed to fully understand the cause of these variations.
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Figure 8. Specific discharge capacity of silicon in printed silicon-containing electrodes (one represen-
tative example per type) with different glycerol contents in the slurry ranging from 20 wt.% glycerol
to 100 wt.%. The reference electrode with 0 wt.% glycerol was tape cast via doctor blade. Error bars
are excluded for clarity. Data for all cells, including deviations, are shown in Figure 9.
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Figure 9. Summary and comparison of important electrochemical results of the cells prepared with
slurries with different glycerol content: (a) initial coulombic efficiency, (b) specific capacity of silicon
(excluding the capacity of KS6L from total capacity, see Table A2), (c) the absolute capacity at the last
C/20 cycle of the priming process, and (d) the capacity retention, when comparing the capacity of the
first three C/20 cycles with the last three.

When comparing the specific capacity of the C/20 cycles before the 50 C/10 cycles with
the C/20 cycles afterwards, as shown in Figure 9d, the electrodes which were manufactured
without glycerol and the electrodes which were manufactured with 40 wt.% glycerol have
the lowest capacity retention. For the electrodes which were manufactured without glycerol,
this can be partially explained with the much higher absolute capacity at the end of the
priming process; see Figure 9c. The influence of the absolute capacity of the cell on the
capacity retention is further discussed in Section 3.3. Another explanation could be the
different manufacturing process. In the LIFT process, the material is transferred at a velocity
orthogonal to the current collector, thereby achieving better wetting behavior with small
surface irregularities; this follows the Wenzel wetting behavior [58]. This could lead to an
increase in adhesion to the current collector, resulting in better cyclability. Furthermore,
it can be seen that the cells containing electrodes which were manufactured with 20 wt.%
glycerol have the highest capacity retention. For the electrodes which were manufactured
with 40 wt.% glycerol and more, a slight increase in capacity retention with increasing
glycerol content in the slurry can be observed. Due to the high specific capacity of silicon, it
can be concluded that the glycerol does not react with the used materials. However, there
are differences in the electrochemical properties of the electrodes with different glycerol
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content, but no linear dependence of the glycerol content on the electrochemical properties
can be derived so far from the achieved results. The difference in capacity could be due
to other influencing factors, such as the different viscosity of the slurries, the different
number of holes and pores in the electrode layer, a small difference in the handling time in
ambient air, or a small difference in the storage time in the glovebox before assembling the
electrodes in the coin cells, to name a few. Further investigations into the impact of these
aspects are, however, needed.

3.3. Influence of the Areal Capacity

As indicated in Sections 3.1 and 3.2, some electrodes have a higher areal capacity;
therefore, the influence of the areal capacity on the electrochemical performance has to be
investigated for the cells presented in this work. For this purpose, the electrodes manu-
factured with only C65 as an additive and 50 wt.% glycerol as a solvent (see Section 3.1)
and the electrodes manufactured with KS6L and only water as a solvent (see Section 3.2)
were manufactured with two different areal capacities, and the electrochemical results are
displayed in Figure 10.
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Figure 10. Specific discharge capacity of silicon in silicon-containing electrodes with different areal
capacity (one representative example per type): (a) C65 and 50 wt.% glycerol (see Section 3.1), average
areal capacity: high: 4.50 mAh-cm ™2, low: 1.50 mAh-cm~?2, and electrode thickness of 91 pum and
25 um, respectively; (b) KS6L and 0 wt.% glycerol (see Section 3.2), average areal capacity: high:
6.35 mAh-cm—2, low: 1.12 mAh-cm ™2, and electrode thickness of 50 um and 16 um, respectively.
Error bars are excluded for clarity. Data for all cells, including deviations, are shown in Figure 11.

The specific discharge capacities are displayed over the number of cycles in Figure 10.
In the diagrams, the cells with a high areal capacity and low areal capacity are compared to
each other. For the cells with the C65 electrodes (see Section 3.1) and the KS6L electrodes
(see Section 3.2), the cells with the high areal capacity electrodes have at the end of the
priming process a specific capacity for silicon greater than 3000 mAh-g . For both electrode
types, the cells with the high areal capacity electrodes undergo a faster capacity fading
during cycling than the ones with lower areal capacity. When comparing both diagrams,
it can be stated that the cells with the KS6L electrode undergo a smaller capacity fading
compared to their counterparts in terms of the areal capacity with a different conductive
additive. The higher capacity fade of the cells with the electrodes with only C65 may be due
to the higher electrode thickness and a resulting higher porosity of the electrodes compared
to their counterparts with KS6L as a conductive additive. Overall, it can be concluded that
a higher areal capacity causes a faster capacity decay even at low currents of C/10. The
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Figure 11. Summary and comparison of relevant electrochemical data: (a) the capacity at the last
C/20 cycle and (b) the capacity retention after the 50 C/10 cycles.

To summarize the influence of the absolute electrode capacity on capacity retention,
the capacity of the cells at the end of the priming process and the capacity retention after
the 50 C/10 cycles are shown in Figure 11.

The capacity retention of the cells is displayed in Figure 11b. After the 50 C/10 cycles,
the cells with high areal capacity C65 electrodes have a capacity retention that is more
than 30% smaller than the one with low areal capacity. For the electrodes with KS6L as
a conductive additive, the difference in capacity retention between the electrodes with
high areal capacity and the one with low areal capacity is smaller than 20% and smaller
than those for the C65 cells. When comparing the differences in the capacities at the last
cycle of the priming process (Figure 11a), it can be seen that the C65-containing electrodes
have a difference in capacity of about 3.4 mAh, whereas the electrodes manufactured with
KS6L as a conductive additive and 0 wt.% glycerol have a capacity difference of 5.9 mAh.
Additionally, the cells containing electrodes with high areal capacity with 0 wt.% glycerol
have an absolute capacity, which is about 2.1 mAh higher than the C65 cells with high
areal capacity electrodes. When comparing the capacity retention of the C65 cells with
low areal capacity electrodes with the one of the 0 wt.% glycerol cells with high areal
capacity, the 0 wt.% glycerol electrodes have slightly smaller but similar capacity retentions.
This shows that the cells with the electrodes with KS6L as the conductive additive have a
lower capacity fade during cycling than the cells with the C65 electrodes. One explanation
could be the larger particle size of KS6L, which is about 100 times larger than the silicon
particles. Silicon has a low conductivity; so, it could be an advantage that the smaller silicon
particles can adhere to the surface of the larger ones and that the larger ones can form a
conductive lattice. This is in contrast to C65, where the particles are only up to five times
the size of silicon particles, which could lead to a worse contact between the C65 particles.
Furthermore, the bigger pores through bigger particles could also be an advantage, as
described above.

3.4. Effect of Glycerol Content on Slurry Aging

As oxidation takes place when the silicon nanoparticles are processed under air or
in water, the long-term stability of the slurries with different amounts of glycerol in the
solvent mixture needs to be evaluated. The slurries with 60 wt.% and 100 wt.% glycerol
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were printed and electrochemically analyzed, 112 days and 222 days, respectively, after the
slurry was manufactured. In Figure 12, the data from the electrochemical characterization
of the printed electrodes are presented.
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Figure 12. Specific discharge capacity of the electrodes containing silicon which were printed with
different glycerol contents, but each glycerol content with the same slurry occurred at different times
after slurry preparation, whereas the first electrode was printed 24 h after the slurry manufacturing,
with (a) 60 wt.% glycerol content and a delay of 112 days and (b) with a glycerol content of 100 wt.%
and a time delay of 222 days.

In both diagrams of Figure 12, the specific discharge capacity is displayed over the
number of cycles. In contrast to the shown diagrams (Figures 4, 8 and 10), the whole
capacity of the cell is related to the mass of the used silicon, because the influence of
oxidation on the individual materials cannot be determined. The electrodes which were
manufactured with 60 wt.% glycerol are displayed in Figure 12a. The electrodes with the
fresh slurry were printed one day (24 h) after the manufacturing of the slurry. Additional
electrodes were printed with the same slurry after 112 days. It is evident that the specific
capacity of the electrodes with the aged slurry shows much lower values compared to the
electrodes printed one day after the manufacturing of the slurry. A possible explanation
is that the silicon partially oxidized due to contact with the water of the slurry. The
formed silicon oxide has a lower specific capacity compared to pure silicon [59], which
will be further analyzed later. Figure 12b shows the cells with the electrodes printed with
100 wt.% glycerol. The fresh electrodes were printed 24 h after the slurry was prepared,
and the electrodes with aged slurry were printed with a time delay of 222 days after the
slurry manufacturing. This is 110 days more than the electrodes prepared with 60 wt.%
glycerol. The electrodes manufactured with the aged slurry (100 wt.% glycerol, Figure 12b)
have almost the same specific capacity as the electrodes which were manufactured 24 h
after the preparation of the slurry. It can be stated that slurry with 100 wt.% glycerol can
suppress the oxidation of silicon particles in the time scale of the analysis. Such slurry
types are quite useful for long-term usage; however, the viscosity of the slurries with
100 wt.% glycerol is higher than with a lower glycerol content—see Section 3.2—and
therefore has disadvantages when, for example, increasing the solid content.

Raman spectroscopy and laser-induced breakdown spectroscopy (LIBS) were applied
to further characterize the differences in the pristine and printed electrodes (fresh and aged)
with 60 wt.% glycerol. The results of the measurement are presented in Figure 13.
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Figure 13. Spectroscopy measurements of pristine electrodes of the electrodes prepared with fresh
and aged slurry (Figure 12) with 60 wt.% glycerol: (a) Raman spectroscopy measurement (laser
excitation wavelength: 532 nm), (b) depth profile of oxygen concentration obtained by LIBS (laser
excitation wavelength: 1064 nm) based on the intensity of oxygen emission line (O(I): 777.3 nm, [60]).

The Raman spectroscopy measurements of the electrodes manufactured with fresh
and aged slurry are shown in Figure 13a. The 1TO and 2TO are mapped according to [61].
These bands are associated with crystalline silicon. Comparing the measurement between
the printed electrode prepared with fresh and aged slurry leads to the conclusion that
there is no measurable difference with Raman spectroscopy. Figure 13b shows the relative
change in the oxygen concentration of the electrodes achieved by LIBS measurements. The
presented data are average values for each measured layer of the electrode. After nine
pulses, a copper signal was detected, which means the current collector was reached. Since
the electrode thickness is 20.5 & 0.5 um, this results in an average ablated thickness of
2.31 £ 0.05 um per pulse. In Figure 13b, layer 0 represents the surface of the electrode. The
results of the measurement of layer 0 are not shown, as the first pulse at a measurement
position is a cleaning process because the surface could be contaminated from removals
from previous positions. It can be clearly seen that the electrode manufactured with fresh
slurry always has a lower oxygen concentration compared to the electrode prepared with
the aged slurry, which supports the statement that a significant oxidation of Si particles
takes place during aging of the slurry. However, it should be noted that the oxygen
concentration reaches a maximum at the top of the electrode, which is due to the fact that
the electrodes were handled in air after the printing process, causing further oxidation of
the printed layers.

To further characterize the difference between the electrodes, X-ray spectroscopy (EDX)
was applied with area measurement and point measurement, and the results are displayed
in Table 4.

Table 4. EDX measurement of pristine electrodes of the electrodes prepared with fresh and aged
slurry (Figure 12) with 60 wt.% glycerol. The ratio of silicon to oxygen is shown in brackets after the
values for silicon.

Area Measurement Point Measurement
Element Fresh Aged Fresh Aged
Wt.o/o Wt.o/o Wt.o/o Wt.o/o
C 47.90 49.60 25.93 17.02
(@) 6.90 8.64 6.81 10.41
Si 45.20 (6.55) 41.77 (4.84) 67.27 (9.88) 72.57 (6.97)
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Comparing the area measurements of the electrodes prepared with fresh and the aged
slurry, a higher oxygen content is observed for the electrode manufactured with aged slurry
at a lower silicon content, but a higher carbon content. It can be stated that the material of
the electrode produced with the aged slurry is more oxidized. In order to better characterize
whether the oxygen is more localized in the silicon, a point measurement was taken with
high silicon content. It can be seen that for the electrode manufactured with fresh slurry, the
detected oxygen content is similar to the oxygen content of the area measurement, whereas
the oxygen content for the electrode printed with the aged slurry is higher than the oxygen
content of the area measurement. In the brackets after the values for silicon, the ratio of
silicon to oxygen is displayed. There is more silicon per oxygen in the measured fresh
sample than in the aged sample, which indicates a stronger oxidation of the silicon in the
aged sample. It can be concluded that element-sensitive spectroscopy methods, such as
LIBS and EDX, indicate oxidation of the material, whereas Raman spectroscopy, which
probes the vibrational modes of the material, shows no noticeable change. This discrepancy
may be due to the formation of an amorphous oxide, resulting in a broad, featureless signal
or the presence of a Raman-inactive species.

4. Conclusions

For the LIFT process, PVDF has so far mostly been used as a binder for the printing
of electrodes. However, the binding forces between the binder and the silicon particles
are too weak to withstand the huge volume change during cycling. Therefore, polyacrylic
acid (PAA), a commonly used binder for silicon-containing electrodes, was introduced as
a binder for the printing of anode materials with the LIFT process. PAA is a hydrophilic
binder, but due to the fast evaporation of water, the slurry with only water as a solvent is
not printable in practice. For this purpose, glycerol, which has a much lower vapor pressure
compared to water, was added in different amounts to the solvent. In research, glycerol
was used for performing the LIFT process, but it was the first time the LIFT process was
performed with glycerol as a solvent and PAA as binder for printing electrodes. After the
manufacturing of the slurry, the viscosity was measured, and the electrodes were printed
via the LIFT process and assembled in coin cells against lithium for electrochemical analysis.
At first, the cells underwent a priming process with one cycle at C/50 and three cycles at
C/20. Subsequently, the cells were cycled 50 times at C/10 followed by three cycles at C/20.
The influence of different conductive additives—carbon black with a particle size between
100 pm and 500 pm and conductive carbon with an average particle size of 7.47 ym—was
investigated regarding the printing quality and the electrochemical performance. With the
larger particles—conductive graphite—the manufactured slurries have a lower viscosity
and the cyclability of the electrodes in a half-cell is increased. The specific initial capacity of
the cells with the electrode containing silicon is larger than 3000 mAh-g~! and only slightly
influenced by the type of additive. The cells with the electrodes with a mixture of C65 and
KS6L have a slightly higher specific capacity than the other ones. In contrast, the cells with
only KS6L have some degree of higher cycling stability than the other cells.

Afterwards, the impact of the glycerol content was investigated. For this purpose,
slurries with a glycerol content ranging from 20 wt.% glycerol to 100 wt.% glycerol as
a solvent were printed with the LIFT process. Additionally, a reference electrode was
coated by a doctor blade with only water as a solvent. For this purpose, KS6L was
used as a conductive additive because of the better cycle stability. The electrodes were
electrochemically characterized in the same way as the cells with the different conductive
additives. All the cells had a specific capacity above 3000 mAh-g~!; so, it can be stated
that the glycerol as a solvent does not affect the electrochemical performance. There are
differences between the cells with the electrodes manufactured with different amounts
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of glycerol, but linear correlation between the glycerol content and the electrochemical
properties could not be identified. It can be stated that the cells with electrodes which
were manufactured without glycerol had the highest specific capacity of silicon at the end
of the priming process and also a good capacity retention with the lower areal capacity.
For the cells with the printed electrodes, the cells with the electrodes prepared with 20%
glycerol had the highest capacity retention; however, it has to be mentioned that the initial
specific capacity of silicon was one of the lowest. As silicon oxidizes in the presence of
oxygen or water, how the long-term chemical stability of the slurry was influenced by the
glycerol content was investigated. For this purpose, in addition to the printed electrodes
with freshly prepared slurry, electrodes were printed with aged slurries. It could be shown
that the electrode which was manufactured with 60 wt.% of glycerol and was printed with
aged slurry showed reduced electrochemical performances. In contrast, the electrodes
which were printed using a slurry containing 100 wt.% of glycerol showed independence
from the slurry age and the stable electrochemical performance.

In terms of the glycerol variation with the consideration of specific capacity, capac-
ity retention, slurry stability, and printability, the cell with the electrode produced with
100 wt.% glycerol and KS6L as a conductive additive showed the best results. One of the
disadvantages of this slurry with regard to processability is the high viscosity, which limits
the increase in solid content. Increasing the solid content would increase the efficiency
of the LIFT process and lead to less shrinkage during the drying process and therefore
fewer cracks in the dried electrode. The slurries with a solid content of 29 wt.% and
67 wt.% glycerol (Sections 3.1.1 and 3.1.2) represent a further development step, since
capacity retention and printability increase with increasing solid content.

In ongoing research, the slurry composition will be optimized by further increasing
the silicon content. Slurries with less than 100 wt.% glycerol offer a better coating behavior
and provide a lower viscosity; so, the solid content can be further increased to increase the
process efficiency. Additionally, the decay of slurry/ink performance should be investigated
more closely regarding the glycerol content, to determine the time period in which the
slurries with less than 100 wt.% glycerol are stable. As part of the ongoing research into
the long-term stability of the produced slurries, it is essential to flank the electrochemical
characterizations with spectroscopic and chemical analyses to verify at the material level
whether or not a chemical reaction with glycerol takes place. Finally, the volumetric capacity
and probably also the electrode adhesion could be increased by substrate structuring [62]
and the calendering process [63].
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Abbreviations

The following abbreviations are used in this manuscript:

C65 Carbon black

CcC Constant current

CR Capacity retention

Ccv Constant voltage

DOE  Diffractive optical element

Dr Donor plate

DPSD  Donor plate spot pitch

EDX X-ray spectroscopy

FEC Fluoroethylene carbonate

ICE Initial coulombic efficiency
KS6L  Conductive graphite

LIBS  Laser-induced breakdown spectroscopy
LIFT  Laser-induced forward transfer
NMP  N-Methyl-2-pyrrolidone

PAA  Polyacrylic acid

PVDF  Polyvinylidene fluoride

SEI Solid electrolyte interface

SC Solid content

usp Ultrashort pulsed

VD Voxel distance

h Gap between the silicon ink and the substrate

Appendix A

Table Al. Printing parameters for the electrodes, which are shown in Figure 4.

Donor Plate Spot Voxel . Print
com—2
Electrode Fluence/J-cm Pitch/um Distance/um Distance/um Speed/mm-s-1
C65 0.73 220 105 100 1
C65 + KS6L 0.61 270 160 50 1
KS6L 0.73 220 105 150 1

Table A2. Average values of the electrochemical analysis of the conductive additives in the electrode.

Average Specific

Material Initial Coulombic Efficiency/% Discharge Capacity Capacity Retention/%
(@ C/20)/mAh-g~1
C65 28.41 4+ 0.54 246 +£11.28 92.44 +1.98
KS6L 68.65 £+ 2.21 365 £ 1.51 97.76 £ 0.2

Table A3. Printing parameter for the electrodes, which are shown in Figure 8.

Donor Plate Voxel . Print
Electrode Fluence/J-cm—2 Spot Pitch/um Distance/um Distance/um Speed/mm-s 1
20 wt.% 0.42 240 105 100 2
40 wt.% 0.47 230 110 100 2
60 wt.% 0.42 230 110 100 1
80 wt.% 0.47 240 105 100 1
100 wt.% 0.56 240 120 250 1
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