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ABSTRACT

Further efforts are needed to increase the power and energy density of lithium-ion batteries. This increase can be achieved
by developing new electrode architectures and new active materials. As a new active material for anodes, silicon is in the
focus of current research, as it has an order of magnitude higher specific energy density compared to the commonly used
graphite. In terms of new architecture, printing anodes with the "laser induced forward transfer” (LIFT) process offers a
variety of possibilities. For this work, printing with LIFT adapted anode paste was realized and corresponding laser
parameters were optimized. The anodes were printed with graphite for subsequent analyses in a coin cell and compared
with state-of-the-art coated electrodes made with the same paste. The conventional coated electrodes were either
calendered or uncalendered. It was shown that the electrochemical behavior of the printed anodes is comparable to that of
the conventional coated anodes. Finally, preliminary studies were made to print an anode with a multilayer architecture.
Within the anode layer, which consists of three individual printed layers, silicon layers are incorporated in order to
significantly increase the specific capacity.
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1. INTRODUCTION

Further efforts are needed to increase the electrochemical performance of lithium-ion-batteries to make electrical mobility
more attractive. To achieve a boost in performance, new electrode architectures such as the 3D battery concept and new
electrode materials must be introduced [1]. Silicon is in the focus of research as a new electrode material. Silicon has one
order magnitude higher specific capacity (3579 mAh/g) [2] compared to natural graphite (372 mAh/g) [3]. However,
silicon exhibits a volume expansion of 300 % during lithiation in comparison to 10 % of graphite during lithium
intercalation. A large volume expansion leads to a tremendous mechanical degradation of the anode, resulting in a loss of

capacity and a limited lifetime [4]. Printing of electrodes via LIFT offers new possibilities to develop advanced electrode
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architectures [5]. LIFT of micro batteries [6] and printed and subsequently structured cathodes [7] are already realized in
research. In the current study, anodes are printed in a large format for testing in coin cells. These printed anodes are
electrochemical cycled against lithium (“half-cells”). The characterization includes several cycles at different C-rates,
ranging from C/10 up to 3C. The term “C-rate” describes the applied electrical current which is divided by the practical
capacity of the battery. The printed electrodes are compared with conventional coated ones using the same paste (“slurry”).
Furthermore, first results of a new anode architecture using graphite and silicon are presented. Hereby, the silicon is
incorporated as a layer within a multilayered anode. However, the optimization of the slurry and the printing process is
still under development and electrochemical data are currently under evaluation.

2. EXPERIMENTAL SET-UP

Figure 1 shows a schematic view of the LIFT process. In the current study, the applied laser (Lumentum, USA, Model:
Q301-HD-1000R) has a maximum power of 10 W and a maximum repetition rate of 30 kHz. The operational wavelength
is 355 nm. The pulse width is 78 ns. A DOE optic is applied to achieve a top-hat laser intensity profile. A mask selector
provides different aperture shapes like squares and circles for subsequent printing. Via objective lens a demagnification of
a selected aperture by a factor of 3.5 takes place.
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Figure 1: Schematic representation of the applied LIFT process.

The donor plate is a circle quartz glass wafer (DSP-200x0675-SGQ-00, Wafer Universe, Germany) with a diameter of
200 mm and a thickness of 0.675 mm. The paste used for printing electrodes for the coin cell analyses contains 85 wt.%
mesocarbon microbeads (MCMB) synthetic graphite (PO0120, MSE Supplies, USA). The graphite particles have an
average particle size of dsp = 12.2 um, measured with laser scattering (LA-950, Horiba, Japan). In addition, the paste
contains 5 wt.% carbon black (Super C65, Timcal, Swiss). The binder polyvinylidene fluoride (PVDF) (Solef 5130,
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Solvay, Belgium) is added with an amount of 10 wt.% and the solvent is N-methyl-2-pyrrolidone (NMP) (806072, Merck,
Germany). The viscosity of the slurry was measured with a parallel plate viscosimeter (MCR72, Anton Paar, Germany)
and reaches a value of 16.5 Pa-s at a shear rate of 50 1/s. The paste used for the preliminary studies with silicon contains
40 % nanopowder silicon (SI-15008, Targray, Canada) with an average particle size of dso = 72 nm. The slurry also
contains 40 % carbon black and as binder 20 % of PVDF. The solvent is NMP and the viscosity, measured as mentioned

above, is 1.29 Pa-s at a shear rate of 50 1/s.

For anode printing, the LIFT process of fluids is used, as described by Fernandez-Pradas [8]. The slurry is deposited onto
the donor plate via a doctor blade, which is set to a gap of 40 um. During the LIFT process, the distance between the anode
layer and the copper foil substrate is set to 180 um. The spacing between the individual ablations on the donor plate is
0.25 mm. The laser repetition rate is 10.8 kHz. The used aperture generates a squared laser beam onto the donor plate with
a side length of 83 um. The laser fluence for the printing process takes 0.89 mJ/cm?. For the coin cell design, areas of each
13x13 mm are printed. Subsequently, the printed electrode is cut into the desired shape with an ultrafast laser operating at
a wavelength of 515 um. The final anodes have a circular design with a diameter of 12 mm. The printed electrode is
assembled in a coin cell for electrochemical analyses. Hereby, the coin cells are built as half-cells versus lithium as counter
electrode. The circular lithium has a diameter of 15 mm and the applied polypropylene separator (EQ-bsf-0025-60C,
Celgard, USA) has a diameter of 19 mm. The cells are analyzed with a BT 2000 (Arbin Instruments, USA) providing 32
channels and the software version MitsPro 4.0. The cells are cycled in a voltage window of 0.1 - 1.5 V. Charging consists
of a constant current (CC) phase, whereas discharging additionally uses a constant voltage (CV) phase which corresponds
to the lithiation of the printed electrode. For the formation of the printed electrode, cycling is performed three times at
C/20 with a cut-off current of C/50 for the CV phase. The cells are subsequently cycled at different C-rates, from C/10 up

to 3C, to investigate the charging and discharging behavior.
3. RESULTS & DISCUSSION

Voxel transfer

In addition to the distance between the donor plate and the substrate, the average laser power is also important for the
transfer of a single voxel. In Figure 2 , the required laser fluence for LIFT is plotted as a function of the laser illuminated

area (“laser spot size”) on the donor plate.
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Figure 2: Laser fluence required for a single voxel transfer. (a) transferred voxels, the printing process started at a fluence 0.132 mJ/cm?
for each column. (b) the required laser fluence as a function of laser illuminated area (laser spot size) on donor plate.

Figure 2a shows a microscopic image of transmitted voxels realized with four different aperture types leading to different
laser spot sizes and so to different voxel sizes. Hereby, the voxels of the left column are printed with the smallest laser
spot size, and the voxels on the right side are printed with the largest laser spot. The fluence was increased from top to
bottom of the picture, for each column the printing process started at a fluence of 0.132 mJ/cm? with a step-wise increase
of about 0.041 mJ/cm? per row. In Figure 2b, the fluence required for a transfer is as a function of laser spot size. It can be
seen that the required laser fluence is low for large laser spot size and increases as the laser spot size becomes smaller.
Thus, with a smaller laser spot size, a significantly higher energy density is required for the printing process. This is in
accordance to the result of Fernandez-Pradas et al. [9], which used a gaussian beam profile and different focusing

conditions to vary the spot size.
Laser direct writing

For printing a single line, Serra et al. [10] have shown that a process adapted overlap of the individual voxels is necessary
to obtain an accurate material transfer. With a water—glycerol solution, it needs to be an overlap of 50 % to obtain an
accurate printed line. The laser illuminated squared area used for the transfer has a size of 83x83 pum. A point-to-point

distance of 0.07 mm has proven to be optimal.
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Figure 3: Scanning electron microscope (SEM) images of printed lines: (a) top view (one printing repetitions), (b) top view (five printing

repetitions) and (c) cross-sectional view (five printing repetitions).

Figure 3a shows a printed track after one single LIFT cycle. After one printing cycle the layer thickness is in the range of
the particle size and at some locations along the line the current collector is exposed. Therefore, for the printing of lines, it
is very useful to print them with multiple reprints in order to obtain a high mass loading and a high coverage ratio of active
material on the current collector surface. Figure 3b shows a top view of a printed line which is printed with five printing
repetitions. The line has a high coverage ratio of active material on the current collector surface. Figure 3c shows the shape
of the line in cross-section after five printing cycles. Hereby, a continuous active layer with a parabolic cross-sectional
shape can be realized. The parabolic shape is explained by the slurry’s viscosity. According to Mathews et al. [11], a

viscosity between 90 and 150 Pa-s is needed to print sharp-edged objects.
Areal material transfer

During areal printing, each voxel, with the exception of those at the edges, is overlaid by other voxels in the printing
direction and perpendicular to it. Because of this and the low used viscosity, the accurate transfer of the individual voxels
is not as critical as in the case of single voxel or line writing. For areal printing, the processing time has to be considered
as a limiting factor. The laser fluence must be selected in a way that the material transfer can still be implemented until the

end of the process.
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Figure 4: Areal print with a size of 13x13 mm: (a) microscopic image of an example with insufficient material transfer (0.55 mJ/cm?),
(b) material transfer with high homogeneity (0.76 mJ/cm?).

Figure 4a shows a printed area after the first printing cycle. During the printing process, the material transfer occurs well at the
beginning, but the slurry on the donor plate is slightly changing its viscosity as a function of time resulting in an insufficient material
transfer during the process. Figure 4b shows that this bottleneck in printing can be overcome by the selection of a slightly higher
energy density. It can be seen that one printing cycle is sufficient for achieving an areal print with homogenous mass distribution
without macroscopic distortions. With the used process parameters - a voxel-to-voxel and line-to-line distance of 0.07 mm, a line
length of 13 mm and a printing speed of 2.5 mm/s - the LIFT process takes more than 16 min for an areal print of 13x13 mm.

The layer thickness of the printed electrode can be adjusted using two different approaches. On the one hand, the layer thickness
on the donor plate can be varied and, on the other hand, the same area can be printed with several printing cycles. When printing
is repeated several times on the same surface, it is worth mentioning that between individual layers a 90° rotation of the print line
hatching should be performed, otherwise a significant surface roughness of the printed layer will be achieved. Figure 5 shows cross-

sections of printed surfaces for different numbers of printing cycles.
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Figure 5: SEM of printed electrodes (cross sectional view) for different numbers of printing cycles: (a) one printing cycle (average layer
thickness 20 um), (b) three printing cycles (average layer thickness 50 um), and (c) five printing cycles (average layer thickness: 58 um).

Figure 5a shows a surface after one printing cycle. It can be seen that the surface roughness reflects the variation of
individual particle sizes. After three cycles the layer has an average thickness of about 50 pum which would correspond to
a film growth rate of about 16 pm per printing cycle. However, after five cycles the layer thickness is about 58 pm, i.e.,
the film growth rate becomes less than 12 um per printing cycle. To achieve a more linear growth of layer thickness with

number of printing cycles, further slurry and process optimization is required.
Electrochemical analysis

For electrochemical analysis graphite electrodes were printed using three printing cycles and subsequently assembled in
coin cells versus lithium. For comparison, state-of-the-art electrodes are also fabricated by tape casting using the same
slurry. Reference coin cells are assembled with either uncalendered or calendered electrodes. Uncalendered reference
electrodes are taken into consideration due to the fact that the printed electrodes are also not calendered prior to cell
assembly. The cells are cycled at different C-rates from C/10 up to 3C. In Figure 6 the specific discharge capacity is plotted

against the C-rate, further information about the used electrodes is listed in Table 1.
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Figure 6: Specific discharge capacity as a function of C-rate for cells with printed uncalendered, coated calendered, and coated
uncalendared electrode with similar specifications (see Table 1).

Figure 6 shows the specific discharge capacity of reference cells and cell with printed electrodes for C-rates from C/10 up
to 3C. Below a C-rate of 2C, the specific discharge capacities of the cells are quite close to each other. Above a C-rate of
2C, a different behavior in capacity retention can be observed. The capacity values of the cell with printed electrode is
lower compared to the cell with uncalendared electrode. This behavior might be due to the multilayer structure of the
printed electrode which induces a slight variation in binder distribution at the layer interfaces. Also a slightly higher active
mass loading is given for the printed electrode which would also counteract to the high power operation. The calendered
cell shows a reduced capacity retention at higher C-rates due to the small porosity value. For C-rates up to 2C, the cell
with uncalendered reference electrodes match well with the specific capacity data of the cell with the printed electrode. It
is obvious that the active material of the electrode is not damaged or modified during the LIFT process and the
electrochemical behavior of the cell with printed electrodes in terms of discharge ability is quite close to the cells with

reference electrodes.

Table 1: Thickness, porosity, calculated specific area capacity, and mass loading of the active material of used electrodes.

Electrode type Thickness Porosity Spec. capacity | Mass loading
- um % mAh/cm? mg/cm?
printed, uncalendered 53 48.7 1.61 0.123
reference, calendered 44 40 1.55 0.122
reference, uncalendered 51 48.2 1.53 0.121
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Table 1 shows the thickness, porosity, calculated specific area capacity, and mass loading of the used electrodes. The
porosity of the printed electrodes and the reference uncalendered electrodes are in a similar range. The layer thickness of
the calendered electrode was adjusted in order to reach a porosity of 40 % which is in good agreement with porosity values

for conventional graphite electrodes [12].
Multilayer deposition

As a new electrode architecture, a multilayer is printed with one layer graphite on top of the current collector and

subsequent two layers of silicon, see Figure 7.
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Figure 7: Cross-sectional view of printed multilayer electrode with one layer graphite and two layers of silicon, (a) microscope image
of printed electrode, (b) respective SEM image.

Figure 7 shows cross-sectional views of a printed multilayer electrode, a light microscope image of an embedded multilayer
(Figure 7a) and a SEM image (Figure 7b). A porous and thin graphite particle layer and a dense layer of silicon
nanoparticles can be recognized. It can be seen that the final printed surface has a compact structure and a slight waviness.
The solid content of the silicon slurry is significantly lower than that of the graphite one. The printing and subsequent
drying of the silicon layer is therefore more sophisticated than that of the graphite. The silicon slurry optimization and the

assembling of the new printed electrode architecture in coin cells is ongoing.

4. CONCLUSION & OUTLOOK

LIFT for manufacturing graphite anodes and the subsequent construction of batteries in coin cell format was realized.
During LIFT, the required laser energy density is a critical parameter and needs to be adjusted as a function of voxel size
and processing time. The process duration must be taken into account due to the impact of time-dependent slurry viscosity
on printing quality. The average laser power must therefore be chosen appropriately at the beginning of the process. The
printed electrodes show a similar porosity as the uncalendered electrodes, so uncalendered layers were also analyzed as
reference. The electrochemical analysis shows that the printed electrodes have a similar discharge behavior as the reference
electrodes, calendered or uncalendered ones. This leads to the conclusion that the active material is not modified during
the LIFT process. Finally, electrodes with a multilayer architecture can be synthesized via printing providing new
opportunities in designing advanced electrode architectures, e.g., the incorporation of silicon layers into a graphite

multilayer system.
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Further efforts are needed to develop multilayer anodes for next-generation batteries. Different materials will be used for
the individual layers to optimize their overall electrochemical and mechanical properties. Materials such as silicon will
play a major role but different graphite types will also be considered. In addition to the anode materials, different binder-
solvent systems will be taken into account. Furthermore, the areal printing concept will be expanded with regard to a 3D
battery concept with embedded structures to improve the fast-charging and discharging capability. Further process

optimization will also be required for the printing process itself with regard to slurry composition, thickness, and viscosity.
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