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ABSTRACT

The selection of drying parameters critically affects final product properties in many applications, yet remains insufficiently

explored for catalyst layer fabrication in polymer electrolyte membrane fuel cells and electrolyzers. During catalyst-coated

membrane production, drying conditions strongly influence the macro- and microstructure of porous catalyst layers. Crack

formation, which may occur during processing as well as operation, is a key factor limiting system lifetime. Given the wide range

of commercial materials and ongoing material development, a mechanistic understanding of crack formation and particularly its

control through process parameters rather than ink modification is essential. This study investigates the influence of temperature,

airflow, and drying air preloading on crack area and morphology. Through a systematic control of drying parameters, crack-free

catalyst layers are feasible.

1 | Introduction

Fuel cells and electrolyzers enable energy storage and supply
through hydrogen conversion without the generation of harmful
emissions. These technologies are widely regarded as key tech-
nologies for establishing a sustainable and climate-neutral energy
infrastructure in alignment with the Sustainable Development
Goals (SDGs) of the United Nations [1]. Furthermore, they
enhance supply security of renewable energy sources and con-
tribute substantially to the decarbonization of energy-intensive
sectors. Owing to their high power density, low operation tem-
peratures, and dynamic operating capability, polymer electrolyte
membrane (PEM) systems represent a promising technology for
both stationary and mobile applications [2, 3].

The central component, in which the energy-converting redox
reactions take place, is the catalyst-coated membrane (CCM).
The fabrication of CCMs for PEM fuel cells and electrolyzers
involves three fundamental processing steps: (i) the formulation
and processing of a catalyst ink, (ii) the application of this
ink onto a suitable substrate, and (iii) the drying of the wet
film to develop a porous catalyst layer, which is important for
electrochemical performance. Each of these sub-processes has
been widely studied in literature [4-18].

A catalyst ink consists of catalyst particles, an ionomer—
which acts both as a binder and for proton conduction in
the later catalyst layer—and different solvents. Widely used
solvent systems include binary or ternary mixtures of alcohol(s)

Abbreviations: EL, electrolyzer; EW, Equivalent Weight; FC, fuel cell; I/C, Ionomer to carbon ratio; P, 1-propanol; PEM, polymer electrolyte membrane; PTFE, polytetrafluorethylen, trade name

Teflon; RH, relative humidity; W, water.
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and water. The selection of the solvent system governs the
interactions between the ionomer and catalyst particles, thereby
influencing the micro- and macrostructure of the final catalyst
layer [4, 13, 15, 19-23].

In addition, the solvent removal during CCM processing also
determines the formation of the microstructure in the functional
layer. The drying process is dominated by thermodynamics as
well as heat and mass transfer mechanisms of the solvent
(mixture) evaporation [24, 25]. These mechanisms are strongly
influenced by the applied drying conditions. Therefore, tailor-
ing these parameters is widely employed in various industrial
applications, for example, in life science products and in battery
electrode processing, to obtain desired material properties [26-
30]. This study uses this approach to experimentally demonstrate
how targeted control of drying parameters can mitigate or
even prevent cracking in catalyst layers for PEM fuel cells
and electrolyzers. Although some studies suggest that cracks
may enhance reactant mass transport during operation [31], the
prevailing consensus in the literature agrees that crack formation
negatively impacts the charge transfer processes and the lifetime
of PEM systems [19, 32].

Despite the importance of catalyst layer integrity, the mech-
anisms underlying cracking remain insufficiently understood.
Although numerous studies have investigated the influence of ink
components (catalyst [33, 34], ionomer content [22, 35], solvent
[10, 36, 37], and additives [5, 18]), comparatively little attention
has been directed towards the impact of processing parame-
ters during the fabrication of catalyst layers. Given the wide
variety of commercially available materials and the continuous
development of novel material systems, achieving a mechanistic
understanding for controlling crack formation solely through
the adjustment of process parameters—without modifying the
material composition—would provide a powerful and practical
strategy for optimizing existing fabrication routes and extending
device lifetime.

1.1 | Microstructure Formation of Porous Layers

During the drying of catalyst layers in PEM systems, microstruc-
tural evolution is described using a sequence of distinct stages
(Figure 1). This framework, previously established for various
porous material systems [24, 27, 38], is extended to include the
onset of crack formation, highlighting the critical processing
window.

In the first drying period, as the solvents evaporate, the film
shrinks and the particles approach each other (a). This phase ends
when the particles can no longer approach each other (end of
film shrinkage, EOFS) and a porous network with solvent-filled
pores has formed (b). Subsequently, solvent evaporation proceeds
from the pores of the capillary network. The first cracks become
observable (c). Crack formation arises when the drying-induced
stresses exceed the mechanical stability of the catalyst layer. First
experimentally conducted studies in our group indicate that the
beginning of cracking coincides with the end of film shrinkage
for catalyst films. The film continues drying, and cracks are

propagating through the layer until the film drying finishes (d)
[24, 27, 38, 39].

1.2 | Crack Formation in Catalyst Layers

When internal stresses exceed the mechanical stability of the
coating, new surfaces in the form of cracks are created to relieve
tension. The mechanical properties of the layer are primarily
determined by the materials, their composition and their inter-
actions (particle and ionomer (self)interactions), and the overall
film thickness [16, 40, 41]. Under identical processing conditions,
thicker layers exhibit a higher propensity for crack formation.

Stress accumulation in drying coatings is predominantly
attributed to tensile stresses induced by capillary pressure and
thus forces within the porous network and differential drying
rates between the film surface and its bulk [36, 42, 43]. The
cracking is further influenced by heterogeneities in the catalyst
ink (e.g., agglomerates) and the applied film (e.g., voids, bubbles),
as well as by weak interactions between catalyst particles and
ionomer [32, 36]. Additionally, the process conditions, such as
the drying conditions, play a critical role in crack initiation and
propagation. With variations in the drying rates, significantly
impacts on stress development and cracking in catalyst layers are
observed [32, 36].

1.3 | Influence of Drying Parameters on Crack
Formation in Catalyst Films

The drying process and the drying rate are determined by the
employed convective drying parameters, including drying air
temperature, heat and mass transfer coefficients, and the initial
moisture content of the drying air (relative humidity, RH) or
other air preloaded with solvents. Higher drying rates induce
rapid dimensional changes within the drying film and reduce the
timescale for stress relaxation. Crack formation is initiated when
local stress levels reach critical values [40].

Aside from that, the drying parameters significantly influence the
(selective) evaporation of the ink solvents. Selective evaporation
describes the relative enrichment or depletion of one solvent
during drying [17, 44]. Previous studies conducted by the authors
have experimentally and analytically demonstrated selectivity
during drying of catalyst ink with a commonly employed 1-
propanol/water solvent system [17, 45, 46]. Similarly, Scheepers
et al. [16] have shown time-resolved concentrations profiles
of drying carbon inks with different initial 1-propanol/water
concentrations at constant drying conditions. They experimen-
tally observed solvent accumulation and depletion effects during
drying using Fourier transform infrared (FTIR) spectroscopy.

The selectivity of solvent evaporation is anticipated to exert a
significant impact on the mechanical properties of the catalyst
film. Various studies on Nafion solutions have demonstrated that
the composition of the alcohol/water solvent system strongly
influences the resulting ionomer morphology [4, 19, 21, 22, 47].
Nafion tends to form large, entangled clusters in alcohol-rich
solvent systems and rod-like structures in solvent mixtures with
high water concentration [47-49]. The differences in ionomer
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FIGURE 1 | Schematic visualization of the microstructure formation and cracking in catalyst layers during the drying process. Starting with the

wet film (a), the film shrinks as drying progresses until the end of film shrinkage (b). Subsequently, solvent removal proceeds predominantly through
evaporation from the formed capillary network (c), continuing until the film reaches a dry state (d). Crack formation is expected to occur primarily after
the end of film shrinkage, driven by capillary stresses and mechanical constraints.

morphology are likely to effect the interactions with the catalyst
particles, the ionomer film on the catalyst particles, and thus the
overall mechanical stability of the catalyst layer.

Additionally, stress development within the drying film increases
with higher water content due to elevated surface tension,
promoting crack formation [40, 50].

The selectivity of the solvent evaporation can be influenced by
adjusting the drying parameters [15-17, 19, 44]. A particularly
strong influencing factor is the preloading of the drying air [17],
as it hinders the evaporation kinetics of the preloaded component
and thus leads to an accumulation in the remaining liquid phase.

First investigations into the impact of drying conditions on the
microstructure and crack formation in catalyst inks indicate
that a lower drying rate, achieved by decreasing the drying
temperature or increasing RH, results in the formation of smaller
pores within the catalyst layer compared to a higher drying
rate [14]. With regard to crack formation, some experiments
showed that an increase in drying rate, for example, through
elevated drying temperatures, correlates with more cracking [16,
32]. Preloading the drying air with water, on the other hand,
reduces the drying rate and the crack formation in catalyst
layers [16].

This study systematically investigates the influence of different
drying parameters on crack formation in platinum-on-carbon
(Pt/C) catalyst layers. For isolating the effects of the individual
parameters, the mass transfer coefficient and the drying
temperature are independently varied under otherwise constant
process conditions to achieve similar drying rates. This approach
enables the investigation of the individual drying parameter

on crack formation. Mass transfer is linked to heat transfer
through the Lewis analogy. An increase in convective heat
transfer—for example, by enhancing the airflow velocity—leads
to a corresponding rise in the mass transfer coefficient, thereby
accelerating solvent evaporation.

In addition, the study explores the effects of preloading the
drying air not only with water but also with alcohol, specifically
1-propanol. The objective is to identify critical drying condi-
tions that minimize crack formation and to derive processing
guidelines for optimized catalyst layer fabrication.

2 | Experimental Section
2.1 | Ink Formulation and Preparation

The catalyst ink was produced with the platinum-carbon catalyst
TECI0EAS5OE (Tanaka Kikinzoku, Japan). D2020 (20 wt% Nafion
polymer with EW = 1000 g mol~! in solution) from Ion Power
(USA) was used as the ionomer dispersion in the ink, and an
ionomer to carbon (I/C) ratio of 1.0 was set. The solvents used
were 1-propanol (Carl Roth GmbH & Co. KG, Germany, purity
99.5%) and ultrapure water. The initial solvent composition was
60 wt% 1-propanol and 40 wt% water. The total solid content of
the ink was 10 wt%.

For the ink processing, a dissolver with a ball milling unit
(CN10 with APS250, both VMA Getzmann GmbH, Germany) was
utilized. In the ball milling unit, yttrium-stabilized zirconium
oxide grinding beads with a diameter of 0.6-0.8 mm were added
with a volume ratio of 1:1 to the ink volume. The ink was processed
for 3 h at 1000 rpm.
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TABLE 1 | Drying parameters investigated, including the isothermal
film temperature (T) and solvent mass transfer coefficients (8, for 1-
propanol, B, for water), corresponding to heat transfer coefficient (),
and the resulting average drying rate (M yeapn)-

Boe Bug @ Mopcan
T[*C] (ms™) (ms™) (Wm7?K") (gm™s™)
25 0.019 0.032 35 12
30 0.019 0.032 35 17
35 0.019 0.032 35 2.4
25 0.019 0.032 35 12
25 0.027 0.046 50 1.8
25 0.041 0.068 75 2.6

Note: Parameters were adjusted to achieve defined drying rates through
different process conditions.

The catalyst ink was then applied to a polytetrafluoroethylene
(PTFE) substrate (Hightechflon GmbH & Co. KG, Germany)
using a ZUA200 doctor blade (Proceq former Zehntner, Switzer-
land) and dried isothermally. A combination of contact and
convective drying is used for isothermal drying conditions. This
setup ensures a constant isothermal film temperature during the
entire drying process.

2.2 | Drying Setups and Parameters

For investigating the influence of different drying conditions on
crack formation, the drying rate was systematically increased by
independently varying the mass transfer coefficient and drying
temperature. For this, the isothermal drying setup according to
[51, 52] was used. The first drying parameter investigated is the
isothermal film temperature during drying T, which was system-
atically increased from 25°C to 35°C in increments of 5°C. These
film temperatures correspond to convective air temperatures of
80°C to 145°C in industrial dryers. The convective drying air
temperature should not be confused with the film temperature,
which is considerably lower due to the equilibrium between con-
vective heat input and evaporative cooling [50]. Using isothermal
drying, the film is maintained at film temperature during the
entire drying process, ultimately leading to a more precise control
of the film drying.

Throughout these experiments, the mass transfer coefficients
were constant at 0.019 m s~ for 1-propanol and 0.032 m s~ for
water, correlating to a heat transfer coefficient of 35 W m=2 K1,
The drying rate is calculated from coupled heat and mass transfer
balances of the drying process. Selectivity of evaporation is
neglected for simplification. Under these conditions, the aver-
aged, non-selectively calculated drying rate m,,,, during the first
drying period increases from 1.0 gm—=2 s at 25°C to 2.1 gm=2 s}
at 35°C, effectively doubling the drying rate. A summary of the
drying conditions is provided in Table 1. The dew point of the
drying air during the convective experiments was 7 = 4.6°C. This
corresponds to RH (25°C) = 27%.

The second parameter, the mass transfer coefficients of 1-
propanol §,, and water 3, and thus the corresponding heat
transfer coefficient a, was more than doubled by modify con-

vective flow conditions. Throughout these experiments, the
isothermal film temperature was maintained at 25°C. The cor-
responding drying rates for the applied drying conditions are
presented in Table 1.

Lastly, the effect of preloading the drying air, meaning the
enrichment of the air with one solvent, was examined. The
experiments included air preloadings with water and 1-propanol.
In the case of water, this is often referred to as the RH. Preloading
the drying air with one solvent inhibits the evaporation of this
solvent, leading to its relative accumulation in the liquid phase
during drying.

For this, a novel experimental setup for isothermal drying
with pre-conditioned air has been developed (see Figure 2).
A PTFE substrate, on which the film is coated, is fixed on
a heated plate T, ensuring controlled isothermal drying
conditions (Type = Ty = T). Dry compressed air (dew point
7, = —16.6°C) was saturated with the respective solvent using
a temperature-controlled saturator. Different saturator temper-
atures were employed to achieve varying solvent loadings in
the drying air. For water saturation, temperatures of 10.5°C and
19.0°C were used, and for 1-propanol, 10.5°C. The saturated air
was subsequently heated via a heat exchanger to T,;, and directed
to a drying nozzle to laterally overflow the catalyst films. The
experimental setup is enclosed to shield the experiment from
external influences. Before starting the experiments, a stabiliza-
tion period was implemented to allow the air temperature to
equilibrate at the target value of T = 25 °C. During this phase,
the experimental chamber was flushed with preloaded air. This
procedure was conducted to establish reproducible conditions for
the experiments.

Isothermal drying was conducted at 25°C for water-preloaded
air and at 35°C for 1-propanol-preloaded air. With this setup,
dew points of 10.2°C (RH (T = 25°C) = 39%) and 14.5°C (RH
(T = 25°C) = 52%) of the drying air humidified with water were
measured at the drying nozzle outlet. The differences between
the set saturation temperatures and the measured dew points
can be attributed to the accuracy and losses of the experimental
setup. The preloading of 1-propanol was not measured directly
but estimated assuming full saturation at 10.5 °C followed by
preheating to 35 °C, resulting in a calculated activity of 20%.

Additionally, a precise determination of flow conditions and the
corresponding heat and mass transfer coefficients is complex,
as these parameters depend on both the volumetric airflow
rate and the distance to the drying nozzle [53]. Therefore,
sampling for crack analysis was confined to a region approxi-
mately 4-5 cm downstream of the drying nozzle outlet to ensure
consistency of the drying parameters. However, the experimen-
tal setup is sufficiently applicable to qualitatively assess the
influences of solvent preloading on crack formation in catalyst
layers.

2.3 | Characterization Methods of the Dry Catalyst
Layer

The dried catalyst layers were characterized using the layer
thicknesses and optical methods for crack detection. The layer
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FIGURE 2 | Schematic illustration of the preloading setup with isothermal drying conditions and lateral air overflow. The setup consists of the

temperature-controlled saturator with water or 1-propanol (1), the heat exchanger for air heating (2), the drying nozzle (3), the temperature-controlled

coating plate (4), and the Plexiglass enclosure (5) for shielding the experiment from external influences. The air (T, 7o) is first saturated, then heated

(Tair» 7), and subsequently led to the drying nozzle.

thickness was measured using an ID-H0530 gauge (Mitutoyo,
Japan). As the layer height is a critical parameter influenc-
ing crack formation, the objective is to compare layers with
similar thicknesses within standard deviations. Additionally,
microscope images in backlight illumination were captured using
a VHX-7000 microscope (Keyence, Japan) at 100x magnifica-
tion. Through the technique of microscope stitching, wherein
individual microscope images are aligned to cover a larger
representative area, a region of 2 x 2 cm? was analyzed. The
acquired images are subsequently divided into four quadrants
for individual analysis of crack area and number using an in-
house Al-assisted tool. Arising standard deviations emerge from
spatial heterogeneities of the crack patterns in the analyzed image
sections, as microscope settings and image processing were held
constant during the analyses.

3 | Results and Discussion

3.1 | Increasing Drying Rate With Drying
Temperature or Overflow Conditions

Key process-related parameters influencing convective drying
and the associated drying rate include the drying temperature
and the flow dynamics, the latter characterized by the heat and
mass transfer coefficient. First, the drying rate is systematically
increased by adjusting either the film temperature during drying
or the heat and mass transfer coefficient. By adjusting these two
drying parameters, the drying rate is first increased by 50% and
100% in the second step (Table 1).

Figure 3 shows representative sections of the dried catalyst
layers using backlight illumination. A quantitative analysis of
the area and number of cracks is plotted in Figure 5. In this
investigation, the isothermal film temperature during drying was
systematically increased from 25°C to 30°C and subsequently
to 35°C, whereas the heat and mass transfer coefficient was
maintained constant at 8,, = 0.019 m s™, g, = 0.032 m s/,
and thus o = 35 W m~2 K. With backlight illumination, cracks
appear as white regions, whereas the intact catalyst layer is black.
Given the strong dependance between crack formation and layer
thickness, it is important to ensure similar thicknesses to isolate

the effects of drying parameters on crack formation. The film
thicknesses, measured from left to right, are 9.0 + 0.6, 9.9 + 1.7,
and 9.7 + 1.3 pm.

The catalyst layer dried at 25°C serves as the reference for sub-
sequent variations in drying parameters. Under these conditions,
isolated cracks are observed. Most of the cracks have an I-, Y-,
or T-shaped structure with only few branches. With increas-
ing drying temperature, cracks become smaller and the crack
structures thinner. The crack morphologies shift towards more
rounded U-shapes, although Y- and T-shaped patterns persist.
No preferential orientation of the cracks can be recognized in the
catalyst layers.

In the second part of this study, the mass transport coefficients,
and accordingly the heat transfer coefficient, were systematically
increased to achieve drying rates comparable to those obtained
in the temperature variation (Table 1). Specifically, isothermal
drying was conducted at a constant film temperature of 25°C,
with mass transfer coefficients of 0.019, 0.027, and 0.041 m s~!
for 1-propanol and, respectively, 0.032, 0.046, and 0.068 m s~
for water (Table 1). These correlate to heat transfer coefficients
of 35, 50, and 75 W m~2 K~! and will hereafter be referred to
accordingly. Figure 4 shows representative images of the resulting
catalyst layers, acquired using the same imaging methodology as
in the previous figure. From left to right, the film thicknesses are
9.0 +£0.6,9.9 + 1.7, and 9.7 + 1.3 um. The first image on the left in
both Figures 3 and 4 is identical and serves as the baseline for the
comparative analysis.

An increase in the heat transfer coefficient, and consequently the
drying rate, results in a higher number of cracks within the dry
catalyst layers. However, an interconnected crack network does
not develop; instead, cracks predominantly remain individually
distributed in the catalyst layer. Alongside the increased number
of cracks, both the average crack length and the branching
of the cracks increase noticeably with higher drying rates. At
lower heat and mass transfer coefficients, predominantly I-
shaped cracks and only few Y- and T-shaped morphologies are
observed. However, with increasing drying rates, the degree of
crack branching becomes more pronounced, and most cracks
show multi-branched forms. The total crack area appears to
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FIGURE 3 | Effect of increasing drying temperature on crack formation. Cracks appear white in the representative microscope stitching images of

the catalyst layers (1 x 1 cm?). From left to right, the isothermal film temperature was increased from 25°C to 30°C and 35°C, corresponding to convective

air temperatures of 80-145°C in industrial dryers. Higher drying rates are achieved with increasing temperature, whereas air flow conditions and layer

thickness remain constant.

T = const.
hch.y = const. —

I mm~

FIGURE 4 | Effect of increasing heat and mass transfer coefficients on cracking. Cracks appear white in the representative microscope stitching

images of the catalyst layers (1 x 1 cm?). From left to right, air overflow conditions, and consequently the heat and mass transfer coefficients and drying

rates, were increased. The mass transfer coefficients of 1-propanol and water were more than doubled and correspond to heat transfer coefficients of 35,

50, and 75 W m~2 K. The film temperature during drying was kept at 25°C.

expand, indicating greater mechanical stresses during faster
solvent evaporation.

Figure 5 presents a comparative analysis of the determined
cracked area compared to the total catalyst layer area (Figure 5a)
and the number of cracks per cm? (Figure 5b) observed in
the examined representative images from Figures 3 and 4. The
crack analysis data are listed in the Supporting Information
Section S2. Here, the effects of increased drying rates induced
via two distinct process routes—increased film temperature
during drying and adjusted mass transfer coefficients—are eval-
uated. The drying rates are calculated and averaged over the
first drying period neglecting effects of selective evaporation.
According to the Lewis analogy, mass transfer coefficients are
directly correlated to heat transfer coefficients. In the sub-
sequent discussion, the heat transfer coefficient is used as
a representative parameter. An overview of the applied dry-
ing parameters is provided in Table 1. The combinations of
drying parameters are chosen to result in comparable drying
rates.

The reference drying rate at an isothermal film temperature dur-
ing drying of 25°C and a heat transfer coefficient of 35 W m=2 K!
is 1.2 g m™ s7'. The drying rate was increased to 1.7 and
1.8 gm™2 57!, achieved either by raising the temperature to 30°C

while maintaining & = 35 W m~2 K., or by increasing the heat
transfer coefficient to 50 W m™ K™! at 25°C. A further raise in
drying rate to 2.4 and 2.6 g m~* s~ was obtained by the drying
parameter combinations of T = 35°C with a =35 W m~2 K~! and
a =75 W m™2 K at 25°C. These controlled variations enable
a systematic comparison of the influence of individual process
parameters on the extent of crack formation in representative
areas of the catalyst layers (Figures 3 and 4).

An increase in the drying rate through elevation of the heat
and mass transfer coefficients leads to a significant rise in
both the relative crack area (Figure 5a) and the total number
of detected cracks (Figure 5b) within the layers. The relative
crack area is defined as the ratio of the total crack area to the
total catalyst layer area. At the lowest heat transfer coefficient
(35 W m2 K1), the cracked area accounts for 1.14% + 0.30%
of the total catalyst layer surface. However, upon increasing
the drying rate by 40% (50 W m~ K7'), the crack area is
3.49% + 0.46%. The highest drying rate (2.2 g m~2 s7!) results
in the most extensive crack formation, with 6.05% + 0.77% of
the surface showing cracks. Furthermore, the total number of
detected cracks increases with rising heat transfer coefficients,
from 539 + 41 cm™2 at 35 W m™2 K! to 814 + 45 cm™2 at
50 W m~2 K7, and further to 1266 + 151 cm™2 at 75 W m™2
K.
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FIGURE 5 | Crackarea(a)and number of cracks (b) in representative catalyst layer sections (Figures 3 and 4) dried under varying drying conditions.

The effect of increasing isothermal film temperature (25°C, 30°C, 35°C) is shown in orange, whereas the influence of elevated heat transfer coefficient

(35,50, 75 W m~2 K1) is shown in turquoise.

In contrast, coatings dried at comparable drying rates—achieved
through elevated isothermal film temperature while maintaining
constant mass transfer coefficients—exhibit significantly reduced
crack areas. At a drying rate of 1.5 g m™ s™! (and isothermal
film temperature during drying of 30°C), the crack area is only
0.41% =+ 0.12% of the total analyzed catalyst area. This represents
an 8.5-fold decrease compared to coatings dried at similar drying
rates with increased heat transfer coefficient. Similarly, at a
drying rate of 2.1 g m~2 s7! and 35°C, the crack area is reduced by
a factor of 8.7.

As the drying rates are calculated from heat and mass transfer
balances, they should be considered only as approximations.
Nevertheless, beyond the exact drying rate values, the impact of
accelerated drying, induced by changes in airflow or temperature,
on crack formation in catalyst layers is clearly evident.

When directly comparing the layers dried with increasing isother-
mal film temperature during drying, the temperature rise only
shows a weak correlation with crack formation. Overall, a small
reduction in total crack area is observed. The number of detected
cracks, however (Figure 5b), increases by approximately 61%
with an elevated film temperature of 30°C. Consequently, the
average crack is smaller with increasing drying rate. A further
increase in the drying rate from 1.5 to 2.1 g m~2 s™! does not
result in a higher number of cracks; however, it leads to a
significantly greater standard deviation, suggesting increased
heterogeneity in the stress distribution within the layers. This
trend of increased deviations at higher drying rates is also
evident under conditions of elevated heat and mass transfer
coefficients.

Furthermore, in additional experiments (see Supporting Infor-
mation Section S3), the observed trend of increasing crack
area percentage with higher drying rates (with higher heat
and mass transfer coefficients) was also confirmed for other
layer thicknesses (approximately 7 um). Additionally, the slight
reduction in crack proportion with increasing film temperature
was similarly observed for this layer thickness. Likewise, similar

trends associated with the accelerated drying were observed for
another ink formulation (see Supporting Information Section S4)
with higher water content (X.py, = 18 Wt%, Xyaer = 72 Wt%,
and X4 = 10 wt%). Through all experiments, catalyst lay-
ers dried with increasing air flow rate consistently exhibit a
greater percentage of crack area compared to coatings dried
with lower drying rates. The effect of isothermal film tem-
perature during drying remains inconclusive when comparing
the two ink formulations, indicating that temperature may also
modulate additional phenomena during the ink drying process—
such as the selective evaporation of mixture components or
the temperature-dependent behavior of the polymer-particle
interactions.

Overall, these findings indicate that increasing the drying rate
by altering the air flow conditions (and thus the heat and mass
transfer coefficients) leads to enhanced crack formation. This
aligns with the previous findings from Scheepers et al. [16] that
a higher drying rate promotes cracking due to reduced time for
stress relief during drying.

However, an increase in film temperature during drying—despite
also accelerating the drying rate—exhibited only a minor or even
inhibitory effect on crack formation in catalyst layers. The results
suggest that catalyst films subjected to elevated temperatures
are more effective in absorbing and dissipating internal stresses
induced by accelerated drying. This behavior could be attributed
to the temperature-dependent properties of the materials, such
as those of the Nafion ionomer, which could contribute to
greater stress relaxation. Supporting these hypotheses, studies
on the thermomechanical behavior of Nafion membranes have
shown that below the glass transition temperature, increasing
the temperature leads to reduced tensile strength and more
effective stress relaxation [54, 55]. However, membrane properties
differ from those of ionomers in solution, and temperature
ranges investigated in these studies cover a broader spectrum.
Systematic investigations of the storage modulus of Nafion
solutions and catalyst inks should be focus of future investiga-
tions.
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FIGURE 6 | Influence of relative humidity of the drying air on crack formation. Cracks appear white in the representative microscope stitching
images (2 x 2 cm?). From left to right, air preloading (dew point) was increased from 2.9°C t0 10.2°C and 14.5°C. Higher air preloading reduces the drying

rate. Film drying was performed using the setup in Figure 2, with drying temperature, overflow conditions, and layer thickness maintain constant.

3.2 | Influence of Preloading the Drying Air With
Solvents

Another often underestimated parameter that can significantly
influence both the drying rate and the selective evaporation of
ink solvents is the preloading of the drying air. Preloading refers
to the prior partial saturation of the air with a solvent before
the start of the drying process. In most applications, unless
the drying air is explicitly conditioned, it inherently contains
a certain level of water vapor, commonly referred to as RH.
Seasonal variations of the weather and climatic differences cause
differences in humidity, which will affect the drying behavior.
In Karlsruhe, Germany, annual variations in RH can range
from air dew points as low as —0.8°C in winter to as high
as 19.1°C in summer (referenced at 25°C, this corresponds to
relative humidities of 18% and 70%). In addition, industrial dryers
are commonly operated with a partial recirculation of process
air to improve energy efficiency. In such configurations, the
recirculated air is enriched with the evaporated components of
the ink solvents. Preloading the drying air with a solvent of
the ink hinders its evaporation, thereby altering the speed and
selectivity of the drying process. In the case of catalyst inks for
fuel cells and electrolyzers with alcohol-water solvent mixtures,
for example, this will influence the solvent composition in the
film during drying. Changes in solvent composition can impact
the self-assembly and interactions of the solid ink components,
including ionomer morphology and ionomer film thickness on
catalyst particles and interaction (Section 1.3).

First, the effect of preloading the drying air with water on crack
formation in the catalyst layer is evaluated. To ensure controlled
experimental conditions, an experimental setup is designed,
where the drying parameters (overflow velocity and isothermal
temperature) are maintained constant, whereas only the humid-
ity of the drying air is systematically varied (see Figure 2). In the
experiments, the isothermal film temperature during drying was
set to 25°C. A direct comparison with the preceding experiments
(Chapter 3.1) is not feasible, due to differing flow conditions.

Figure 6 shows representative microscope images of catalyst lay-
ers dried with different water preloadings. From left to right, the
dew point of the drying air is 2.9°C (corresponding to RH = 24% at

an air temperature of 25°C), 10.2°C (RH (25°C) = 39%), and 14.5°C
(RH (25°C) = 52%). This adjustment enables an increase of more
than twofold in the RH. The dry film thicknesses are comparable
with 8.0 + 1.6, 8.4 + 1.1, and 8.2 + 0.7 um (from left to right).

At the investigated RHs and with the examined layer thickness,
all catalyst layers show isolated individual cracks rather than a
continuous crack network. An increase in humidity leads to a
reduction in the number of cracks. At the highest humidity in the
drying air (=14.5°C), the cracks are longer and wider. Spalling of
the catalyst layer from the substrate can be observed at large crack
morphologies, which appears as large white areas in the backlight
images. First signs of spalling are also observed when drying with
air at 7=10.2°C. Furthermore, higher humidity, and consequently
lower drying rates, results in reduced crack branching.

For a detailed analysis of the crack formation, Figure 7 plots
the crack area fraction (left) and the number of cracks per cm?
(right) against the dew point of the drying air. The RH was
increased by more than a factor of two at the extreme conditions
(RH, _,4-(25°C) = 24% and RH, _ , 5-(25°C) = 52%).

No clear trend is observed for the percentage of cracked area
in the catalyst layers (Figure 7a) as the dew point of the drying
air increases. First, the crack area decreases from 5.3% + 1.2%
to 3.4% + 0.2% with an increase in dew point from r = 2.9°C
to 10.2°C. However, with a further rise in humidity, the catalyst
layers show again 4.5% + 2.0% of cracked area. Notably, the
catalyst layers dried at the highest RH show the greatest standard
deviations. This can be attributed to the reduction in the number
of cracks with increasing humidity (Figure 7b). The fewer but
larger cracks at higher air humidities, along with the occurrence
of spalling of the catalyst layer from the substrate, result in areas
where the catalyst layer is almost intact but also regions where it
has nearly completely spalled.

For subsequent processing of the catalyst layers, for example dur-
ing hot-pressing onto the proton-conducting membrane in CCM
fabrication, as well as during operation with respect to system
performance and durability, catalyst layers without spalling are
expected to be advantageous. These layers were obtained when
drying was performed under lower humidity conditions.
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preloadings of the drying air (Figure 6). Air dew points of 2.9°C, 10.2°C, and 14.5°C correspond to relative humidities of 24%, 39%, and 52% at 25°C,

respectively.

The observed differences in the crack pattern, at constant tem-
perature and overflow conditions but with increasing RH of the
drying air, can be attributed to both the reduced drying rate
and the selective evaporation of the ink solvents. According to
the findings presented in the previous section, a decrease in the
drying rate (in this case due to increasing air humidity) results
in a reduction in the number of cracks, which is consistent
with the observations at water preloading conditions. However,
this does not account for the larger size of the cracks and the
occurrence of spalling of the layer from the substrate in the
vicinity large crack structures. Hence, this could indicate higher
stresses during drying. Once cracks form, they tend to propagate
and enlarge. A potential explanation can be related to the selective
evaporation behavior of the ink solvents under humidified drying
conditions. The RH of the drying hinders the evaporation of
water during the drying process, causing water to accumulate
relatively within the drying catalyst film, whereas 1-propanol
preferentially evaporates [25]. Capillary forces, which are closely
associated with stress development in the films, are directly
proportional to the surface tension of the solvent mixture. Higher
water contents in the film will result in higher surface tension of
the liquid, ultimately leading to higher stresses during drying [15,
40, 56]. Measured surface tensions for 1-propanol/water mixtures
with different concentrations are included in the Supporting
Information Section S1 for reference.

As afinal step, and to mitigate the previous effect of relative water
enrichment, the preloading of the drying air with 1-propanol
was investigated. In industrial applications, preloading of the air
with both ink solvents exists during operation of a roll-to-roll
convection dryer with recirculating air. However, it is essential
that all safety regulations for working with and in an alcohol-
loaded atmosphere (e.g., explosion protection and exposure dose
limits) are strictly followed.

It should also be noted that the experimental setup does not
include a vacuum unit to strip the air of the drying chamber prior
to the experiments. Therefore, a certain level of preloading of the
drying air with water cannot be avoided due to the RH of the
surrounding air.

Water pre-loading- 1-propanol pre-loading

b

Y
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£

ks
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dry

FIGURE 8 |
with air preloaded with water and 1-propanol. Cracks appear white in the

Comparison of crack formation in catalyst layers dried

representative microscope stitching images (2 x 2 cm?). In both cases,
air was first saturated with the solvent at 10.5°C, then heated to 25°C
(water) or 35°C (1-propanol). Drying was performed isothermally using
combined conductive and convective heat input for drying (Figure 2).
Preloading the drying air with 1-propanol results in crack-free catalyst
layers at comparable dry film thicknesses of 8.4 + 1.1 um (water) and
8.9 + 1.6 um (1-propanol).

A comparison of a catalyst layer dried with 1-propanol preloaded
air to the previous results is presented in Figure 8. The layer on the
left was dried with air with water preloading, whereas the layer
on the right was dried with 1-propanol-loaded air. A saturator
temperature of 10.5°C (see Figure 2) was applied for drying at both
preloading conditions (left and right). Preloading the air with
1-propanol reduces the (non-selectively calculated) drying rate
by 35% at otherwise identical drying conditions. To mitigate this
reduction in drying rate, the isothermal film temperature during
drying was increased to 35°C.

Clear differences are observed when comparing the catalyst layer
images. Although preloading the drying air with water results in
a cracked catalyst layer, no visible cracks are present in the layer
dried at 1-propanol preloading conditions. Detailed microscopy
analysis reveals, however, that on average a number of 3 + 1 cm™
cracks are detected in the analyzed samples of the 1-propanol
preloaded drying conditions. This corresponds to a crack area of
only 0.0002% =+ 0.0001% of the total catalyst area. In contrast,

Chemical Engineering & Technology, 2026

9 of 12

85UB01 7 SUOLUWIOD aA 111D 3[Rl dde ayy Aq peuenob ae sojoiie VO ‘85N JO So|nl 1oy Aleld18UIIUQ AB]IM UO (SUONIPUO-PUR-SLUB)LIY A8 |1 Afe.d1jBul [Uo//Sdy) SUORPUOD pue swie 1 ay) 88S *[9202/c0/6T] uo Arlqiauuo (1M ‘a16ojouyos L 4 niisul Bynsied Ad Z6T0L 1e80/2Z00T 0T/I0p/W0d A8 1M Alelq 1 puljuo//Scny wouy papeojumoq ‘s ‘9202 ‘GZTyTZST



the layer dried with water-preloaded air exhibited a crack area
percentage of 3.4 + 0.2, and an average number of cracks of
606 cm~2 was detected.

This finding highlights the significance of the air preloading and
overall the drying (parameters) on the formation of cracks in
catalyst layers. In the case of the catalyst ink used here, which has
an initial solvent composition of 60 wt% 1-propanol and 40 wt%
water, the ink composition during the drying process can be
substantially influenced by preloading the drying air with the
corresponding solvent. When the drying air is preloaded with 1-
propanol, its evaporation is impeded, causing water to evaporate
preferentially, whereas 1-propanol accumulates relatively within
the drying catalyst film. Conversely, preloading with water results
in the opposite effect. Thus, the composition of the catalyst film
during the drying process is significantly different in the two
studied cases.

Clearly, the enrichment of 1-propanol in the catalyst film is
beneficial in terms of crack mitigation. As 1-propanol has a
lower surface tension than water, the relative enrichment of 1-
propanol in the film reduces the overall surface tension of the
liquid. According to Singh and Tirumkudulu [40], this lowers
capillary stresses within the porous structure and, consequently,
the driving force for crack formation. Additionally, increasing
the 1-propanol content in the film influences the ionomer
morphology. Nafion tends to form larger, entangled ionomer
clusters in propanol-rich solutions. Khandavalli et al. [48] also
reported an enhanced viscoelasticity of the ionomer dispersion
with higher propanol content. These characteristics are expected
to improve the mechanical properties of the drying catalyst film
and its ability to dissipate developing stresses. Consequently, the
combined effects of reduced drying stresses and enhanced stress-
relaxation capacity of the ionomer at higher 1-propanol contents
at the critical time for cracking provide a possible explanation for
the observed significant reduction of crack formation in catalyst
layers.

4 | Conclusion

This study systematically investigates the influence of drying
parameters, namely, temperature, convective air flow conditions
(heat and mass transfer coefficients), and drying air preloading,
on crack formation in Pt/C-based catalyst layers for PEM fuel
cells and electrolyzers. The results demonstrate that accelerated
drying generally promotes crack formation due to enhanced
stress accumulation; however, the crack morphology depends on
the drying parameter applied. Increased heat and mass transfer
coefficients enlarge the total crack area, whereas elevated film
temperatures lead to the formation of smaller cracks in the
catalyst film. The preloading of the drying air was identified as the
most critical parameter influencing crack formation. Higher air
pre-loading with water (RH) resulted in fewer but larger cracks.
In contrast, pre-loading the drying air with 1-propanol, while
maintaining an identical ink composition, enables the fabrication
of crack-free catalyst layers. By providing a systematic evaluation
of drying parameters, this work establishes a framework for
tailoring crack morphologies in catalyst layers solely through
adjusting process parameters. On this basis, subsequent studies
should evaluate the impact of critical crack dimensions on cell

performance and durability to determine an optimal trade-off
between the beneficial and detrimental effects of cracking in
catalyst layers.

Nomenclature

Symbols

hyry Layer thickness of the dry catalyt layer

Mypean averaged, unselectively calculated drying rate of the
first drying period, g m=2 s7!

T Drying temperature

Tair temperature of the convective air, °C

Theater temperature of the heat exchanger to heat the satu-
rated drying air, °C

Tisotherm isothermal film temperature during drying, °C

Traple temperature of the coating table, °C

X; mass fraction of ink component i, wt%

Greek Variables

a heat transfer coefficient, W m~2 K1

Bp.g mass transfer coefficient of 1-propanol in air, m s

Buwg mass transfer coefficient of water in air, m s™!

T drew point of drying air, °C
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