Colloids and Surfaces A: Physicochemical and Engineering Aspects 728 (2026) 138807

Contents lists available at ScienceDirect

Colloids and Surfaces A: Physicochemical and
Engineering Aspects

g5 )
ELSEVIER journal homepage: www.elsevier.com/locate/colsurfa

Check for

In-situ investigation of crack formation during drying of catalyst layers for &=
polymer electrolyte membrane (PEM) fuel cells and electrolyzer

Nadine Zimmerer ©, Philipp Quarz, Linus Janning, Philip Scharfer ®, Wilhelm Schabel

Thin Film Technology (TFT), Karlsruhe Institute of Technology (KIT), Strafie am Forum 7, Karlsruhe D-76131, Germany

GRAPHICAL ABSTRACT

The study investigates crack formation in-situ during the drying of catalyst layers for PEM fuel cells and electrolyzers using different camera systems. The
rise in film temperature during drying is identified as the critical point for crack initiation. Theoretical considerations on selective drying complement
the experimental findings on the drying and cracking behavior of different ink formulations.
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Keywords: The formation of cracks in catalyst layers for polymer electrolyte membrane fuel cells (PEMFC) and electrolyzers
Cracking (PEMWE) is influenced by various parameters. The impact of these cracks on the device performance remains to
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be understood. Solvent mixtures used in ink production and the processing of catalyst-coated membranes (CCM),
particularly in the drying step, can affect the development of cracks in the catalyst layers. This study presents a
novel in-situ investigation of crack formation during an industrially relevant and scalable drying process for
catalyst layers. In this regard, locally resolved film temperature and optical crack analysis were conducted
simultaneously and in-situ during drying. Cracking is detected when the film consolidates, indicated by a tem-
perature increase and the change in optical layer appearance. Different crack patterns for catalyst inks depending
on the initial solvent composition are found and analyzed. Higher 1-propanol content in catalyst inks exhibits
faster drying behavior under identical convective drying conditions and more pronounced crack formation,
indicated by higher total crack area and larger crack morphologies.
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1. Introduction

The formation of cracks is a phenomenon observed across various
fields, ranging from the development of cracking in mud and ceramics
[1,2], to those found in paintings [3,4], in medical diagnostics [5], and
in thin functional layers used in energy applications [6-11].

The formation of cracks during the fabrication process, particularly
during the drying step, of catalyst-coated membranes (CCM) for polymer
electrolyte membrane fuel cells (PEMFC) and electrolyzers (PEMWE) is
a frequently observed phenomenon at both laboratory and industrial
scales. The CCM is functional with cracks [12], but performance and
especially durability are impaired in the case of larger defect areas [13].
In operation, due to uneven water distribution (including flooding) and
heat development, the mass transport of the reactants is inhibited and
catalyst utilization is reduced, which affects the overall performance of
the system and can lead to accelerated degradation of the membrane.
The effects of cracking can lead to the ultimate failure of the membrane
and thus to gas leakage [9,13-15]. According to Stoll et al. [13], smaller
uncoated, similar to cracked, areas (< 4 % of the total electrode surface)
have only a minor and therefore tolerable influence on the performance.
Initial investigations have also shown that guided cracks can have a
positive effect on mass transfer and thus the performance of the system
[16,17]. However, most studies agree that cracking of catalyst layers
should be avoided.

Nevertheless, the manufacturing conditions that lead to cracking
during the drying process are not yet fully understood. In this study, the
formation of cracks is investigated experimentally in-situ during catalyst
layer drying and coupled with the drying progress to expand the un-
derstanding of crack formation in catalyst layers.

1.1. Crack formation in catalyst layers

The formation of cracks in catalyst layers for PEMFC and PEMWE is a
known phenomenon that has so far mostly been described empirically.
Fractures occur when critical stresses in the system are exceeded. Cracks
usually form at the critical point in the drying process when the evap-
oration front (liquid-vapor interface) moves into the porous network
(after the end of film shrinkage) [9,18]. Once the evaporation front has
retracted into the system, capillary forces become predominant. Here,
the pores empty according to their size due to capillary forces, with
larger pores emptying at the expense of smaller ones [18,19]. These
inequalities lead to increasing tensile stresses in the pore system, which
can range from deformation of the pores to cracking in the macroscopic
range [18].

The causes of the critical stress peaks depend on a variety of factors.
According to the Griffith criterion, the critical stress depends on the
particle size, the particle volume fraction and the shear modulus of the
particles, besides the coordination number of the material, the layer
thickness and the solvents used [20]. A prediction of crack formation, e.
g. using the critical crack thickness (CCT) according to Singh and Tir-
iumkudulu [20,21] for stress- and stain-limited systems, is possible for
model material systems. However, catalyst inks, which are composed of
several components including carbon-based catalyst, ionomer, and
alcohol/water mixtures, are much more complex multicomponent
systems.

In addition, different effects during processing, such as the selectivity
of drying, must also be considered. The selectivity of the solvent evap-
oration describes the relative enrichment or depletion of one solvent in
the drying film. Depending on the initial solvent composition and the
drying parameters, such as temperature, air flow and water or alcohol
concentration in the drying air, the (initial) solvent composition of the
film is changing during the drying process [9,22]. Depending on both
the thermodynamics and gas kinetics during evaporation, there is a
certain (initial) composition of the catalyst ink, where no relative
enrichment or depletion of the evaporating components takes place in
the liquid phase during drying. This composition is called arheotropic
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composition for the given drying boundary conditions [22,23]. These
evaporation characteristics decisively influence the evolving solvent
composition within the layer during drying, thereby influencing particle
and ionomer (self) interactions as well as the properties of the ink [9,11,
24]. Additionally, the solvent composition affects the wet-bulb tem-
perature of the film during the initial drying phase [25].

In addition to the particle and material properties, which are
considered in the Griffith criterion, evaporation rate, catalyst-ionomer
interaction, unbound ionomer, defects such as agglomerates, bubbles,
pinholes and substrate-ink interactions (e.g. swelling) influence crack
formation in catalyst layers for PEMFC [4,11,14,26]. These parameters
are coupled with each other in many ways. For example, the drying
conditions influence the solvent composition in the catalyst film. The
solvent composition in the drying film in turn influences the (self)
interaction potential of the ionomer and the catalyst and thus the ion-
omer coverage of the catalyst [9,27,28]. Scheepers et al [9]. found in
their investigation about the drying behaviour of catalyst layers with
different (initial) ink compositions that a lower 1-propanol content and
thus a higher water content in catalyst layers leads to more pronounced
cracking even at smaller layer thicknesses.

When analysing the cracks, a distinction can be made between
different types of cracks. Depending on the stresses in the system, I-, U-,
V-, T- or Y-shaped cracks form. The I-shaped crack (linear) is the
simplest crack form, from which the other crack forms develop in suc-
cessive crack generations [10,29,30]. The stress and consequent crack
morphology within the layers are influenced by the previously described
properties of the solids, their interactions, and the process parameters.
With constant ink formulation and processing conditions, the layer
thickness emerges as a critical factor for the crack morphology [8,10].

Cracking in catalyst layers could be successfully reduced by adding a
high boiling point solvent such as ethylene glycol or propylene glycol
[11,31]. Another approach is the addition of additives such as carbon
nanotubes or polymeric additives to reduce cracking [8,29]. Neverthe-
less, depending on the ink components, the addition of additives may
not be suitable or may lead to undesirable effects during processing or
fuel cell operation.

2. Materials and experimental section
2.1. Ink preparation

Inks were prepared using Tanaka TEC10EASOE catalyst (Tanaka
Kikinzoku Kogyo K.K, Ja-pan) with a platinum loading of 47 wt%,
Nafion dispersion D2020 (Chemours, USA), and an alcohol/water sol-
vent mixture. The inks comprised of 1-propanol (Carl Roth GmbH & Co.
KG, Germany) and ultrapure water as solvents. In this study, two solvent
compositions in the inks are compared (see Table 1): firstly an ink
containing 53 wt% 1-propanol and 36 wt% water (P-Ink) and secondly
an ink with 18 wt% 1-propanol and 71 wt% water (W-Ink). The pure
solvent compositions of the P-Ink are 60:40 (in wt%) and W-Ink with
20:80 (in wt%) 1-propanol to wa-ter, respectively. Under the applied
drying conditions, the arheotropic composition of the sol-vent mixture
(excluding solid ink components) is xp oA = 63 Wt% (and > xp o of both
P- and W-Ink).

Table 1

Ink formulation of the two dried catalyst inks: P-Ink consists of a higher 1-prop-
anol content of xp o = 53 wt% and the W-Ink has a lower 1-propanol content of
Xpo = 18 wt%, but higher water content (xw o = 71 wt%).

Ink Mass ratio P-Ink W-Ink

%
component / Wi Ink Solvents Ink Solvents
Catalyst Xc,0 7 7
Tonomer X1,0 4 4
1-Propanol Xp,o 53 60 18 20
Water Xw,0 36 40 71 80
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In both inks, the 1-propanol concentration was below the arheo-
tropic concentration for the applied drying parameters, meaning a
relative depletion of 1-propanol in the film is expected during the drying
process [22,23]. The ionomer to carbon ratio (I/C) was 1.0. All com-
ponents were processed into a catalyst ink for 3 h at 1000 rpm using a
dissolver CN10 equipped with a ball mill unit APS 250 (VMA Getzmann
GmbH, Germany).

2.2. Coating and drying of the catalyst layer

The inks were coated onto a 50 pm thick PTFE substrate (High-
techflon, Germany) at a coating speed of 10 cm/s using a doctor blade
(ZUA2000, Zentner, Switzerland). The ink was then dried using a Comb
Nozzle Dryer with a honeycomb nozzle field (CN Drying Technology
GmbH, Germany). The convective drying air temperature was set to
Teonv = 72 °C and the heat transfer coefficient was a = 35 W m 2K L
The water pre-loading of the drying air was y,, .= 0.009 (also being:
relative humidity RH = 28.5 % at 25 °C or dew point 7 = 5.5 °C). By
periodically moving the drying nozzles, the drying was homogenized.

A PI 400i infrared (IR) camera (Optris, Germany) and a digital single
lens reflex (DSLR) camera (Nikon D5600 with lens Sigma Zoom
17-55 mm, Japan) were integrated into the drying setup. This enables
the in-situ monitoring of crack formation during drying by analyzing
greyscale image data. A defined 0.2 x 0.2 mm? region within the cata-
lyst layer was evaluated at specific drying times using the image pro-
cessing program ImageJ. Greyscale intensity, ranging from 0 (black) to
255 (white), was assessed by extracting minimum, maximum, and mean
values. Cracks were observed through the PTFE foil. With the used
illumination settings, cracks that reach to the substrate can be detected
(surface cracks are not visible). An increase in mean and maximum in-
tensity indicates crack formation, as cracks appear brighter under the
applied illumination conditions. Additionally, the IR camera was used to
analyze local temperature profiles across the film area during drying.
This innovative setup allows both, real-time observation of crack for-
mation and its correlation to the drying process in form of spatially
resolved film temperature distribution analysis. More detailed infor-
mation on the experimental setup can be found in Fig. 1.

The dried catalyst layers where characterized by measuring layer
thickness using the gauge ID-H0530 (Mitutoyo, Japan) and by micro-
scopic image stitching using a VHX-7000 microscope (Keyence, Japan)
with 100 x magnification and backlight illumination.

Convective drying
hood

Catalyst film X—,—__ 1ﬁ PTFE substratc

IR camcra l
—il

Fig. 1. Schematic illustration of the experimental setup for convective drying
of the catalyst film with integrated in-situ infrared temperature (IR camera) and
crack detection (DSLR camera).

DLSR camera

Colloids and Surfaces A: Physicochemical and Engineering Aspects 728 (2026) 138807

3. In-situ investigation of crack formation and drying of catalyst
films with different ink formulations

3.1. Interrelation of crack formation and drying of catalyst films

The integration of two cameras into the experimental setup for
defined catalyst layer drying allows for simultaneous and in-situ
observation of both, the drying process and crack formation with suffi-
cient spatial resolution over the entire catalyst layer area. This is
particularly important as cracks are local phenomena, often resulting
from local inhomogeneities in the energy input during drying, the sub-
strate or the ink. Correlating the drying progress with crack formation
offers valuable insights into potential underlying mechanisms of crack
initiation.

The drying and cracking behavior of the two ink formulations, which
differ in their initial solvent composition, are examined in this study.
The objective is to systematically analyze the process- and ink
formulation-related factors influencing crack formation through a
comparative analysis of the camera images at respective time intervals
during the drying process.

Fig. 2 shows the DSLR camera images of a forming catalyst layer of
the P-Ink (higher initial 1-propanol mass fraction of xpg = 53 wt%)
during the convective drying at an air temperature of Tcony = 72 °C with
a dew point of 7 = 5.5 °C (first row). The second row shows the tem-
perature distribution across the same area of the catalyst layer which
was simultaneously detected by the IR camera. Both, camera and IR
camera recordings are shown in 10-second intervals beginning at the
first color change—indicating a deviation from the initial wet-bulb
temperature within the film during the constant rate period of drying
process—observed in the infrared (IR) camera images. In the first row,
cracks are visible as bright spots in the applied illumination conditions.
The catalyst layer appears initially dark grey. The film temperature
(second row) over the entire surface of the catalyst layer is represented
by a color scale. The temperature scale in the IR camera pictures ranges
from 15 °C (blue) to 80 °C (white) and is determined using infrared
thermography.

Although the drying process was homogenized to a large extent by
periodically moving the drying nozzles across the catalyst layer, local
inhomogeneities persist throughout the film drying. Fig. 2 presents an
overview of the entire electrode during drying. As crack formation is a
highly localized phenomenon, specific regions of the layer are examined
in greater detail in subsequent analyses.

At the beginning of the drying process, the DSLR camera shows a
uniformly black catalyst film across the entire electrode area (O s).
Concurrent thermal analysis reveals also a spatially uniform tempera-
ture distribution across the surface, recording a wet bulb temperature of
25 °C (purple). The first local color change in both the DSLR and IR
camera images occurs after 26 s, appearing as a circular spot at the left
center of the catalyst layer. In the DSLR picture the color changes from
dark grey to a lighter grey, which is due to the transition from wet
catalyst ink to the dry catalyst layer. The IR image shows a temperature
increase of the same area from the wet bulb temperature at approx. 26
(purple) to 40 °C (red), indicated by the colour change from purple to
red. During the initial phase of the drying process (purple), the catalyst
layer remains at the wet-bulb temperature, resulting from the equilib-
rium between convective heat input and evaporative cooling. As drying
progresses, more dry areas occur across the electrode (colour changes
from black to grey in the DSLR and from purple to orange in the IR
images) until the entire electrode is fully dried. Interestingly, although
cracking is a localized phenomenon, the resulting cracks are uniformly
distributed throughout the dried catalyst layer. No indication of the
cracking onset is observable in the final electrode.

The progression of crack formation over time is investigated by
correlating the greyscale distribution of the catalyst layer with the
corresponding local film temperature (purple) at an exemplary position
in the catalyst layer during drying (Fig. 3). Since cracking is a local
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Fig. 2. In-situ DSLR camera recordings (first row) and IR temperature distributions (second row) at different drying times during drying (0 — 66 s) of a catalyst layer
produced from the P-Ink (with initial 1-propanol content of xp o = 53 wt%). Convective drying was applied with an air temperature of Teony = 72 °C, & = 35 W m 2
K~! and an air dew point of 5.5 °C. Cracks appear as bright spots in the DSLR camera pictures. The temperature recorded ranges from 15 °C (blue) to 80 °C (white).

Cracks and local film temperature changes are detected.

80

T T T T 250

| P-Ink

T
*  Film temperature
A Mean greyscale value
Maxmimum greyscale value
Minimum greycale value

-
(=]
1

[=)
(=]
1

T
2
¢ intensity / -

Film temperature / °C
wn
(=)

I
F100 Q
40 1 2
Al A
30 ¢ A A A >0
20 T T T T T T ()
0 10 20 30 40 50 60
Drying time / s

Fig. 3. Local temperature measurement (by IR thermography, purple) and
greyscale analysis (DSLR camera, grey) of an exemplary section (200 x 200
um?) of Fig. 2 during the convective drying of the catalyst layer produced from
P-Ink (xpo = 53 wt%). Greyscale intensity analysis involves evaluating the
minimum, maximum, and mean values within the greyscale distribution,
ranging from O (black) to 255 (white). A (sharp) increase in the mean and
maximum value indicates a higher number of brighter pixels (cracks). It is
observed that cracking coincides with the start of the temperature rise.

phenomenon, an analysis over a larger area than in this investigation
(200 %200 pum?) is not practical. Crack formation is identified using the
analysis of the greyscale intensity distribution (ranging from 0 (black) to
255 (white)) within the selected region. From this distribution, the
minimum, maximum, and mean greyscale values are extracted. An in-
crease in the proportion of bright pixels, which is caused by the presence
of cracks, results in a corresponding rise in the mean and maximum
greyscale values. The mean greyscale intensity is represented by data
points in the diagram, while the shaded area between the maximum and
minimum detected grey values illustrates the distribution range of grey
shades across the sample. The histograms representing the greyscale
intensity distribution for an exemplary film during the drying process
(W-Ink, Fig. 5) are provided for three representatives times in the sup-
porting information S1.

The film shows an initial temperature plateau at 25.4 °C. A rise in

temperature is observed starting 26 s after the start of drying. As drying
concludes, the catalyst layer temperature reaches 68.8 °C. The mean
greyscale values remain constant up to 26 s with small deviation
observable. After 26 s, the mean and maximum values begin to increase,
indicating crack formation, as a higher number of brighter pixels is
detected. At 30 s, a plateau is reached, suggesting that crack formation is
completed. Notably, the increase in bright pixel intensity coincides with
the increase in film temperature, indicating a correlation between the
drying progress and the start of crack formation. Cracks are detected as
the film temperature begins to rise from the wet-bulb temperature. This
observation suggests that cracks in catalyst layers typically form shortly
after the evaportion front retreats into the pore network and capillary
forces arise . This aligns with established models in the literature [19,
20]. As evaporation in the porous electrode progresses, film-side re-
sistances have an impeding influence on evaporation and the film tem-
perature increases.

In this ink and with the applied drying conditions, cracking appears
to be complete within only 4 s. This extremely short timescale would
necessitate precise control of process parameters to avoid cracking
solely from the process side, e.g., by decreasing the drying rate at this
critical stage.

Next, the cracking behavior during the drying process is analyzed for
another ink formulation. The main distinction between this new ink
formulation and the previously studied P-Ink lies in the composition of
the solvent mixture (see Table 1). Specifically, the P-Ink formulation
contains 53 wt% 1-propanol, whereas the W-Ink formulation contains
only 18 wt% 1-propanol. These differences in solvent composition are
expected to influence the drying kinetics and the resulting solvent
composition in the layer. Furthermore, the differences in (initial) solvent
composition may change the (self-)interactions between the ionomer
and particles.

In Fig. 4, the DSLR camera images (first row) and temperature dis-
tribution (second row) for a film cast from the W-Ink is shown at relevant
time intervals. To ensure comparability with the previous study, iden-
tical drying parameters were applied: drying air temperature Tcony
=72 °C, a = 35 W m™2 K_l, and air dew point 7 =5.5 °C. At the
beginning of the drying process, a uniform catalyst film is observed in
both the DSLR camera image (black) and the IR image (purple). The
catalyst film remains in the constant rate period at the wet-bulb tem-
perature. The coloration in the IR image (more blueish purple than in
Fig. 2) arises from the higher wet-bulb temperature, which is influenced
by the initial composition of the solvents present in the layer. A detailed
examination of the temperature profiles and drying kinetics is given in
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Fig. 4. In-situ DSLR camera recordings (first row) and IR temperature distributions (second row) at different drying times during drying (0-130 s) of a catalyst layer
produced from the W-Ink (with initial 1-propanol content of xP,0 = 18 wt%). Convective drying was applied with T¢ony = 72 °C, & = 35 W m-2 K-1 and an air dew
point of 5.5 °C. Cracks appear as white spots in the DSLR camera pictures. The temperature range recorded ranges from 15 °C (blue) to 80 °C (white). Cracks and local

film temperature changes are detected.

chapter 3.2.

As drying progresses, the optical appearance of the catalyst film
captured by the DSLR camera transitions from black to grey. Simulta-
neously the corresponding infrared recording changes from purple to
orange, indicating a temperature increase from the wet-bulb tempera-
ture. Cracking appears to be less pronounced in the aqueous-based ink
formulation (W-Ink) compared to the previously studied P-Ink, which
contained a higher concentration of 1-propanol. Due to the fewer
occurrence and reduced size of cracks in the W-Ink layers, their detec-
tion in DSLR images (as shown in Fig. 4, upper row) is significantly more
challenging. For enhanced in-situ crack analysis of these small crack
structures, a microscope could be integrated into the setup. However,
this would limit the analysis to a small, unrepresentative and potentially
uncracked area of the catalyst layer. Therefore, to enable reliable
detection of crack formation, again greyscale intensity analysis was
performed on a representative area of the electrode surface and
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Fig. 5. Local temperature profile conducted via IR thermography (blue) and
greyscale analysis (grey) of the DSLR recording of an exemplary section
(200 x200 pm?) during the convective drying of the catalyst layer produced
from W-Ink (xpo = 18 wt%). Greyscale intensity analysis involves evaluating
the minimum, maximum, and mean values within the greyscale distribution,
ranging from O (black) to 255 (white). A (sharp) increase in the mean and
maximum value indicates a higher number of brighter pixels (cracks). It is
observed that cracking coincides temporally with the start of the tempera-
ture rise.

correlated with the (local) drying progress, as indicated by the change in
film temperature (Fig. 5).

Both, the film temperature and the greyscale intensity show an initial
plateau during the constant rate period of the catalyst film drying.
Initially, the catalyst layer dries at a wet-bulb temperature of 26.9 °C. At
84 s, the film temperature shows an increase followed by a rapid rise to
66.6 °C. Again, at the onset of the temperature increase, a change in the
greyscale intensity is observable. All characteristic values derived from
the greyscale intensity analysis (minimum, mean, and maximum)
exhibit a noticeable elevation starting at 83 s. After only 2 s (at 85 s), the
grey value stabilizes at a higher plateau level.

Notably, the optical change in the catalyst film associated with
progressing drying is also captured by the greyscale intensity analysis.
While the mean greyscale intensity shows a marginal increase of less
than 2 % during the initial plateau phase, this change cannot account for
the sharp increase in grey value intensity (17 % for the W-Ink and 65 %
for the P-Ink) occurring subsequentially. Therefore, this is defined as the
start of crack formation within the catalyst layer.

The coupled analysis of drying and crack formation was also per-
formed at multiple locations within the individual catalyst layers and in
further experiments under identical drying conditions for both ink for-
mulations. To further validate the previously identified onset of crack
formation during the drying process, additional experiments were con-
ducted with varied air temperatures. A selection of these results is
provided in the supporting information S2. With all investigated inks
and drying conditions, a consistent temporal correlation was observed
between the (local) increase in film temperature from the wet-bulb
temperature and the rise in the greyscale intensity values change.
Additionally, in a different experimental setup confocal line laser dis-
tance measurements revealed the end of film shrinkage coinciding with
crack initiation. Crack formation was observed as pronounced fluctua-
tions in layer thickness and confirmed by simultaneous microscopic
imaging. These results, which will be presented in a separate publica-
tion, reinforce the findings that the critical time for crack formation
during drying is at the transition to the evaporation from the porous
network of the catalyst film.

Previous studies modeled the selective drying behavior of catalyst
films, providing a comprehensive framework for understanding film
drying and forming the basis for tailoring drying protocols to specific ink
formulations with the aim of minimizing crack formation [22,32].
Exemplary processing strategies to enhance film properties have already
been successfully implemented in battery electrode manufacturing
through multi-stage drying processes [32-34].

In an additional study, film height measurements in-situ during
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drying also found the end of film shrinkage coinciding with the crack
initiation. Cracking was identified as pronounced fluctuations in layer
thickness and confirmed by simultaneous microscopic imaging. How-
ever, these results will be focus of a separate publication but strengthen
the finding of this study, identifying the critical time for crack formation
at the start of film temperature increase from the initial tempertaure
plateau which also coicides with the end of film shrinkage. Previous
studies modeled the selective drying behavior in catalyst films providing
a comprehensive understanding of film drying and provide the basis for
tailoring drying protocols to specific ink formulations with the goal of
minimizing crack formation. Similar strategies for improved film prop-
erties have already been successfully employed in battery electrode
manufacturing through the implementation of multi-stage drying pro-
cesses [33-35].

3.2. Drying behavior of the catalyst films

As observed by the previous analysis, variations in the drying
behavior of films with differing initial solvent compositions are detect-
able. The catalyst layers during drying differ in film temperatures within
the coated electrode area, and thus also the local drying time. It is
notable that the drying of the P-Ink is almost twice as fast when dried
with identical drying parameters. This behavior can be attributed to
differences in the drying kinetics of the specific catalyst inks and the
differences in the thermodynamics of the evaporation of 1-propanol/
water mixtures at different solvent compositions.

A comparison of the film temperature as a function of drying time of
the two investigated coatings with 53 wt% und 18 wt% initial 1-propa-
nol content is plotted in Fig. 6. For this analysis, the entire catalyst-
coated area was evaluated, and the minimum temperature within this
region is displayed over the drying period. The minimum temperature
serves as an indicator for the completion of the drying process across the
entire film, even in the presence of slight spatial inhomogeneities, and
can therefore be considered a representative measure of the overall
drying time in the experimental setup used.

The P-Ink, with an initial composition of xpy = 53 wt%, shows a
plateau in minimum film temperature at 25.1 °C . In contrast, the W-Ink
exhibits a higher minimum film temperature of 27.2 °C during this
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; = P-Ink
70 1 } o W-Ink||
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Fig. 6. Time-resolved monitoring via IR thermography of the minimum film
temperature during convective drying (Teony = 72 °C, x = 35 W m 2K 'andt
= 5.5 °C) conducted for films from inks with initial 1-propanol solvent content
of 53 wt% (P-Ink, purple) and 18 wt% (W-Ink, blue). The temperature plateaus
correspond to the wet-bulb temperatures of the catalyst inks in constant rate
period. The veritical lines indicates the end of the drying process of the cata-
lyst films.
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drying stage. Subsequently, the film temperature of both inks rises, ul-
timately approaching the convective drying air temperature, with
average final film temperature of 62 — 65 °C. The drying process is
noticeably dependent on the solvent composition. While the film casted
from the P-Ink shows a fully dried catalyst layer after 71 s, the W-Ink
layer requires significantly more time, exhibiting a 91 % longer drying
time of 132 s. The observed differences in the drying rate of the tested
layers from the two different inks can be attributed to the evaporation
behaviour of the 1-propanol/water solvent mixture of the catalyst ink.

The composition of the alcohol/water mixture in the inks signifi-
cantly influences the thermodynamics of the evaporation process,
thereby affecting both the wet-bulb temperature and the drying rate. In
addition to the thermodynamics, gas-phase transport kinetics must also
be accounted for, as they also contribute to changes in solvent compo-
sition during drying (selective evaporation). An analytical investigation
of the drying process is conducted below to show the effects of selective
evaporation.

For the applied drying parameters in the experiments, the wet-bulb
temperatures and corresponding drying rates for different mixture
compositions (shown as 1-propanol mass fractions of the solvent
mixture) are presented in Fig. 7. Additionally, the anticipated changes in
solvent composition during catalyst film drying, resulting from selective
evaporation, are indicated in blue for the W-Ink and in purple for the P-
Ink. The arrows denote the direction of composition change; however,
their lengths do not represent the drying time.

In this analysis, mass transfer kinetics is described using Fick’s law
and the thermodynamics is calculated with Raoult-Dalton’s law.
Wagner’s equation is used for the vapor pressure and the activity co-
efficients of the binary mixture is included with the van Laar model. The
solid component of the inks were excluded from this analysis, as their
influence on solvent evaporation during the constant rate period is
negligible.

The calculated wet-bulb temperatures of the pure solvents are 26.9
°C for water and 30.4 °C for 1-propanol under the specified, adiabatic
drying conditions (Tcopy =72 °C, =35 W m 2K 'and t=5.5°C). For
the mixture of both solvents, the wet-bulb temperature is lower than that
of the pure components, showing a plateau at 23.8 °C across a broad
range of compositions. Pure water exhibits the lowest calculated drying
rate (0.6gm 2 s 1), while pure 1-propanol shows the highest
(1.8 g m~2 s71). The drying rates of the mixtures lie between these ex-
tremes, varying with composition. A nearly constant plateau is notice-
able at 1.1 g m~2 s~ 1. The shape of the curve showing the drying rate
depending on the solvent composition is derived from the thermody-
namics of the evaporation behavior of the 1-propanol/water mixture in
particular.

When selective evaporation of the catalyst layer is considered, pro-
nounced differences in drying rate and film temperature are observed.
For the W-Ink with an initial 1-propanol composition (excluding solids)
of 20 wt% (see Table 1), the 1-propanol is preferentially evaporated
which leads to a depletion of alcohol in the drying film. According to
drying simulations of the film, after about half of the drying time almost
exclusively water is expected to remain in the film [32]. The evaporation
of mainly water significantly reduces the drying rate, primarily due to
the resulting thermodynamic changes [22,23,36,37]. The slower drying
rate leads to initially higher film temperatures during drying.

In contrast, the P-Ink, with an initial solvent composition of 60 wt%
1-propanol (excluding solids), undergoes smaller changes in solvent
composition during drying compared to the W-Ink. The initial mixture
composition is located within the plateau region for both drying rate and
wet-bulb temperature. As a result, variations in drying rate and wet bulb
temperature aren’t as significant throughout the drying. The impact of
solvent composition on the selectivity of the drying process in these
systems has been investigated in a previous study by our group [22].

This distinct evaporation behavior of catalyst ink solvents explain the
observed differences in drying time and film temperature between the
W- and P-Ink layers. The measured and calculated film temperature in
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Fig. 7. Calculated wet bulb temperature (black) and drying rate (green) at different solvent compositions of a binary 1-propanol/water mixture dried with
convective drying parameters of Teony = 72 °C, @ = 35 W m 2K and 7 = 5.5 °C. a) shows the changes in solvent composition due to selective evaporation of the W-
Ink, b) the composition changes of the P-Ink during catalyst film drying. The length of the arrows are not indicating the drying time, but the compositional changes

during drying.

the constant rate period, taking selective solvent evaporation into ac-
count, differ by only 2 + 1 %.

Additionally, the (self-)interactions between the ionomer and the
catalyst are affected by the composition of the dispersing solvents. Thus,
variations in concentration (also during the drying process itself) may
have an impact on the electrode structure and crack formation [9,14,27,
38].

4. Ex-situ investigation of crack patterns in catalyst layers

As outlined in the preceding chapters, the drying behavior of the inks
varies significantly based on their initial solvent composition. Another
critical characteristic analyzed in this study is the formation and
morphology of cracks depending on the ink composition.

The crack patterns of the catalyst layers are analyzed to infer about
the crack size, branching and total crack area. Representative

W-Ink: xp, = 18 wt%

Fig. 8. Stitched microscope images of the dried electrodes processed with the
P-Ink (a) and W-Ink (b) taken with backlight illumination, and detailed
microscopic images with top-light illumination of representative crack forma-
tions for both catalyst layers of the P-Ink and W-Ink (c, d). The drying condi-
tions and layer thicknesses were adjusted identical for this ex-situ investigation.

microscopic pictures of the previously described layers are shown in
Fig. 8. The images a) and b) show stitched microscope images taken in
backlight illumination. Cracks appear white, the catalyst layer black.
High-resolution images of the cracks with incident lighting are also
shown (c, d).

The P-Ink layers tend to form lager and more pronounced cracking
during the drying process, resulting in a network of branched, yet un-
connected cracks across the entire coated area. The average crack area in
the selected images is 1.1 % for the P-Ink in Fig. 8a). The layer thickness
of the P-Ink electrode is 9.5 + 1.4 um. The W-Ink exhibits fewer,
smaller, and less branched cracks with 0.4 % crack area for a layer
thickness of 9.6 + 1.0 um (Fig. 8b). Thus, the total crack area in P-Ink
electrodes is 175 % larger than in W-Ink electrodes. For this analysis, it
is essential to compare layers of identical thicknesses, as layer thickness
represents one of the most critical factors influencing crack formation
[8,10,20].

The P-Ink layers show cracks with multiple branches originating
from a primary crack. In most analyzed spots, the crack structures
exhibit four or more branching points. Smaller cracks generally exhibit
fewer branches and are similar to T- or Y-shaped cracks, as classified by
Kumano et al [10]. The width of the cracks is up to 40 um. The majority
of cracks have a length of < 1.6 mm, but some larger cracks are observed
on the left side of the electrode, where minor variations in layer thick-
ness are present. No primary orientation of the cracks can be recognized,
indicating isotropic stress within the catalyst layer.

The W-Ink layers show only isolated cracks, which are categorized as
V-shaped or Y-shaped. Most of the cracks are significantly smaller and
thinner and less branched compared to those observed in the P-Ink
layers. The length of most of the cracks is with < 0.5 mm considerably
shorter than in the P-Ink layers at similar thicknesses.

The surface morphology of the catalyst layers also exhibits notable
differences, as evident in the detail images (c, d). The W-Ink layer dis-
plays a homogeneous surface, whereas the P-Ink layer shows agglom-
erates and non-penetrating cracks, which don’t diverge and are most
probably not extending to the substrate. Top-view and cross-sectional
scanning electron microscopy (SEM) were performed for a more
detailed analysis of cracking in the P-Ink layer (Fig. 9).

The top-view image (Fig. 9a) shows a crack originating at an
agglomerate and propagating in three directions, separated by angles of
approximately 120°. Local delamination of the layer in the vicinity of
the agglomerate is also evident. Crack formation frequently starts at
agglomerates, where drying-induced stresses accumulate. Other
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Cross section

Top view |_3 um

Fig. 9. Scanning electron microscopy (SEM) images of cracks in catalyst layers:
(a) top-view image showing a crack originating from an agglomerate; (b) cross-
sectional view revealing a crack initiating at the top of the catalyst layer
without propagating to the substrate.

heterogeneities that can induce cracking include entrapped air bubbles
and impurities in the ink or at the substrate surface. Such irregularities
should be minimized during ink formulation and film processing to
mitigate crack formation. The cross section SEM image (Fig. 9b) of the
catalyst layer represents a crack that does not penetrate to the substrate.
Cracks typically initiate at the top surface of the catalyst film. They are
caused by solvent evaporation which induces film shrinkage. The
adhesion of the film to the substrate constrains three-dimensional film
shrinkage, resulting in biaxial tensile stresses in plane of the catalyst
film. When these accumulated stresses exceed the mechanical film sta-
bility, which was determined during this study at the end of film
shrinkage, cracks initiate at the film surface. In-plane crack growth
generally occurs perpendicular to the principal stress field in regions of
comparatively lower local stress concentration [19,21,39].

Cracks which do not penetrate to the substrate are observed in ex-situ
microscopy but remain undetectable during in-situ analysis during film
drying. As crack initiation and propagation are completed within only a
few seconds, through-plane crack growth is not expected to significantly
affect the results presented. During PEM system operation, these
weaknesses may further expand due to swelling and shrinkage, poten-
tially leading to performance losses and material degradation.

Crack formation is strongly influenced by (initial) solvent composi-
tion. In this study and under the drying conditions applied, catalyst
layers produced from the P-Ink exhibit more pronounced cracking
compared to those with lower initial alcohol content (W-Ink). In liter-
ature, different catalyst systems show differing tendencies with respect
to cracking behavior with a higher 1-propanol content in the ink. Some
studies, such as those by Kumano et al. [10], Park et al. [40], and this
study, report an increase in cracking with elevated 1-propanol contents,
while others, like Scheepers et al. [9], observe a reduction in cracks in
the catalyst layers. However, the variability in catalyst systems, ion-
omers, and drying conditions resents significant challenges for the
comparison of the results in this context.

Cracks in the catalyst layers critically affect both the performance
and lifetime of PEM fuel cells. Their impact depends on crack size,
density, and location, making a precise control of crack formation in
catalyst layers essential. While small cracks can initially enhance mass
transport, they generally accelerate water accumulation, increase mass
transfer resistance, and cause uneven current distribution, resulting in
significant performance losses over time. Cracks also promote mechan-
ical and chemical degradation, ultimately reducing the lifetime of the
PEM system [13,16,17].

This study contributes to a comprehensive understanding of crack
formation during catalyst layer processing, aiming to guide the devel-
opment of optimized processing strategies to control crack morphology.
Strategies for crack mitigation should, for example, focus on ink
formulation, processing of ink and catalyst layers. Especially exploiting
the selective evaporation behavior of catalyst films, preloading the
drying air with solvents to control the drying selectivity could be a
powerful tool for crack mitigation.

Colloids and Surfaces A: Physicochemical and Engineering Aspects 728 (2026) 138807

5. Conclusion

By integrating a digital single lens reflex (DSLR) and an infrared (IR)
camera into an experimental drying setup, in-situ investigations of crack
formation during the drying process of catalyst layers for PEM fuel cells
and electrolyzers were conducted. Two ink formulations with identical
catalyst material, ionomer-to-catalyst ratio (I/C), and ink processing
were produced. The only difference in the inks was the composition of
the dispersing solvents. The P-Ink had an initial composition of 53 wt%
1-propanol, 36 wt% water, and 11 wt% solids, whereas the W-Ink con-
sisted of 18 wt% 1-propanol, 71 wt% water, and 11 wt% solids.

In-situ analysis of crack formation demonstrated that cracks could be
reliably detected in both ink formulations via greyscale intensity anal-
ysis, and correlated with the film’s thermal profile during drying. The
start of crack formation consistently coincided with the rise in film
temperature during drying. This temporal correlation was reproducible
for both inks also under varying drying conditions.

Additionally, the layers produced from the P-Ink dried significantly
faster than the ones from the W-Ink, leading to lower film temperatures
under identical drying conditions. These differences are attributed to the
distinct evaporation dynamics, mainly the thermodynamics, of the
respective solvent mixtures and should be addressed in the design of the
drying process on an industrial scale.

The ex-situ analysis of the crack pattern of the dried electrodes also
shows differences in crack area and dimensions for the investigated inks.
Catalyst layers produced with P-Inks exhibit larger, more branched, yet
non-connected crack networks, while W-Inks reveal fewer, smaller, and
also isolated cracks. Quantitatively, the total crack area in the P-Ink
electrodes is 175 % higher than in the W-Ink electrodes with only being
1.1 % of the total electrode area. The influence of different crack pat-
terns and different processing routes with identical crack pattern on the
electrode performance will be focus of subsequent investigations. The
ultimate goal of these and following investigations is to precisely adjust
crack area, occurrence, and morphology through processing parameters.
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