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Abstract — Direct digital manufacturing is one of the key 

competencies for accelerating rapid prototyping or the 

production of individually designed products. Laser-induced 

forward transfer (LIFT) is a frequently used direct digital 

manufacturing tool for prototyping and production. In this 

work, the LIFT process was used to print anodes and cathodes 

which match each other regarding the areal capacity. For this 

purpose, the transferred voxel density of the anodes was 

adjusted to match the areal capacity of the cathodes. 

Subsequently, the electrodes were assembled as a full-cell in 

pouch cell design. At the end of the electrochemical priming, the 

cells reach a charge capacity of up to 151 mAh/g, and more than 

400 cycles could be achieved at a C-rate of C/2, including the C-

rate analysis, before reaching the end-of-life. 

Keywords — laser-induced forward transfer, direct digital 
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I. INTRODUCTION 

To accelerate technical development rapid prototyping is 
essential. Here direct digital manufacturing is a key 
competency [1]. As an additive direct digital manufacturing 
technology, laser-induced printing is a frequently used tool for 
the manufacturing of prototypes and also in production. By 
using CAD software to determine the geometry of the object, 
laser-induced forward transfer (LIFT) offers the possibility to 
rapidly implement changes to the prototype or to produce 
customized architectures. It also offers a highly flexible 
process for the transfer of a wide range of materials, like 
liquids and suspensions [2, 3], solid materials [3, 4], and even 
small components like µLEDs [5] or other small components 
[6]. Another advantage of the technology is the capability to 
deposit the materials with high precision. Including all of this, 
LIFT is an interesting technology with a wide field of 
applications ranging from research in bio-printing [7] to 
electronic device production [5]. In batteries, a 3D electrode 
architecture leads to performance improvements in terms of 
increased cyclability, power density, and energy density [8]. 
Here, the LIFT process can help to further accelerate the 
development of optimized electrode architectures with its high 
flexibility in making changes to the geometry and printing 
strategy. In recent works, LIFT was used to print electrodes 
for lithium-ion batteries. Cathodes were printed [9, 10], which 
were subsequently structured, electrodes for micro-batteries 
[11, 12], and anodes for installation in coin-cells [13] 
including anodes printed with different inks to combine the 
material advantages [14, 15]. State-of-the-art battery 
manufacturing techniques such as tape casting or slot die 
coating have less flexibility in the resulting electrode 
architecture and the accuracy of active material placement is 

lower, which is very important in the manufacturing of 3D 
electrode as shown in [15]. 

In this work, the focus is on large areal printing compared 
to our previous work in which electrodes for coin cells were 
printed [13-15]. In addition, both electrodes, anode and 
cathode, were printed and then assembled as a full cell in a 
pouch cell design. For the full cells, care was taken to ensure 
that the capacity of the printed anodes compared to that of the 
printed cathodes is set so that an areal capacity ratio of more 
than one is achieved.  

II. MATERIAL AND METHODS 

The LIFT process is a laser-induced printing process. A 
schematic illustration is shown in Fig. 1. The material which 
is to be transferred is also called “paste”, “slurry” or “ink” in 
the case of suspensions. It is located on a donor substrate, also 
called “donor plate” or “ribbon”. By imaging the laser on the 
interface between the donor plate and the ink, a material 
transfer is initiated. The transfer is caused by the vaporization 
of parts of the material [16]. On the opposite side, there is a 
substrate on which the material is to be printed. As an 
example, Fig. 2 shows a scanning electron microscope (SEM, 
PW-100-018, Phenom-World BV, Eindhoven, The 
Netherlands) image of a LIFT printed voxel with anode ink 
containing mesocarbon microbeads (MCMB) as active 
material. 

 

Fig. 1. Schematic illustration of the LIFT process. 

A variety of materials can be transferred using the LIFT 
process. As this is a nozzle-free technology, a wide range of 
particle sizes and solid contents of suspensions can be printed 
[17]. For printing, the viscosity of the ink plays an important 
role in the quality of how well the transferred material 
reproduces the used laser intensity profile [18].  

 
 



 

Fig. 2. SEM image of a transferred voxel printed with electrode ink 
containing MCMB graphite as active material on copper current collector 

foil. 

The used LIFT setup in this work is schematically 
illustrated in Fig. 3. A frequency tripled Nd:YAG laser source 
(Lumentum, San Jose, CA, USA, Model: Q301-HD-1000R) 
with an operational wavelength of 355 nm is applied. The 
laser radiation has a maximum average power of 10 W, a pulse 
duration of 78 ns, and a repetition rate of 10 kHz. The 
Gaussian laser beam is passing through a diffractive optical 
element that shapes the beam into a 2D top-hat profile. A 
further shaping of the laser intensity profile is realized by a 
mask selector. Here, the laser beam can be shaped into squares 
and circles of different sizes. An objective lens system is 
finally used to image the mask selector plane with a 
demagnification factor of 3.5 on the underside of the donor 
plate which is a quartz glass wafer (DSP-200×0675-SGQ-00, 
Wafer Universe, Elsoff, Germany). The electrode ink is 
coated on the donor plate via a doctor blade with a doctor 
blade gap of 40 µm. On the opposite of the donor plate is the 
substrate on which the material is printed. In the case of 
anodes, the substrate is a 9 µm thick copper foil, and in the 
case of cathodes a 20 µm thick aluminum foil. 

 

Fig. 3. Schematic illustration of the used LIFT setup. 

The schematic illustration (Fig. 3) also displays important 
printing parameters of the LIFT process. The space (h) 
between the donor plate and the substrate has an influence on 
the printing quality [19-21]. Another parameter is the distance 
between ablations of material on the donor plate (DPSP). It is 
important that the printing steps are not affected by each other. 
The last displayed parameter is the voxel distance (VD). A 
certain overlap of the transferred voxels (Fig. 2) is needed, so 
that a line or an area can be deposited [22].  

The composition of the anode ink used for printing with 
the LIFT process is displayed in TABLE I. For the full-cell, 
an optimized composition was taken [23]. For the anodes, 
graphite (T808, Targray, Kirkland, QC, Canada, d50 = 4.9 µm) 
was used as active material. As the binder, polyacrylic acid 
(PAA, 306215, Merck, Deutschland) with a molecular weight 
of 1.25 Mg/mol was taken. To higher the conductivity in the 

electrode layer carbon black (Super C65, TIMCAL, Bodio, 
Switzerland) was used. 

For the preparation of an anode slurry, PAA was premixed 
in a solution with a content of 4.13 wt.% with a planetary 
mixer (SpeedMixer DAC 150 SP, Hauschild, Hamm, 
Germany) at speeds of up to 3500 rpm for at least 30 minutes 
until the PAA was dissolved. Then it was stirred for 12 h with 
a magnetic stirrer. The graphite and carbon black were then 
added to the PAA solution and mixed with a planetary mixer 
at speeds of up to 3500 rpm for at least 65 minutes until a 
homogeneous slurry was obtained. 

TABLE I. COMPOSITION OF THE ANODE INKS USED FOR PRINTING THE 

ANODE FOR ASSEMBLING IN FULL-CELLS AND HALF-CELLS. 

Material 

Composition 

in wt.% 

Half-cell Full-cell 

Graphite 85 93 

PAA 10 5.6 

Carbon black 5 1.4 

The solid composition of the cathode ink is displayed in 
TABLE II. Lithium nickel manganese cobalt oxide (NMC622, 
BASF, Ludwigshafen, Germany) was used as the active 
material for the cathode electrodes. As the binder 
polyvinylidene fluoride (PVDF, Solef 5130, Solvay, Brussels, 
Belgium) was used. To increase the electronic conductivity 
carbon black (Super C65, Imerys, Paris, France) and 
conductive graphite (KS6L, Imerys, Paris, France) were added 
to the slurry. 

For the preparation of a cathode slurry, PVDF was 
premixed with n-methyl-2-pyrrolidone (NMP, Merck, 
Darmstadt, Germany) with a planetary mixer with a ratio of 
1:10 at speeds of up to 3000 rpm for at least 30 minutes until 
the PVDF is dissolved. The binder solution was left to rest for 
12 h. Then NMC622, carbon black, and conductive additive 
were added to the solution. The slurry was mixed with a 
planetary mixer with mixing speeds of up to 3500 rpm for at 
least 70 minutes until a homogenous slurry was obtained. 

TABLE II. COMPOSITION OF THE USED CATHODE INK. 

Material 
Composition 

in wt.% 

NMC622 92 

PVDF 3 

Carbon black 3 

Conductive graphite 2 

Once the slurry had been prepared, it was printed onto the 
respective metal foil using the LIFT process. For this purpose, 
the slurry was coated with a doctor blade with a gap of 40 µm 
on the donor plate. Subsequently, areas with a rectangular-
shaped footprint with a side length of 13 mm were printed on 
the respective current collector in order to determine the 
capacitance of the used active materials. Four different axes 
were used to print the electrodes. The x-axis and the y-axis of 
the system to determine the position of the transfer on the 
substrate. In addition, the x-axis and y-axis of the donor plate 
holder. They were used to ensure that the paste to be 
transferred was not affected by a previous transfer. After 
printing and drying of the electrodes, they were cut out with a 
diameter of 12 mm using a micromachining system (PS450-
TO, Optec S.A, Belgium) equipped with an ultrashort pulse 
(USP) laser (Tangerine, Amplitude Systèmes, France) 
operating at a wavelength of 515 nm. Subsequently, the 
electrodes were dried for 24 hours in a vacuum oven at 80 °C 
for anodes and 130 °C for cathodes. The different 



temperatures for the drying process were chosen for PAA due 
to the glass transition temperature and for PVDF due to the 
melting point. The difference between the glass transition 
temperature and the melting point was chosen to be 
sufficiently large that it can be assumed that the material with 
the lowest melting point in the electrode - the binder - is not 
affected by the drying process. They were then transferred to 
an argon-filled glovebox (LAB master pro sp., M. Braun, 
Germany) with water and oxygen content < 0.1 ppm. There, 
the electrodes were assembled in a coin-cell (CR2032) with 
lithium as counter electrode using 160 µl of electrolyte 
(Solvionic, France). The electrolyte consists of a mixture of 
ethylene carbonate (EC) and ethyl methyl carbonate (EMC) 
with a weight ratio of 3:7 as the solvent, 1.3M lithium 
hexafluorophosphate (LiPF6) as the conductive salt, and 
5 wt.% fluoroethylene carbonate (FEC) as the additive. 

For the large format printed batteries, rectangular-shaped 
footprints with a side length of 29 mm were printed for the 
cathodes, and rectangular-shaped footprints with a side length 
of 31 mm for the anodes. Here, each electrode was printed 
using one donor plate each. After the printing and drying of 
the electrode layers, they were cut out with the USP laser 
beam. The anodes were cut with a side length of 30 mm and 
the cathodes with a side length of 26 mm. Before the printed 
electrodes were transferred to the argon-filled glovebox, they 
were dried in a vacuum oven at 60 °C for 24 hours to remove 
any residual moisture from the electrodes. For the 
electrochemical analyses in pouch cells, the electrodes were 
assembled in a state-of-the-art pouch bag. Fig. 4 shows a 
stacked and not yet sealed pouch cell on the used pouch bag. 
In the picture, the cathode is at the top, with the separator 
below and the anode in contact with the pouch bag material. 

 

Fig. 4. Image of stacked electrodes of the pouch cell on the pouch bag 

material. 

 Subsequently, two of the three open pouch sides were 
sealed with a vacuum sealing machine (Audionvac VMS 163, 
Audion Elektro GmbH, Kleve, Germany) and one milliliter of 
electrolyte was filled in from the third side. Finally, the third 
side was vacuum sealed. After electrochemical priming, the 
cell was transferred back into the glovebox. The cell was then 
opened to allow the, during the priming process, generated gas 
to dissipate and vacuum sealed again. 

After cell assembly, the cells were electrochemically 
characterized with a BT 2000 (Arbin Instruments, College 
Station, TX, USA). After 20 h of waiting, the cells were 
charged with a constant current (CC) to 4.2 V, and then they 
were charged at a constant voltage (CV) to a cut-off current, 
displayed in TABLE III and TABLE IV. For the discharging 
process, the cell is discharged with a constant current to 3 V. 

For the electrochemical characterization the cells were first 
primed with the protocol displayed in TABLE III. 

TABLE III. PRIMING PROCEDURE FOR FULL-CELLS, INCLUDING THE C-RATE 

FOR CHARGING AND DISCHARGING, THE CUT-OFF C-RATE AT THE CV-
PHASE, AND THE NUMBER OF CYCLES AT EVERY C-RATE. 

Charge current C/50 C/20 

Cut-off C/100 C/50 

Discharge current C/50 C/20 

Cycle number 1 3 

Subsequently to the priming procedure, the cells were 
characterized by a C-rate analysis. For this purpose, the cells 
were charged with different C-rates from C/10 to 5C, as 
displayed in TABLE IV. The second C/5 cycles at the end of 
the analysis were used as a control measurement to compare 
the charge capacity achieved in the C/5 cycles at the beginning 
of the analysis with the C/5 cycles at the end of the analysis so 
that a capacity loss can be determined. 

TABLE IV. C-RATE ANALYSIS FOR FULL-CELLS, INCLUDING THE C-RATE 

FOR CHARGING AND DISCHARGING, THE CUT-OFF C-RATE AT THE CV-
PHASE, AND THE NUMBER OF CYCLES AT EVERY C-RATE. 

Charge 

current 
C/10 C/5 C/2 1C 2C 3C 5C C/5 

Cut-off C/20 C/10 C/10 C/10 C/10 C/10 C/10 C/10 

Discharge 

current 
C/10 C/5 C/5 C/5 C/5 C/5 C/5 C/5 

Cycle 

number 
5 5 5 5 5 5 5 5 

With an anode half-cell, the charging and discharging 
protocol (CCCV-phase and CC-phase) is reversed and the 
voltage window is between 0.01 V and 1.5 V. For the cathode 
half-cells, the voltage window in which the batteries were 
cycled was from 3 V to 4.3 V. Apart from the exceptions 
mentioned for each half-cell, electrochemical priming and C-
rate analysis were performed as shown in TABLE III and 
TABLE IV. 

III. RESULTS AND DISCUSSION 

To calculate the capacity of the electrodes of the full-cells, 
the specific capacity of the active materials had to be 
determined for each active material. For this purpose, 
electrodes were printed for each cathode and anode and 
characterized against lithium in a half-cell. The 
characterization of the anode material is displayed in Fig. 5 

 

Fig. 5. Specific discharge capacity of the C-rate analysis of the printed anode 
half-cell. The capacity of the CCCV-phase is shown in red and that with the 

CC-phase in green (Capacity retention: 102 %). 



For the graphite half-cells, the specific discharge capacity 
is displayed as a function of the cycle index. The chemical 
process in the anode during discharge in a half-cell is the 
intercalation of lithium into the graphite, which is the same 
process occurring during charging of the anode in a full-cell. 
The active material obtains a specific discharge capacity at the 
last C/20 cycle of the electrochemical priming of 358 mAh/g. 
The capacity that can be discharged during the CC-Phase 
decreases with increasing C-rate. The capacity retention after 
the analysis is 102 % and displays that the material is not 
degraded even after high currents of 5C. It seems that after the 
first C/5 cycles some active material was reactivated during 
the characterization. 

The characterization of the used active material for the 
cathodes is displayed in Fig. 6. 

 

Fig. 6. Specific charge capacity of the C-rate analysis of the printed cathode 

half-cell. The capacity of the CCCV-phase is shown in red and that with the 

CC-phase in green (Capacity retention: 98 %). The one lower capacity at 

C/10 seems to be a technical problem, as the specific capacity continues to 

run as expected afterwards. 

The specific charge capacity for the cathode half-cell is 
displayed over the cycle index. The electrode exhibits a 
specific charge capacity of 169 mAh/g at the last cycle of the 
electrochemical priming. At 5C, still almost half of the 
capacity is charged during the CC-phase, which shows a high 
performance at higher currents. The capacity retention at the 
end of the C-rate analysis is 98 %, which indicates that there 
is only a small amount of active material degraded during the 
analysis.  

As described above, for full-cells the areal capacity of the 
anodes has to be higher than the one of the cathodes, so that 
the balancing between these electrodes is greater than one. For 
this purpose, the cathodes and anodes were printed first. Then 
the capacities of the electrodes were determined by weighing 
the electrodes. The capacities were calculated with the mass 
of the electrode, the composition of the electrode, the density 
of the specific materials, and the before-measured specific 
capacity of the active material. As displayed in TABLE V, the 
average areal capacity of the cathodes is 0.76 mAh/cm2. As 
applying the first printing parameters of the anodes (Anode 1) 
only an average areal capacity of 0.53 mAh/cm2 was obtained. 
In previous works, the capacity was adjusted by multilayer 
printing [13]. Since this method only allows the areal capacity 
to be adjusted by multiplicative integers, it was adjusted in this 
work by adjusting the printed voxel density. The printed 
voxels per square millimeter were adjusted (TABLE V) and 
the customized printed anode (Anode 2) has an average areal 
capacity of 0.89 mAh/cm2, which is higher than the one of the 

cathodes and therefore matches it. It can therefore be stated 
that the capacity can also be adjusted by setting the printed 
voxels per square millimeter to print electrodes with a 
customized areal capacity. In addition to the realized area 
output and the voxel density, the applied printing speed and 
the resulting time for the large-scale electrodes are also shown 
in TABLE V. The applied printing speed was set due to the 
limitations of the axis speed of the applied setup. It can be 
seen, that the Anode 2 electrodes needed more time to print 
due to the higher voxel density. 

To further speed up the process the printing strategy needs 
to be changed, for example by using a scanner to guide the 
laser beam. A possible printing strategy with the scanner 
would be, for example, to print only every second voxel and 
then bring the donor plate into a position in which no transfer 
has yet taken place and then print the missing voxels, so the 
transfer is not affected by a previous transfer. Such printing 
strategies can speed up the process enormously. In addition, 
multi-beam printing using beam splitters and a continuous 
supply of fresh donor plate material, e.g. by roll-to-roll, would 
be needed to achieve the processing speeds required for 
industrial-scale production. Henning et. al. [24] presented a 
setup for a LIFT system with continuous material feed and 
increased throughput. However, the main benefit of this 
technology is the ability to create customized electrodes by 
precisely positioning of material for micro-batteries or 
prototyping.  

TABLE V. AVERAGE REALIZED AREAL CAPACITY FOR THE VOXELS PER 

MM
2
 OF THE PRINTED CATHODES, OF THE FIRST PRINTED ANODES (ANODE 

1), AND THE CUSTOMIZED PRINTED ANODES (ANODE 2), REGARDING THE 

AREAL CAPACITY OF THE CATHODES. ADDITIONALLY, THE POSSIBLE 

PRINTING SPEED (LIMITED BY THE PRINTING STRATEGY AND THE SETUP 

LIMITS) AND THE RESULTING PROCESSING TIME. 

Electrode 

Realized areal 

capacity 

in mAh/cm2 

Voxels 

per mm2 

in - 

Printing 

speed 

in mm/s 

Time 

in min 

Cathode 0.76 69.44 4 37 

Anode 1 0.53 69.44 4.5 38 

Anode 2 0.89 131.81 3.5 65 

For the printing of the large-size electrodes different laser 
parameters were applied for printing the anode and the 
cathode material. As comparing the laser parameters 
displayed in TABLE VI, it can be seen, that the cathode 
material needed less laser power to transfer a voxel.  

TABLE VI. LASER PARAMETER FOR THE PRINTING OF THE ELECTRODES 

Electrode 
Power 

in W 

Fluence 

in J/cm² 

Peak energy 

in µj 

Cathode 1.20 0.36 111 

Anode  1.89 0.57 175 

The electrodes with the customized parameters were 
printed, the capacitance was calculated from the mass of the 
electrodes, and they were then matched, see TABLE VII. The 
balancing of the anodes and cathodes is higher than one, which 
had to be fulfilled as a matching criterion. 

TABLE VII. CAPACITY OF THE ANODE AND CATHODES AND THE 

BALANCING OF THE ASSEMBLED FULL-CELLS. 

Cell 

Areal capacity 

in mAh/cm2 

Balancing 

in - 

Cathode Anode N/P 

1 0.76 0.87 1.15 

2 0.76 0.90 1.19 

 



After the assembling of the full-cells, the cells were 
electrochemically primed and a C-rate analysis took place. 
The results of the C-rate analysis of the full-cell are shown in 
Fig. 7. 

 

Fig. 7. Specific charge capacity of the C-rate analysis of the full-cells. The 
capacity of cell 1 is shown in red and that of cell 2 in green (Capacity 

retention: 97 % and 98 %, respectively). The capacity of the CCCV-phase is 

shown in squares and that of the CC-phase in diamonds.  

In the diagram, the specific charge capacity is displayed as 
a function of the cycle index. Cell 1 and cell 2 obtain a specific 
charge capacity of 149 mAh/g and 151 mAh/g, respectively. 
At the C/10 cycle, there is a small increase in the capacity 
observable. This could be due to improved contacting of the 
electrodes through degassing and subsequent resealing under 
vacuum after electrochemical priming. Following C-rate 
analysis, only minor electrochemical degradation is detected, 
with capacity retention of 97% (cell 1) and 98% (cell 2). 
However, as the degradation is quite low, it can be stated that 
both printed electrodes have a quite common, usual 
electrochemical behavior. 

As the electrodes only degraded slightly during the C-rate 
analysis, a long-term test was subsequently initialized. The 
cycling sequence was 50 times C/2 cycles followed by 5 times 
C/5 check-up cycles to determine the degradation of the cells. 
The results of the long-term analysis are displayed in Fig. 8. 

 

Fig. 8. Percentage charge capacity of the long-term test of the full cells of 

the CCCV-phase to the average capacity of the first 5 C/5 cycles (C-rate 

analysis). The capacity of cell 1 is shown in red and that of cell 2 in green 
(Capacity retention at 484 cycles: 78 % and 79 %, respectively). The cycle 

sequence was 50 cycles at C/2 followed by 5 cycles at C/5. The one lower 

capacity of Cell 1 at the second 50 C/2 cycles appears to be a technical issue, 

as the specific capacity afterwards continues as expected. 

Here, the percentual charge capacity in comparison to the 
average capacity of the first 5 C/5 cycles is shown as a 
function of the cycle index. In the diagram, only the CCCV-
phase is displayed. The first 44 cycles display the C-rate 
analysis shown in Fig. 7. With increasing cycling numbers an 
increasing degradation of the batteries can be observed. In the 
control cycles, the batteries reached slightly less than 80% of 
the average capacity of the first 5 C/5 cycles after more than 
480 cycles and thus the end-of-life was reached. The 
electrochemical data from the long-term analysis also show, 
as the C-rate analysis, a quite uniform electrochemical 
behavior. 

IV. CONCLUSION AND OUTLOOK 

The printing of cathodes and anodes was realized via the 
LIFT process. To print electrodes for a full-cell first the 
specific capacity of the active materials of the printed anode 
and printed cathode was determined. The specific capacity of 
the active materials was analyzed to ensure that the areal 
capacity of the electrodes matched and that the one of the 
anodes was higher than that of the cathodes. For this purpose, 
half-cells were assembled and characterized with a printed 
anode and a printed cathode against lithium. Then the capacity 
of the large field printings was calculated including the mass 
of the electrode, the composition of the electrode, the density 
of the specific materials, and the before-measured specific 
capacity of the active material. With this information, it was 
possible to adjust the areal capacity of the anode, regarding 
the one of the cathode, by adjusting the printed voxel density, 
in contrast to previous work where the capacity was adjusted 
by the printing of multilayer [13]. With the customized 
anodes, full-cells with an anode size of 30x30 mm2 and a 
cathode size of 26x26 mm2 were assembled as a pouch cell 
design. The cells reached a specific capacity of up to 
151 mAh/g at the last cycle of the electrochemical priming. In 
addition, the cells showed a high capacity retention of up to 
98 % after the C-rate analysis. In the subsequent long-term 
test, they were able to run through more than 400 cycles at C/2 
before the capacity in the C/5 control cycles was only 80 % of 
the original capacity. This makes it possible to print 
individually designed electrodes with a customized areal 
capacity using the LIFT process. 

In the following, the correlation between printed voxel 
density and areal capacity must be investigated further. In 
addition, the electrodes must be further developed in the 
direction of the state-of-the-art volume density including the 
calendering process and areal capacity. In addition, the 
cathode ink can be further developed concerning a non-toxic, 
printable binder-solvent system, which is already under 
development for conventional cathode coatings [25, 26]. 
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