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Abstract In this work, flatbed screen printing is
evaluated regarding its capability to produce catalyst
layers of PEM fuel cells. In the field of printed
electronics, screen printing is regarded as robust and
high-throughput coating technology. The possibility of
in-plane structuring could be an additional degree of
freedom, enabling more complex designs of catalyst
layers in the future. In this study, process parameters
are varied to investigate their effect on resulting layer
thickness, homogeneity, and Pt-loading. With the
usage of different screens, the Pt-loading can be
adjusted. Additionally, two different pastes with and
without water content are investigated. The catalyst
paste without water showed a better process stability
during printing and performed best under dry condi-
tions (RH = 40%) and worst under wet conditions
(RH = 100%) during electrochemical in-situ testing.
Overall, the reproducibility of the CCM production
process was verified. The viscosity of the catalyst paste
with 19.55 wt% water in solvent was higher compared
to the paste without water. Furthermore, a carbon
paste (Pt-free) is developed in a similar viscosity range
as the catalyst pastes. The main challenge of screen
printing process development lies in the paste opti-
mization to prevent evaporation effects over time,
ensuring sufficient wetting of the paste on the substrate
and sufficient fuel cell performance.

Keywords Catalyst layer, Fuel cell, Screen printing,
Catalyst ink, Solvent evaporation

Introduction

Today’s fuel cell catalyst production research ad-
dresses the challenges of upscaling and optimizing
various fabrication processes, in order to increase
throughput rates while maintaining quality demands.1,2

Different routes of fabrication are possible: The
catalyst paste can be applied directly onto the mem-
brane3,4 or gas diffusion layer5,6 or indirectly by using
the decal transfer method.7,8 In general, the catalyst
suspensions consist of platinum on carbon powder,
ionomer dispersion and a mixture of solvents. Depend-
ing on the preferred coating technology the solid
content of the suspension can vary. After coating, the
wet layers are dried and later transferred, which can be
seen in Fig. 1. Often catalyst layers are produced by
spray coating,6,9,10 electrospinning,11–13 inkjet print-
ing14,15 or blade coating.15–17 However, the transfor-
mation from laboratory to industrial scale requires the
evaluation of high-throughput coating technologies.
Besides slot die coating, gravure or flexographic
printing, the screen printing process has demonstrated
a very good reliability, homogeneity of the printed
layers and suitability for high throughput, coming from
fields like printed electronics and graphic printing7.

The screen printing process can be divided in two
steps. During the first step (‘‘flooding’’), the paste is
spread over the screen filling the mesh. Secondly
(‘‘printing’’), the printing squeegee pushes the screen
down, so that it slightly touches the substrate. The
movement of the squeegee pushes the paste through
the screen where it is separated dependent on the snap-
off distance and squeegee speed.18,19

The filament breakup underneath the screen has
been studied in-depth by Potts et al.18 This effect is not
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only dependent on the process parameters, but also on
the surface energies of the paste, substrate, screen and
many more as can be seen in Fig. 2. For example,
higher squeegee speeds result in higher deposition
weights, which is additionally dependent on paste
viscosity. Lower viscosity pastes could be printed with
higher squeegee speeds. However, Riemer20 states that
exceeding a defined squeegee speed negatively affects
printing results.

In this study, flatbed screen printing is applied by
using a semi-automatic screen printer, which enables
process control, sufficiently high layer thicknesses and
the potential of high throughput. In contrast to slot-die

coating, screen printing enables the manufacturing of
in-plane structures of catalyst layers. In this work,
printing process parameters are varied to investigate
their effect on the printed layers. Therefore, a less
expensive platinum-free paste (carbon paste) with
similar viscosity like the catalyst suspensions is pro-
duced. Finally, the influence of water content in
catalyst suspensions is investigated regarding the
screen printing process stability and electrochemical
in-situ performance of the fuel cells.

Experimental methods and materials

Catalyst suspension

To produce the platinum-free carbon paste, Vulcan
XC72R carbon black powder (Cabot Corp.), ionomer
dispersion (Aquivion D79-25BS, 25 wt% in water) and
a mixture of (5:6) PGME (propylene glycol methyl
ether) and EG (ethylene glycol) is homogenized by
magnetic stirring and rotation of a dual axisymmetric
centrifuge (SpeedMixer, Hauschild GmbH & Co. KG).
The water content of the ionomer dispersion has been
evaporated prior to adding the carbon powder,24 which
resulted in a paste solid content of 18 wt% with an
ionomer-to-carbon ratio of 0.7.8

The functional catalyst suspensions (with platinum)
have been made of Umicore Elyst Pt50 0550 powder
(50 wt% Pt on HSC) for cathode side and Umicore
Elyst Pt20 0390 powder (20 wt% Pt on LSC) for anode
side. The ionomer type, including I/C ratio, and
solvents are kept the same as mentioned above.
Additionally, two different cathode water contents
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Fig. 1: Process route of fabricating catalyst layers by
screen printing at Fraunhofer ISE
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have been prepared: 0 wt% and 19.55 wt% water
within the liquid part. Table 1 summarizes the specifics
of each suspension.

Rheological characterization

A rotational rheometer with Twin Drive� technique
(MCR702 Twin Drive, Anton Paar) has been used with
simultaneous rotation of upper and lower plate. The
parallel plates with diameter of 50 mm and a gap
height of 200 lm are rotated in opposite directions at a
constant temperature of 20�C and have a roughened
surface to reduce wall slip phenomena at low shear
rates.19,25,26 The pastes rested for 10 min before mea-
surement. During the rotational measurement, the
shear rate is logarithmically increased from _c = 0.1 –
3000 s�1 to measure the apparent viscosity g.19,26 The
static yield stress sy is determined by a logarithmic
increase of shear stress during rotation from s = 0.1 –
1000 Pa. Additionally, oscillatory measurements are
conducted to investigate the dynamic yield stress by
varying the strain amplitude between c = 0.01–1000%
at a constant angular frequency of x = 10 rad/s. Each
rheological measurement is repeated three times.

Flatbed screen printing process

All coatings are conducted with a semiautomatic
flatbed screen printer (EKRA XH STS, ASYS Group)
and screens bought from KOENEN GmbH. Different
process parameters like type of mesh, printing squee-
gee velocity and squeegee pressure are varied system-
atically. The detailed ranges and combinations are
shown in Fig. 3. Within this variation, a constant
amount of the carbon paste (7.43 ± 0.13 g) is applied
on the respective screen. Afterwards, as many layers as
possible are printed, in which four coatings are printed
simultaneously with a screen aperture of ACL ¼ 20 cm2

each (Fig. 1). The following parameters have been
kept constant: snap-off distance a ¼ 1.8 mm, separa-
tion distance as ¼ 2 mm, separation speed vs ¼ 2 mm/
s, flooding speed vf ¼ 80 mm/s and printing squeegee
angle a = 55�. The squeegee area touching the screen

could be estimated as Asq ¼ 1 9 180 mm. Therefore,
the squeegee force of 50 , 75 and 100 N can be
transformed to pressure.

Three different screens are fabricated with stainless
steel meshes, which thicknesses t are twice the wire
diameter d, as can be seen from manufacturer infor-
mation in Table 2 and illustrated in Fig. 4. In case of
often used calendered meshes, the thickness would be
less than twice the wire diameter. The commonly
described mesh parameters refer to mesh count, wire
diameter d and screen angle u, as in ‘‘400/18/22.5’’
(MC / d /u). The screen tension rmax depends on the
properties of the wire material (usually stainless steel)
and geometry of the mesh.23,27

To calculate the theoretical volume of printed paste,
some considerations within the cross-sectional geome-
try of the mesh must be made. The mesh can be
divided in open parts, which will be filled by paste and
closed parts of the wires. Therefore, the diagonal wire
length within one mesh unit l, is calculated by
equation (1).28

l ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

MC

� �2

þ t

2

� �2

s

ð1Þ

Horvath et al.28 calculated the theoretical volume
fraction of the wire within the mesh before calender-
ing. In this study, we extend his equations to account
for a possible reduced mesh thickness after calender-
ing. The theoretical paste volume Vth;wet results from
the subtraction of the wire volume Vwire from one
entire mesh unit VMU with the mesh thickness t. By
multiplying with the mesh count MC, the resulting
volume is normalized to the printed area, which equals
the screen opening ACL.

Vth;wet ¼ VMU � 2Vwireð ÞMC2

¼ t � p
d2

2
l �MC2ðmm3=cm2Þ ð2Þ

However, the theoretical volume is an ideal geo-
metrical value. The real deposited volume can differ
due to adhesion-forces of the paste and the wires

Table 1: Characteristic properties of different suspensions prepared and printed in this study

Suspension name Pt on carbon
(wt%)

I/C
(–)

Solid content
(wt%)

Water in solvent content
(wt%)

Carbon-to-solvent ratio
(–)

Carbon paste 0 0.70 17.91 0 0.128
Cathode paste without

water
47.03 0.71 19.33 0 0.092

Cathode paste with water 47.03 0.70 19.37 19.55 0.093
Anode paste 19.46 0.71 25.02 17.20 0.172

The Pt/C ratio is taken from catalyst manufacturer information. All other values are measured during paste production by
weighing.
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within the screen. Additionally, many other process
parameters (see Fig. 2) could lead to a significant
change in mass transfer. If the paste composition is
known (solid content vsolid and paste density qwet) and
the printed layers are weighed mCL;dry after drying, the
real applied volume of paste Vreal;wet can be estimated.
This value is only valid if one does not consider any
evaporation of solvents during the printing process.

Vreal;wet ¼
mCL;dry

vsolidqwetACL
ðmm3=cm2Þ ð3Þ

The second relevant mesh parameter might be the
specific wire surface of each mesh type Asurf;wire. It can
be calculated with equation (4).

Asurf;wire ¼ ptlMC2ðmm2=cm2Þ ð4Þ

If it was printed with functional catalyst paste, the
Pt-loading xPt can be recalculated by weighing the
catalyst layer mCL;dry, knowing the printed area ACL

and the platinum to solid content of the paste recipe
vPt=solid, according to equation (5):

xPt ¼
mCL;dry

ACL
vPt=solid ð5Þ

Layer thickness measurement (SEM)

Each 9th print contains one silicon wafer as substrate.
Due to their excellent cracking behavior and electrical
conductivity, SEM cross sections are taken at four
different points per substrate, resulting in eight pic-
tures per process variation. An image processing tool
has been developed to extract corresponding height
data for each vertical pixel column of each SEM image
to calculate the average layer thickness and its devi-
ation.

Group 1: Mesh variation Group 2: Printing speed variation Group 3: Pressure variation
Carbon paste dispersing and homogenizing

Thickness measurement by SEM
Weighing of each (dry) layer

Drying at 110°C, 15 min
230/30 mesh

p = 278 kPa p = 417 kPa p = 556 kPa

Printing speed: v =100 mm/s230/30 mesh
v = 100 v = 200 v = 300

mm/smm/smm/smm/s
v = 50

v = 100 mm/s

400/18

Squeegee pressure p = 417 kPa

Squeegee pressure p = 417 kPa

mesh
230/30
mesh

280/25
mesh

Fig. 3: Design of experiment with variation of the process parameters mesh type, squeegee pressure and velocity for
carbon paste (Pt-free)

t

d

l

V

d + d0

th,wet

Fig. 4: Schematic representation of mesh cross
section. The dashed line shows the mesh before
calendering, solid line after calendering

Table 2: Manufacturer information about specific properties of the different screens used in this study

Screen
type

Mesh
thickness t

(lm)

Mesh count
MC (1/inch)

Wire
diameter d

(lm)

Specific theoretical wet volume
V th;wet (mm3/cm2)

Specific wire surface of mesh
Asurf ;wire (mm2/cm2)

400/18/
22,5

36 400 18 2.8 185.1

280/25/
22,5

50 280 25 3.9 179.6

230/30/
22,5

60 230 30 4.7 176.9

Carbon paste density has been measured as qwet= 1.082 � 0.025 g/cm3. V th;wet and Asurf ;wire are calculated with
equations (2) and (4).
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MEA fabrication and electrochemical in-situ
testing

At the end, functional catalyst pastes for anode and
cathode (Table 1) were printed to verify the platinum-
loading range at the anode and cathode side and
investigate the effect of water as the solvent on the
screen printing process. Two different screens have
been used for coating the anode catalyst layers to
analyze the impact on Pt-loading and hence fuel cell
performance (Fig. 5).

Finally, the produced catalyst layers are transferred
onto themembrane (GoreM735.18, 18 lmthickness) by
hot-pressing at 180�C and 5 MPa pressure for 15 min
(active area of 12 cm2) and tested electrochemically to
verify the fabrication route and their reproducibility.
Due to higher thermal stability and increased glass
transition temperature of Aquivion (short side chain
ionomer), the hot-pressing temperature is higher than
for Nafion.8,29,30 Commercial gas diffusion layers
Freudenberg H23C9 are used on both electrodes. For
the in-situ performance characterization, UI-curves
were measured under H2/air conditions at 80�C with a
Baltic FuelCells liquid cooling quickConnect�high amp
test cell.8 During the measurements a constant cell
compression of 1.35 MPa and a volumetric flow rate of
2.0 slpm hydrogen at the anode and 5.0 slpm air at the
cathode is applied. The polarization curves are taken in
potentiostatic steps from open circuit voltage to 0.2 V at
100% RH and 2.0 bara gas pressure, and under dry
conditions at 40% RH and 1.5 bara gas pressure. Each
operating point is conditioned until a stationary cell
current has been reached.

Results and discussion

Rheological characterization

The microstructure of catalyst pastes strongly influ-
ences the microstructure of the dry catalyst layer such
as ionomer distribution, pore network or Pt/C agglom-
erate distributions and therefore effects the electro-

chemical performance of the fuel cell. These
microstructure properties and changes are visible
during rheological measurements of the catalyst paste.
However, often different mechanisms and effects
overlap and work concurrently.

The shear-thinning behavior of carbon pastes is well
known in the literature 17,31–35 and is advantageous
during screen printing.36 Increasing the shear rate,
breaks up the microstructural cluster of the suspension,
hence the dynamic viscosity decreases. Figure 6 shows
the strong shear-thinning behavior within the power-law
region, whereas at higher shear rates the infinity shear
viscosity will be reached eventually. During the printing
process, the apparent shear rate [equation (6)] can be
estimated as the ratio of process speed (squeegee
velocity) v andmesh opening d0, which can be calculated
from mesh count and wire diameter.27,37

_c � v

d0
ð6Þ

Drying at 110°C, 30 min

Hot Pressing at 180°C, 15 min

400/18 mesh230/30 mesh

Group 1: Cathode with water Group 2: Cathode without water Group 3: Anode

Anode pasteCathode paste with water Cathode paste without water

Screen Printing: v = 300 mm/s, squeegee pressure p = 417 kPa

Electrochemical in-situ characterization

Weighing and determining Pt-loading

Fig. 5: Design of experiment to fabricate functional CCMs. Variation of water content on cathode side and layer weight on
anode side by different meshes
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Fig. 6: Dynamic viscosity curves with increasing shear rate
for different pastes (carbon and cathode pastes), showing
strong shear thinning behavior
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Therefore, assuming a squeegee velocity of 300 mm/
s and 400/18 mesh, the maximum apparent shear rate
within this study would be estimated as _c � 6593 s�1.
The minimum appearing process shear rate would be
_c � 622 s�1

. However, high shear rates cannot be
measured easily due to spillage and edge fracture
issues at the gap of the parallel plates.38–42 One
possible solution could be the physical modeling of
the flow behavior which could expand the considered
shear rate ranges.43 Particularly in the high shear rate
regions, the viscosity approaches the constant infinity
shear viscosity.

As can be seen in Fig. 6, the less expensive carbon
paste fits quite well to the cathode catalyst pastes in the
mid-shear rate region. Usually, the lower carbon
surface area and the absence of Pt particles would
exhibit a lower viscosity,33 but because of the higher
volume fraction of Vulcan XC72R carbon (see C/S,
Carbon-to-Solvent ratio in Table 1) within the paste,
the viscosity is increased to reach similar viscosity
regions compared to the cathode catalyst paste. Nev-
ertheless, the infinity shear viscosity indicates that
there might be differences between the pastes during
printing due to the increased carbon content.

High water content leads to smaller agglomerates of
the Pt/C, hence more porosity, which improves O2-
transport44 and might lead to an increase in viscosity.
Moreover, the ionomer interaction / adsorption at the
Pt/C surface increases for higher water contents. On
the other hand, if the water content is too low, larger,
free ionomer aggregates are forming without interact-
ing with the Pt/C-surface.45

Therefore, the higher viscosity of the catalyst paste
with water could be due to the stronger interactions/
adsorption of ionomer to the Pt/C particles, hence
creating a stronger resistance against the shear forces.
An additional effect could be the higher surface

tension of water, which tends to pin at the edges of
the parallel plate system and therefore causes addi-
tional adhesion forces, which might influence the low
shear rate region.

The transition from solid to fluid, the so-called yield
stress sy, is an important property of pastes for screen
printing applications. Already during flooding, the
mesh openings are filled with paste only if the yield
stress of the paste is locally exceeded.36 However, if the
yield stress is too low, the paste would drip through the
openings (if the surface tension is low), which would
destabilize the printing process.46

Compared to other applications of, e.g., pastes with
zinc oxide particles (sy ¼ 92–928 Pa)36 or silver metal
pastes (sy ¼ 1045–1237 Pa),19 the yield stress of the
carbon paste used in this study is comparably low with
sy � 9 Pa (see Figs. 7, 8) due to the different materials
(carbon aggregates, ionomer) compared to, e.g., silver
particle mass fraction of 90 ± 5%19 within the paste.

Flatbed screen printing with carbon suspension

During the screen printing process, four areas are
printed within one process step, which is illustrated in
Fig. 9. The resulting specific layer weights can be
divided in different sections that occur while printing.
At first, the dry screen needs to be wetted with paste,
leading to a stabilization of the process during the first,
e.g., three prints (here defined as section A). These
layers are not considered for further investigation. In
section B, a stable process is running over several
printing steps. Even small changes in the layer weight
could later lead to differences in the platinum loading,
which has direct influence on the electrochemical
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performance. Therefore, a minimum deviation of
cathode Pt-loading is defined DxPt= 0.01 mg/cm2. In
terms of the carbon (Pt-free) paste, the layer weight
deviation can be transferred by the usual platinum
amount within the dry catalyst layer, which gives a
maximum allowable layer weight deviation of Dmdry ¼
0.022 mg/cm2. This maximum deviation only applies to
cathode layer considerations, because anode deviations
could be within a wider range, which will verified in the
section of electrochemical testing below.

Eventually, the carbon paste is consumed and the
ratio between paste volume and paste surface exposed
to air surpasses a critical value. During section C, the
remaining amount of paste continuously loses its
solvent mass, due to the low boiling point (120�C)
and high vapor pressure (11.5 hPa) of PGME, until the
volume of paste on the screen is too low for a complete
flooding of the opening areas, hence the first inhomo-
geneous structures and incomplete printing images
occur (D). Furthermore, the printed areas of CL (2)
(red circles) and CL (4) (green triangles) show a
slightly higher specific weight over all sections. These
phenomena could be explained by the direction of
flooding and printing. The amount of paste in front of
the flooding bar is larger at the beginning, filling the
mesh with a higher paste volume. This effect might be
small and therefore negligible if the overall amount of
paste on the screen is not critically low. This can be
confirmed by the increase of differences between CL
(2,4) and CL (1,3) in section (D).

Within the next graphs in Fig. 10, all four simulta-
neously printed layers are shown as mean with stan-
dard deviations. A high standard deviation at the end
of the process indicates the complete consumption of
the paste and therefore the end of the process. In
Fig. 10, the layer weights, corresponding to the process
parameter variation of Fig. 3, indicate that the

squeegee pressure and velocity have only a minor
effect on the printed mass itself. Increasing the
squeegee force on the mesh results in a lower paste
deposition because the angle between mesh and
substrate is reduced, hence the separation of paste
from the mesh happens with less shearing forces.20

However, the variation of the meshes result in
defined changes of the layer weight. Coarse meshes
(e.g. 230/30) transfer more paste volume due to the
higher mesh thickness and hence higher theoretical
volume Vth;wet equation (2). The reached number of
prints shows that with finer mesh (400/18), less paste
volume is applied and therefore the initial volume of
paste on the screen lasts longer.

In group 2 the squeegee velocity of 100 mm/s shows
the lowest specific layer weight. Potts et al.18 investi-
gated the paste separation process at different squee-
gee speeds with a high-speed camera. Directly behind
the squeegee (contact point of screen and substrate),
the paste sticks to the screen and the substrate
simultaneously, which is called ‘‘adhesion zone’’. After
that the paste separates as filaments as the mesh moves
away from the substrate, which is called ‘‘flow to
separation’’. The length of each zone can depend on
the printing process parameters. Particularly for low
squeegee velocities the zone of flow separation
increases in length, hence more filaments are formed
at lower speeds. An increase or decrease of printed
layer weight is dependent on the rheology of each
individual paste. Too low squeegee speeds could lead
to a general failure of the printing process with
extremely inhomogeneous wet layer thickness and
therefore an overall higher layer weight, which could
be the case for the 50 mm/s in this study. At 100 mm/s
the printed paste mass is lower compared to 300 mm/s
which is consistent with the publication of Riemer.20

By increasing the printing speed, the hydrostatic
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pressure within the paste is increased, resulting in
higher deposited layer mass.

The measured layer thicknesses from several SEM
images are shown in Fig. 11. With increasing velocity,
the standard deviation decreases, which reveals a
‘‘homogenization’’ of the coated surface. Figure 12
shows SEM images of the printed layer surface
manufactured at different velocities (Group 2). At
50 mm/s slightly more agglomerates and inhomo-
geneities in thickness (brighter spots) are visible. At
higher process shear rates _c larger agglomerates could
break-up within the carbon paste. Additionally, the
layer thickness may vary due to instabilities of the
printing process. It indicates that further effort should
be done to improve the paste dispersion methods prior
to the coating process. Nevertheless, more homoge-
neous layers at higher process speeds could be bene-
ficial for high throughput production.

The error bars of the real paste volume Vreal;wet in
Fig. 13 are calculated from the measurement errors of
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Fig. 10: Top right: variation of printing squeegee velocity, top left: variation of meshes, bottom left: variation of printing
squeegee pressure and their impact on the specific layer weight. In each printing step, four catalyst layers have been
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the layer mass and their deviations in printing section
(B), the deviation of the paste density measurement
and an estimated error of ± 5 wt% for the paste solid
content due to inevitable evaporation.

To compare mesh types with the measured thickness
and specific layer weight, the theoretical volume from
Table 2 is used. Figure 13 shows that the calculated
theoretical paste volume correlates with the dry layer
thickness, which is illustrated in the SEM images of
Fig. 14 as well.

However, when comparing the calculated mesh
volume Vth;wet to the real paste volume Vreal;wet (red
points), the slope verifies the correlation and runs
almost parallel to an ideal guide of the eye, which
means that the mesh geometry influences the deposited
amount of paste. Nevertheless, large amount of paste
(60–62%) is not transferred and rather sticking within
the wire mesh. In general, the paste separation process
is an interplay between the adhesion of the paste on
the wire surface, its viscosity and inner forces (cohe-
sion) as well as the adhesion to the substrate. In this
case, the substrate is a PTFE-covered glass fiber fabric
(decal foil) with very low surface energy of 18–20 mN/
m and almost no polar part.48 However, later in the
fabrication process the dry catalyst layer must be
separated from the decal foil to the membrane.
Therefore, redesigning the surface energy of the
substrate, should be done by considering the hot-
pressing process. Another way of adhesion optimiza-
tion could be the choice of solvents within the paste
recipe, which might also influence the rheology of the
paste. Pastes with lower viscosity and lower yield stress
during snap-off might be beneficial for the separation
from the wires. On the other hand, lower viscosity
often means lower solid content of the paste and
therefore a smaller dry layer mass. According to
Riemer20 all parameters that increase the pressure of
the paste right in front of the squeegee would lead to a
higher paste deposition. Therefore, e.g. the squeegee
angle could be decreased.

Additionally, the remaining paste volume in the
meshes is slightly different for the meshes. Since all
other printing parameters have been kept constant, this

(a) v=50 mm/s (b) v=100 mm/s (c) v=300 mm/s

1 mm 1 mm 1 mm

Fig. 12: SEM images of the printed layers manufactured at different squeegee velocities: (a) 50 mm/s, (b) 100 mm/s, (c)
300 mm/s on a silicon substrate (Group 2 samples)
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Fig. 14: SEM images of the dry layer cross section by
varying the mesh type
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difference could result from two factors: the surface
area of the wires per cm2 and the lower pretension of a
screen rmax. The specific surface area Asurf;wire is
calculated for each mesh according to equation (4)
and shown in Table 3. As can be seen, the surface area
of the 400/18 mesh is slightly higher and the screen
tension lower compared to the other meshes, therefore
more paste sticks to its wires.

Usually, meshes with low wire diameters and com-
parably low mesh counts are more fragile and sensitive
to the applied stress.27 Therefore, screen manufactur-
ers decrease the pretension in compromise with a
longer lifetime of the screen or they change the
material from stainless steel to, e.g. tungsten alloys.27,49

Within this study the wires are made from stainless
steel for each mesh, hence the pretension of the 400/18
mesh is lower.

Another phenomenon seen during snap-off is the
sticking of the mesh behind the squeegee.20 When the
squeegee moves over the screen, the paste is in contact
with the substrate right underneath. The pretension of
the screen acts as a force, pulling the screen up to its
original position. Nevertheless, a counterforce, which is
the drag of the paste that is already in contact with the
substrate, could hold the screen down for a certain
length behind the squeegee. This length is called the
cling zone.20 This phenomenon leads to an uncon-
trolled abrupt jump of the screen at which the paste
laydown on the substrate could be very low. Addition-
ally, the time delay of the snap-off after the cling zone
equals a ‘‘resting time’’ for the paste, which could
cause an increase in viscosity and therefore less
transferred paste. To avoid a possible cling zone, the
snap-off distance should be increased when printing
with the 400/18 mesh.

Until this point, only small amounts of paste have
been applied on the screen, due to high material costs
of Pt/C and ionomer dispersion. However, to proof
scalability of the screen printing process, Fig. 15 shows
the layer weight for an initial 39.5 g of paste on the
screen. For this, 152 layers have been successfully
printed and more would have been possible. The
solvent evaporation at this scale is not visible, never-
theless existent. Evaporation might remain a problem
in industrial production, when ‘‘old’’ paste on the
screen is mixed with ‘‘fresh’’ paste to keep the process
running.

Flatbed screen printing with catalyst suspension

The Pt-loading has been calculated according to
equation (5). The Pt-loading of the catalyst layer
increases by choosing coarser meshes, as can be seen
in Fig. 16 for both anode pastes. Again, the highest
number of prints has been reached with the finest mesh
of 400/18, because it results in the lowest layer weight
per print.

The cathode paste without water yields at higher Pt-
loadings, which might be due to the reduction of the
polar part of the surface tension. Since the PTFE
substrate has almost no polar bonding part of its
surface energy, the wetting behavior of the water-free
paste is increased. Therefore, from a process optimiza-
tion perspective, adjusting the polar and dispersive
energy of the pastes through the choice of the solvent
mixture, the filament breakup will be affected, chang-
ing the deposited layer weight.

The water evaporation can be slightly seen for the
cathode CL with water by the increase of Pt-loading.
For future experiments it is crucial to select solvents
with higher boiling points to enhance the process

Table 3: Comparison of different meshes for the remaining paste within the mesh and the specific surface area
Asurf ;wire

Mesh
type

Remaining paste within the mesh ðV th;wet �
Vreal ;wet Þ=V th;wet (-)

Specific surface area of wire mesh
Asurf ;wire(mm2/cm2)

Screen tension
rmax (N/cm)

230/30 0.6009 176.9 31
280/25 0.6133 179.6 29
400/18 0.6185 185.1 18

The values of screen pretension have been given by the manufacturer.
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Fig. 15: Increase of the amount of paste on the screen. All
other parameters have been kept constant. The printing
process of the 39.5 g paste has been stopped by the
operator after 38 prints. More prints would have been
possible
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stability and reproducibility. This must be done care-
fully because changing paste recipes will always affect
the fuel cell performance while drying temperatures
might be limited as well.

Electrochemical characterization

Four CCMs have been tested electrochemically. Two
CCMs were made with water on the cathode side and
two CCMs without water (within the ink dispersion).
The production process of CCMs (catalyst coated
membranes) and their performance show a high
reproducibility. Two similar CCMs each have been
chosen to investigate the deviations during production.
Both CCMs made without water have an anode Pt-
loading of 0.055 mg/cm2 and show very good repro-
ducibility. One of the CCMs with water is combined
with an anode Pt-loading of 0.12 mg/cm2 to see if
rather large changes of the Pt-loading on the anode

side (here DxPt= 0.065 mg/cm2) would influence the
performance of the cell. Due to Fig. 16, the change in
anode Pt-loading is neglectable, which allows for a
larger deviation of layer weight during the coating
process at least for anode catalyst layers. The electro-
chemical surface area (ECSA) of the CCMs has been
measured as: 65.11 � 0.62 cm2/cm2 (CCMs with water)
and 64.34 � 2.07 cm2/cm2 (CCMs without water),
which is in agreement with our previous study.8

As can be seen in Fig. 16, the performance of the
catalyst layers produced with and without water differs
significantly, depending on the relative humidity during
electrochemical testing. At RH = 100% the CCMs
with water show higher current densities mainly in the
diffusion region. Recent studies of van Cleve et al.44,45

claim that there might be an optimum water content
within the catalyst paste. At lower water content, the
ionomer particles tend to agglomerate with low inter-
action of ionomer to the Pt/C particle surface, hence
the adsorbed ionomer film might be too thin or in some
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Fig. 16: Left: Platinum loadings with anode and two cathode catalyst pastes: with (15.8 wt%) water and without water.
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Fig. 17: After second printing step with carbon paste of 100% water content within the liquid part, left: partially printed on
PTFE decal foils; right: screen openings with partially filled mesh units of the same paste
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parts not even attached to the catalyst. Therefore, the
addition of slightly more water could already enhance
the interaction of ionomer and Pt/C. The direct
influence of the relative humidity during in-situ testing
has not yet been investigated systematically. There-
fore, the optimum water content might shift in depen-
dence of the electrochemical testing conditions.

However, from a coating process perspective, higher
water contents will not only lead to evaporation issues,
but also to wetting problems on the decal foil, which
can be seen in Fig. 17. Due to the high contact angle of
water on PTFE substrates, the adhesion on the PTFE
substrate is lower, hence a greater amount of paste
sticks within the mesh and is not separated properly.
Additionally, the high surface tension might be the
reason why the paste is not spread over the screen
during flooding in the first place. In general, screen
printing technology is strongly influenced by the
interactions of adhesion and cohesion forces from
mesh to paste, paste itself and paste to substrate.

Therefore, changing the paste recipe for the purpose
of process optimization must be carried out taking into
consideration its effect on the fuel cell performance.

Another possible solution might be the integration
of a dispensing unit in front of the squeegee. Hence,
further experiments considering different solvents are
currently being conducted and will follow within the
scope of this study.

Conclusions

Screen printing process parameters like printing veloc-
ity, squeegee pressure and different meshes have been
varied to evaluate their impact on the specific layer
weight and thickness of catalyst layers for PEM fuel
cells. It was shown that the adjustment of the Pt-
loading should be done by changing the mesh, whereas
the increase of the printing speed results in a more
homogeneous coating thickness. Both results were
verified by SEM images. The calculation of the
theoretical paste volume within the mesh has been
extended to account for the calendared mesh thickness.
Nevertheless, 60–62% of the paste stick to the mesh
during the filament separation. Therefore, further
optimization of the snap-off process is necessary.

Two different catalyst pastes with and without water
have been printed and electrochemically tested, as well
as analyzed by viscosity measurements. Catalyst pastes
without water content show a decrease in dynamic
viscosity and applied Pt-loading as well as performed
best at dry conditions (+ 66 mW/cm2 ± 32mW/cm2 at
0.6 V), compared to fabrication of catalyst layers with
water. However, at wet conditions the catalyst layers
without water showed a lower power density in the
diffusion region (� 48 mW/cm2 ± 12 mW/cm2 at
0.4 V).

Additionally, it has been shown that scaling the
fabrication of catalyst layers with constant process

parameters is highly reproducible and exhibits very
good overall performance. The main challenge for the
screen printing technology is the dependence of pro-
cess stability on the evaporation of the solvents during
the printing process, which causes an increase in
Platinum-loading over time. Further studies are cur-
rently being conducted to examine air-stable solvents
and their effect on fuel cell performance to enable the
industrial fabrication of catalyst layers by flatbed or
rotary screen printing, flexographic or gravure printing.
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