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1. Introduction

Polymer electrolyte membrane (PEM) fuel cells and electrolyzers
present a promising opportunity to produce and utilize green
hydrogen as a clean energy source in various applications.

However, there are still obstacles hindering
the scale-up of the systems, such as the
high material costs. The key component
of the systems is the catalyst-coated mem-
brane (CCM), a polymer membrane coated
with thin porous catalyst layers, where the
energy-converting reactions take place.
This key component currently accounts
for up to 47% of the stack costs, depending
on the annual production rate.[1]

In recent years, extensive research has
been carried out in various areas of the
CCM production. The state-of-the-art
CCM manufacturing process involves mix-
ing a homogeneous catalyst ink, applying
and drying the catalyst ink on an inert decal
substrate, and transferring the electrode to
the proton-conducting membrane by
means of a hot-pressing step. Extensive
studies have been made on the develop-
ment and validation of more efficient and
platinum-reduced catalysts,[2] the influence
of ink formulation and ink processing on
the performance of the systems,[3–6] the
assessment of different coating processes
for the catalyst layers,[4,7–9] including a

comparison of different coating methods, as well as first insights
into electrode drying[4,6,10] and cracking.[10–15]

The present study focuses analytically and experimentally on
drying of the catalyst electrode as a function of ink formulation
(solvent ratio) and drying parameters. The drying of catalyst inks,
which are composed of several components including platinum
on carbon (Pt/C) catalyst, ionomer, and alcohol/water mixtures,
is a complex process. Various effects, such as the selectivity of dry-
ing of multicomponent mixtures, have a decisive influence on the
solvent composition in the layer during the processing.[6,10,15–17]

The choice of the materials and coating processes in CCM pro-
duction requires the use of different solvents and solvent mix-
tures in catalyst inks.[9,11,14,18] Typical solvent mass fractions
are between 80 and 90 wt% in slot die and doctor blade coating
and even higher in ink jet printing.[4,9,19–22] A commonly used
binary solvent mixture consists of a mixture of 1-propanol (P)
and water (W), which serves as a representative basis for the
investigations presented in this study.[14,23–25]
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The formulation and production of catalyst coatings significantly impact the
porous microstructure and the performance of electrodes in polymer electrolyte
membrane (PEM) fuel cells and electrolyzers. The critical step in the micro-
structure formation is the drying. Experimental studies have shown that the
drying changes the solvent composition, affecting particle- and ionomer (self-)
interactions, as well as ink properties, which influence the drying-induced stress
build-up within the layers. This study provides a theoretical analysis of the drying
of binary 1-propanol/water mixtures, and the transfer to the drying of catalyst
inks. On the basis of selective drying, considering thermodynamic selectivity and
gas-phase kinetics, the accumulation and depletion of solvents during the drying
process is described. The influence of different ink formulations (initial solvent
compositions) and drying conditions (air temperature, heat transfer coefficient,
and air pre-loading) on ink composition during drying is studied. The selectivity is
particularly influenced by the air pre-loading, for example, relative humidity,
which inhibits the evaporation kinetics of water. Theoretical predictions from the
drying simulations are experimentally validated via gravimetric drying curves
using different catalyst ink formulations. The results suggest that the catalyst
layer drying can be effectively modeled by focusing solely on the evaporation
dynamics of the solvent mixture.
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1.1. Selectivity of the Drying of Catalyst Inks

From a thermodynamic approach, 1-propanol/water mixtures
form an azeotrope. This means that, depending on the initial
solvent composition, 1-propanol or water will evaporate preferen-
tially (selective evaporation). Consequently, during solvent
evaporation, the preferred evaporating component is relatively
depleting in the remaining liquid while the total solvent amount
is also decreasing.[10,15,17] The solvent composition is changing
during the drying process and varies from the initial solvent com-
position. Solely at the azeotropic composition the solvent mixture
is evaporation unselectively.

When investigating the drying behavior and selectivity of
catalyst ink formulations, the thermodynamics of the system
must not be assumed as the only factor influencing the ink com-
position in convective drying. The mass transport kinetics of the
solvents in the drying air must also be included in the consider-
ation (e.g., diffusion coefficients, partial pressures, and driving
evaporation gradients of the components). This shifts the critical
concentration for unselective evaporation from the azeotropic
composition (AZ) to the arheotropic (AR) composition according
to Quarz et al.[17] The thermodynamic azeotrope of a mixture is a
function of temperature. At a constant temperature, a single
azeotropic point can be determined. However, when considering
the gas kinetics at a constant temperature, multiple arheotropic
points (AR) will emerge, influenced by, for example, the driving
evaporation gradients.

With 1-propanol fractions lower than the arheotropic compo-
sition, 1-propanol evaporates faster, resulting in a depletion of
the alcohol. For fractions greater than the arheotropic composi-
tion, water evaporation is favored.[10,11,17] The arheotropic com-
position depends on the temperature and solvent pre-loading of
the drying air (e.g., relative humidity). In previous studies on
binary 1-propanol/water mixtures, Quarz et al.[17] were able to
demonstrate experimentally the variation in solvent composition
under different drying conditions. Additionally, they experimen-
tally determined the AZ and AR corresponding to the specific
drying parameters employed in their study.

The changing ink solvent composition (e.g., resulting in a
change in permittivity of the mixture) is influencing the particle–
particle as well as the particle–ionomer interactions, along
with the ionomer morphology and interaction affinity.[4,7,10,24–26]

The surface tension and density of the solvent mixture are also
affected and could therefore influence the capillary pressure
during electrode drying.[27] An impact of these changes on the
formation of the microstructure, including the formation of
cracks in the layers, is expected and assessed in this study.

1.2. Microstructure and Crack Formation during Drying of the
Catalyst Layers

The important step for the microstructure development is the
drying of the catalyst ink. When drying thin, particulate layers,
the drying process can be divided into different stages. During
the first drying period the solvents evaporate on the surface of the
coating. As the solvent content is reduced, the wet film thickness
decreases and the particles approach each other. The film reaches
a concentration-dependent adiabatic wet-bulb temperature due to

the equilibrium between the energy input and the evaporative
cooling. This wet-bulb temperature is influenced by the solvents
and the solvent composition of the ink, the drying conditions—
such as drying air temperature and humidity—and other non-
convective heat fluxes.[10,28–30]

The first drying stage ends when the particles can no longer
approach each other, and the film has reached its final thickness
and porosity. This moment in time is referred to as “end-of-film
shrinkage” (EOFS).[30] The solvent mass fraction at the theoreti-
cal EOFS (xi,EOFS) can be determined according to Jaiser et al.[30]

by using Equation (1) including the porosity of the dry layer ε, the
density of the solids ρsolids and the density of the solvent mixture
ρsolvents(xi).

xi,EOFS ¼ 1� ε
ε

ρsolids
ρsolventsðxiÞ

þ 1
� ��1

(1)

The solvent density is a function of the mass fraction of the
mixture components xi and can change during the drying pro-
cess. The porosity of the electrode can be determined experimen-
tally using mercury porosimetry or gas adsorption.

After the EOFS, a porous and solvent-filled particle layer is
present. Subsequent to the EOFS, the solvent evaporates from
the pore network of the electrode, leading to the development
of the porous microstructure. Cracking is anticipated once the
solvent recedes into the pore structure of the electrode. The cap-
illary pressures and electrode–substrate interactions cause stress
to build up within the layer. When these stresses exceed a critical
value, crack formation occurs.[10,28] The capillary pressure is
influenced by the surface tension of the solvents and thus the
composition of the solvent mixture.[27,31,32] Additional parame-
ters for crack formation influenced by solvent composition
include particle–particle and particle–ionomer interactions, as
previously mentioned. These interactions affect the agglomerate
sizes and the particle volume fraction of the close packing,
thereby influencing the mechanical stability of the drying
layer.[31,32] Therefore, the evolving solvent composition up to
and at the EOFS plays a critical role in understanding crack for-
mation within the catalyst layers. Various studies have demon-
strated that cracks in the catalyst layer can negatively affect
fuel cell performance and, more critically, long-term durability,
for example, by the promotion of membrane degradation and by
the reduction of in-plane electrical conductivity.[4,15,20,33,34]

Nonetheless, cracks may also enhance the transport of reactants
(e.g., oxygen) and reaction products (e.g., water), improving per-
formance during early-stage operation.[35] Currently ongoing
research focuses on the mechanisms of cracking and their
impact on performance and lifetime of PEM systems.

2. Modeling of the Solvent Compositions in
Catalyst Layers

In order to gain a better understanding of the drying-related
changes in ink composition and their potential impact on
electrode properties, the drying of a binary solvent mixture of
1-propanol (P) and water (W ) is examined. In the first drying
phase, up to the end-of-film shrinkage, the liquid-side mass
transport resistance is not significant compared to the strongly
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gas-side controlled evaporation and is therefore neglected at this
point, assuming no significant influence of the ionomer until
EOFS. Therefore, for the first drying period, an approximation
of the drying behavior only considering the pure solvent mixture
is considered sufficient and is later compared to experimental
results of drying catalyst layers.

Based on the non-stationary enthalpy and mass balances of the
film (pure solvent mixture without ionomer and catalyst par-
ticles) and the evaporation kinetics, three differential equations
(see Equation 2–4) can be derived to describe the selective drying
of the binary solvent mixture. These equations calculate the mass
fraction of the component i xi in the remaining film, the decrease
in total solvent massM and the film temperature Tfilm, during the
first drying period as a function of the drying time t. The energy
input is provided by a convective heat flux onto the film, while the
bottom of the catalyst layer is assumed to be adiabatic as a first
approximation.

dHfilm

dt
¼ dðMfilmcp,filmðT film � T0ÞÞ

dt
¼ Q̇conv � Ḣevap (2)

dM
dt

¼ �Ṁ ¼ �ðṀW þ ṀPÞ (3)

dMi

dt
¼ xi

dM
dt

þM
dxi
dt

¼ �Ṁi (4)

The non-stationary enthalpy balance comprise of the heat
input from the convective drying nozzles Q̇conv and the enthalpy
loss due to solvent evaporation Ḣevp. Here,Mfilm is the filmmass,
cp,film its heat capacity and T0 the film temperature at the start of
the drying. Q̇conv depends on the heat transfer coefficient α, the
surface area A and the drying air temperature Tconv. Ḣevp is deter-
mined by the evaporating mass flow rate Ṁ and the enthalpy for
vaporization. Ṁ is calculated from the individual substance flows
Ṁi. The kinetics of mass transfer is described by the approach
based on Fick’s law, based on low solvent concentrations in sub-
stantially large gas-phase volume.[36] Raoult-Dalton’s law is used
for the gas liquid equilibrium. Vapor pressures are calculated
using the Wagner equation,[37] providing accurate representation
over a wide temperature range. Molar excess enthalpies are inte-
grated using the van Laar model,[38] which is well-suited for
binary non-ideal liquid mixtures. The simulation assumes that
the evaporation is governed by both thermodynamics and
gas-phase kinetics and that the solvent evaporation mass flow
is significantly lower than the convective flow of the drying
air. Gas-phase diffusion coefficients are calculated based on
the Fuller’s equations, which estimates binary diffusion from
molecular structure and diffusion volumes.[39]

For solving the differential equations the initial value problem
(IVP) solver from the SciPy library is used. In the final step, the
molar flow rates are converted to mass flow rates to facilitate
clearer visualization and interpretation of the data.

Firstly, a purely thermodynamic approach and an extended
model that incorporates gas kinetics at a constant temperature
of 25 °C, as previously mentioned by Quarz et al.[17] is compared.
The analysis is performed assuming isothermal conditions. The
temperature of the liquid phase is adopted as reference tem-
perature. Figure 1 shows the direct comparison of the purely

thermodynamic approach (green), that is, the composition
of the liquid phase (xP) versus the composition of the gas phase
(yP) of the 1-propanol/water mixture (secondary y-axis, McCabe-
Thiele diagram). At the AZ the compositions of the liquid and
gas phases are identical (Equation (5)) and the mixture is evapo-
rating unselectively.

xP, AZ ¼ yP, AZ (5)

For the extended drying analysis, gas kinetics are incorpo-
rated. The relative (gravimetric) evaporation rate of 1-propanol
ṀP/(ṀPþ ṀW) over the composition of the liquid phase during
drying with dry air is shown in blue (primary y-axis). ṀP/
(ṀPþ ṀW) can be understood as the composition of the evapo-
rating mass flow and is therefore comparable to the composition
in the gas phase. Equal gas and liquid phase compositions of this
plot indicate the AR (Equation 6).

xP, AR ¼ ṀP,AR

ṀP,AR þ ṀW,AR
(6)

The AZ (secondary y-axis) of the 1-propanol/water mixture at
25 °C is at a composition of xP,AZ= 66.5 wt%. With similar
assumptions, the AR in dry air (primary y-axis) is at a composi-
tion of xP,AR= 53.3 wt%. For xP< xP,AR, 1-propanol evaporates
preferentially into the gas phase and water accumulates relatively
in the remaining liquid phase. At higher 1-propanol concentra-
tions (xP< xP,AR), the opposite effect can be observed and water
evaporates preferentially from the liquid phase. Thus, if consid-
ering the gas kinetics with dry air, the range of preferred
1-propanol evaporation becomes smaller and the point identical
liquid and gas-phase composition is at lower 1-propanol
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Figure 1. Relative gravimetrical evaporation rate of 1-propanolM
:

P=ðM
:

P þ
M
:

WÞ for thermodynamic and gas kinetics consideration and 1-propanol
content in the gas phase yP for pure thermodynamic consideration as a
function of the liquid composition (1-propanol (P) mass fraction xP) of
a binary 1-propanol/water solvent mixture at 25 °C. The sole consideration
of the thermodynamics lead to the azeotropic point (xP,AZ= 66.5 wt%).
Including gas kinetics to the thermodynamic model leads to the
arheotropic point (xP,AR= 53.3 wt%) (gas temperature 25 °C, dry air).
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compositions. This is attributed to the different mass transport
kinetics of the components.

Experimental studies by Koga et al.[6] and Scheepers et al.[10,11]

have experimentally demonstrated these changes in ink compo-
sition during ink drying for fuel cells. However, a theoretical
model for predicting the drying behavior of catalyst inks remains
to be developed and evaluated. This is the focus in this study.

2.1. Influence of the Drying Parameters on the Arheotropic
Compositions of a Binary 1-Propanol/Water Mixture

Incorporating the gas-phase kinetics into the analysis of the mix-
ture evaporation allows for a more accurate description of a ink
drying process considering selective evaporation. To investigate
the influence of key drying parameters on the AR, a series of
parametric studies are conducted, focusing on the effects of dry-
ing temperature, air overflow (in the form of the heat transfer
coefficient for describing the convective flow independent of
dryer geometries), and air pre-loading in form of relative humid-
ity. Figure 2 shows the relative evaporation rate of 1-propanol
over the propanol composition (xp) as a function of different
(film) temperatures (a) and heat transfer coefficients (b). The
air is assumed to be completely dry, with no pre-loading of water
(relative humidity) or 1-propanol.

The investigated temperatures correspond to those of the
liquid phase, as the underlying mass and energy balances are
formulated with respect to this phase. In the convective evapora-
tion processes, the temperature of the liquid is substantially
lower than that of the air flow due to the evaporative cooling.
Depending on the composition of the liquid phase, film temper-
atures in the range of 10–40 °C correspond to air temperatures
between 17 °C and 170 °C.

As the temperature increases, the arheotropic composition
shifts toward higher 1-propanol concentrations. This leads to

an expanded range of composition for preferential evaporation
of 1-propanol. While at a temperature of 10 °C the AR is
51.3 wt%, at 40 °C it is xP,AR,40 °C= 55.0 wt%. An increase in film
temperature of 30 °C therefore results in a shift in xP,AR of only
3.7 wt%. This shift occurs, because the vapor pressure of
1-propanol increases slightly more than that of water with rising
temperature.

Furthermore, when analyzing the shift of xP,AR at intervals of
10 °C, it is noticeable that the distance between successive
arheotropic points diminishes at higher temperatures.

The heat transfer coefficient does not influence the position of
the arheotropic point, which remains constant at xP,AR= 53.3 wt%
at a temperature of 25 °C and dry air. This can be explained by the
fact that the gas-phase kinetics separation factor, according to
Riede and Schlünder,[16] only changes by 0.3% within the exam-
ined range of mass flow rates. The low heat transfer coefficient of
5W/(m2 K) is analogous to free convection. As a result, evapora-
tion governed purely by thermodynamic control can only occur
under idealized conditions, such as in a saturator, and not in
the actual drying process of catalyst layers. Consequently, the
influence of the heat transfer coefficient, or alternatively the
air flow rate, is neglectable within the scope of the investigated
parameters.

However, increasing drying temperature or heat transfer coef-
ficient may not significantly influence selectivity but accelerate
the drying itself.

The final drying parameter investigated is the pre-loading of
the drying air with an ink solvent. The pre-loading of the drying
air, for example with water (humidity), has a significant impact
on the evaporation behavior of the solvent mixture comprising
1-propanol and water. This is demonstrated in Figure 3, which
illustrates the effect of increasing humidity, from dry air to air
completely saturated with water, on the position of the AR. The
film temperature is set to 25 °C.
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Figure 2. Relative gravimetrical evaporation rate of 1-propanol as a function of liquid composition of a binary 1-propanol/water solvent mixture (1-prop-
anol (P) mass fraction xP) at 25 °C and without air pre-loading: a) is showing the influence of (film) temperature and b) neglectable impact of the heat
transfer coefficient (linked to the air flow rate) on the position of the arheotropic point (intersection with the angle bisecting). For compositions lower than
the arheotropic composition, 1-propanol evaporates preferential. Both individual drying parameters only have a minor influence on the arheotropic point.
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As relative humidity increases, the evaporation kinetics of
water is hindered. In consequence, the arheotropic point shifts
toward higher 1-propanol concentrations, expanding the range
where xP< xP,AR and preferential 1-propanol evaporation. Due
to the relative humidity, there is a second intersection of the
curve with the bisector at higher 1-propanol contents and thus
a second arheotropic point (xP,AR

*). The second arheotropic point
further reduces the area in which water evaporates preferentially.
For mixture concentrations of xP,AR< xP< xP,AR

*, water evapo-
ration is favored. The AR for the relevant analyzed humidity
levels are presented in Table 1. At a certain critical humidity level,
there is no longer an intersection with the bisector, indicating
that preferential evaporation of water is no longer possible.
1-propanol will continue to evaporate preferentially with any sol-
vent mixture composition.[17]

This analysis is particularly relevant for fuel cell processing in
environments without preconditioned drying air or drying ovens.
In such conditions, humidity levels can vary considerably based
on climatic, seasonal, and geographical factors. For instance, in
Karlsruhe, Germany, humidity fluctuations in a range of 15–75%
(at 25 °C) occur between summer and winter, influencing the sol-
vent’s evaporation behavior and thereby affecting the film com-
position during drying. Changes in solvent composition can also

influence particle–particle or ionomer–particle interactions, as
well as important ink properties, such as surface tension and
mixture density.[4,7,10,24–26] This is further explored in chapter
2.2 and 2.3.

Pre-loading the air with 1-propanol or with both solvents, as
may occur in the air circulation mode of a convection dryer,
further influences the arheotropic point.

To summarize, it is essential to specify the pre-loading of the
drying air (indicated by the dew point or relative humidity and
temperature) as an important factor in drying of catalyst layers.
This is necessary in order to enable the comparison of results
from different studies. Furthermore, on an industrial scale,
conditioning of the air to achieve constant pre-loading should
be taken into consideration.

2.2. Influence of Varying Relative Humidity on the Drying of
Catalyst Inks

The following section combines the purely theoretical consider-
ation of selectivity with the drying of catalyst inks. The aim is to
compare the effect of air pre-loading in a realistic drying process
for fuel cells and electrolyzers. For this purpose, a catalyst
layer with an area of 9� 9 cm2 and an initial composition
of xP,0= 53 wt% 1-propanol, xW,0= 36 wt% water and
ωsolids,0= 11 wt% solid components (equivalent to a pure solvent
composition of 60 wt% 1-propanol and 40 wt% water) is
assumed, which undergoes convective drying at an air tempera-
ture of 72 °C and a heat transfer coefficient of 35W/(m2 K).
Under these applied drying conditions, and considering the
ink formulations and selective solvent evaporation behavior,
the calculated film temperature is 25 °C in the examined first dry-
ing period. The porosity of the dried electrode is set to ε= 65%
for the calculation of the end-of-film shrinkage (EOFS)
(Equation (1)). These conditions (Table 2) are held constant to
isolate the effect of water pre-loading of the air on the drying
process.
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Figure 3. Relative gravimetrical evaporation rate of 1-propanol as a func-
tion of the liquid composition of a binary 1-propanol/water solvent mixture
(1-propanol (P) mass fraction xP) at 25 °C. The influence of air pre-loading
with water (relative humidity, φ) on the arheotropic compositions (inter-
section with the bisecting) is shown. The range of compositions in which
water evaporates preferentially (xP,AR> xP> xP,AR

*) is either reduced or
absent as a consequence of the pre-loading of the drying air.

Table 1. 1-Propanol compositions for the first (xP,AR
*) and second (xP,AR

*)
arheotropic point at increasing relative humidity (φ) of the drying air at
25 °C.

φ (T= 25 °C) xP,AR xP,AR
*

0% 53.5% –

30% 62.7% 96.0%

50% 74.2% 89.7%

Table 2. Drying and ink parameters for the simulation of the selectivity of
drying of a binary 1-propanol/water mixture in catalyst inks. First, the only
difference in the simulation parameters is given by air pre-loading, which is
increased from 0.0 % (ỹW,∞= 0.000) to 28.5 % (at 25 °C, ỹW,∞= 0.009,
τ= 5.5 °C). Later, the influence of solvent composition is investigated
by reducing the initial 1-propanol content from 53 wt% to 18 wt%.

Symbol Without air pre-loading With air
pre-loading

ỹW,∞ 0.000 0.009

ỹP,∞ 0.000

Tconv 72 °C

α 35W/(m2 K)

APh 0.0081 m2

xP,0 53 wt%

xsolid,0 11 wt%

ε 65%

xEOFS 37.5 wt%
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Film-side mass transport resistances are neglected in this
study. Consequently, the analysis is only conducted up to the
calculated EOFS. It is similarly anticipated that the EOFS will
correspond with the beginning of crack formation in the layers.
Given the influence of a changing ink composition on the inter-
action of the ionomer and catalyst particles and thus the micro-
structure formation (e.g., cracking), this model is expected to be
important to further examine cracking during electrode drying.

Figure 4 shows the composition of the catalyst layer against
the normalized drying time (t/tend) for different air pre-loadings
with water. The colors in both diagrams and the pie charts
(representing the start of drying and EOFS) correspond to the
proportions of solids (gray or white), water (blue), and 1-propanol
(red) during the drying process. The solid line indicates the total
solvent content in the ink during drying. To elaborate the
influence of varying ink composition during drying, schematic
illustrations based on the findings from Ngo et al.[7] and
Mabuchi et al.[40] are presented above the corresponding
diagrams. These schematics show the composition-depended
changes of Nafion morphology (turquoise) and the interactions
between Nafion and the catalyst particles (black) during the dry-
ing process, which may effect microstructure formation.

Both drying curves start with a solvent content of 89 wt%.
Before beginning the drying process, the catalyst ink consists
of 11 wt% solids (catalyst and ionomer), 53 wt% 1-propanol,
and 36 wt% water (initial 1-propanol to water mass ratio
60:40). In the case of drying with dry air (a), the solvent compo-
sition shows that 1-propanol progressively accumulates relatively
as the overall solvent content decreases. As the drying process
continues, the water content of the film decreases. By the
EOFS, the ink is composed almost entirely of 1-propanol and

solids. This occurs because the initial solvent composition is
greater than the arheotropic composition of the 1-propanol/water
mixture in dry air (xP,0= 60 wt%> xP,AR= 53.3 wt%).

In contrast, during the drying of the ink with pre-loaded air
(ỹw,∞= 0.009, dew point: τ= 5.5 °C), the evaporation kinetics
of water is inhibited. With gas-phase kinetics considered,
the solvent composition is now below the arheotropic point
(xP,0= 60 wt%< xP,AR,τ=5.5 °C= 62.7 wt%), resulting in the pref-
erential evaporation of 1-propanol. Consequently, water accumu-
lates relatively in the remaining solvent mixture. Despite starting
with the same initial composition, at the EOFS only 27 wt% water
and 8 wt% 1-propanol remain in the catalyst film. The humidity
of the air also extends the drying time, in this specific case by
5.6%.

The effect of the significantly different composition profiles
over the drying time is likely to be further intensified by higher
air pre-loadings. Also, an impact of these composition changes
on the self-interactions of Nafion and interactions between the
ionomer and the catalyst particles is anticipated. According to
Ngo et al.[7] with the initial catalyst ink composition, Nafion exists
predominantly as aggregated, rod-like structures with a strong
negative charge. This morphology can impede deposition onto
the catalyst particle surfaces. During the drying process, if
1-propanol accumulates in the ink (Figure 4a), Nafion undergoes
a morphological transition to smaller, more flexible aggregates
with a reduced surface charge. The attachment to the catalyst sur-
face is facilitated. In contrast, the preferential accumulation of
water (Figure 4b) promotes the formation of larger, highly
agglomerated Nafion structures that maintain a strong negative
charge, further inhibiting their interaction with the catalyst
particles. These morphological and interactional changes
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Figure 4. Simulation of the ink composition in the first drying period (until EOFS) of a catalyst ink composing of a 1-propanol water mixture over the
normalized drying time t/tend without a) and with b) air pre-loading (ỹw,∞= 0 and ỹw,∞= 0.009) and 72 °C. The ink composition is symbolized by colors
(red: 1-propanol, blue: water, gray and white: solids). With pre-loading of the air, the selectivity of the drying (preferable evaporation of one component) is
inverted. An air pre-loading with water hinders the water evaporation and water is relatively enriched in the ink. Adapted from the work of Ngo et al.[7] and
Mabuchi et al.,[40] the schematic illustrations above the diagrams show the changes in interactions between the Nafion ionomer (turquoise) and the
catalyst particles (black) at different solvent compositions along the drying process, indicated by the background color coding (mixture of 1-propanol (red)
and water (blue)).
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significantly influence the resulting microstructure of the catalyst
layer, including, for example, the mechanical resistance for
cracking. Consequently, considerations on selective solvent evap-
oration and its effects on film formation must be integrated into
the design of the drying process at both laboratory and produc-
tion scale.

2.3. Influence of Varying Initial Ink Formation on the Drying of
Catalyst Inks

Next, the impact of ink formulation under constant drying con-
ditions on the solvent composition during drying is investigated.
For this analysis, the simulation parameters established in the
previous study, involving water pre-loading air with a dew point
of τ= 5.5 °C, are maintained (see Table 2). The focus is on com-
paring the drying behavior and solvent composition between two
ink formulations: a) 11 wt% solids (catalyst and ionomer),
36 wt% water, and 53 wt% 1-propanol (identical to Figure 4),
and b) 11 wt% solids, 71 wt% water, and 18 wt% 1-propanol.
Figure 5 illustrates the simulated drying curves for both ink
compositions.

Based on the initial solvent composition (xP,0< xP,AR) at the
given temperature and pre-loading of the drying air, an accumu-
lation of water is expected for both formulations. For the ink with
xP,0= 53 wt%, the evaporation is observed to be only slightly
selective. At the EOFS, the mass fraction of 1-propanol is reduced
to 8 wt%. The drying layer at this stage consists of 27 wt% water
and 65 wt% solids, alongside the residual 1-propanol.

The schematic illustrations above the diagrams depict how
these changes in ink composition influence the morphology
and interactions of Nafion in the catalyst ink.

In contrast, the second ink formulation (b), characterized by a
higher initial water content (xW,0= 71 wt% and xP,0= 18 wt%),
shows rapid 1-propanol depletion due to its preferred evapora-
tion. By 44% of the total drying time, nearly all 1-propanol
has evaporated (xP< 1.0 wt%), leaving water as the predominant
evaporating solvent. The drying rate is subsequently reduced due
to the slower evaporation kinetics of pure water in comparison to
the solvent mixture. Consequently, the drying time for this for-
mulation is extended by 50.6% compared to the ink with
xP,0= 53 wt%. With respect to the interactions between the solid
components (Nafion and catalyst particles) within the ink, the
accumulation of water in both ink formulations at the applied
drying conditions promotes the formation of larger, highly neg-
atively charged Nafion agglomerates. The deposition of these
structures to the catalyst surface is hindered. For the ink with
xP,0= 18 wt% (Figure 5b), water is almost exclusively present
throughout most of the drying process. Consequently,
pronounced changes in the ionomer–catalyst interactions are
expected.

These variations in initial solvent composition and the evolv-
ing solvent distributions during drying have a great influence on
the (self )interactions of the ionomer and the catalyst particles.
The influence of different initial solvent mixtures in catalyst inks
on electrode properties has been demonstrated in several stud-
ies.[24,40] Nevertheless, the effect of varying solvent composition
during drying on electrode properties remains to be explored in
future investigations. For instance, targeted adjustments to the
air pre-loading could be used to manipulate the composition pro-
file during the drying process, offering potential for fine-tuning
electrode properties.

In the present study, solely solvent mixtures of 1-propanol and
water are investigated as this solvent system is widely used for
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Figure 5. Simulation of the ink composition in the first drying period (until EOFS) with constant drying conditions (Tconv= 72 °C, ỹw,∞= 0.009) for
different initial solvent compositions (xP,0= 53 wt% and xP,0= 18 wt%). The ink composition is symbolized by colors (red: 1-propanol, blue: water, gray:
solids). While for xP,0= 53 wt% a) both solvents are present in the drying ink during the entire drying process, for xP,0= 18 wt% b) mainly water, is present
in the ink for the majority of the drying time. Adapted from the work of Ngo et al.[7] and Mabuchi et al.,[40] the schematic illustrations above the diagrams
show the changes in interactions between the Nafion ionomer (turquoise) and the catalyst particles (black) with different solvent compositions along the
drying process, indicated by the background color coding (mixture of 1-propanol (red) and water (blue)).
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fuel cell catalyst inks.[9,11,23–25,41,42] However, future work will
aim to systematically expand the analysis to include a broader
range of solvent systems.

3. Evaluation of the Theoretical Model with
Experimental Results of a Drying Catalyst Layer

To evaluate whether the theoretical model can be used to
describe experimental data for catalyst layers for PEM fuel cells
or electrolyzers with a binary 1-propanol/water mixture, the
drying behavior of catalyst inks is now being investigated.

The catalyst ink is prepared using a CN10 dissolver with an
APS250 bead mill attachment (VMA Getzmann GmbH,
Germany). The ink formulation consisted of catalyst particles
(TEC10EA50E, Tanaka Kikinzoku, Japan), Nafion dispersion
(D2020, IonPower, USA), and a solvent mixture of 1-propanol
(Carl Roth, Germany, purity> 99.5%) and water (ultrapure).
The ink was processed for 3 h at 1000 rpm. Beads of Yttrium-
stabilized zirconium oxide (0.6 – 0.8 mm) were used in the ball
mill, with a bead-to-ink volumetric ratio of 1:1.

For the investigation of gravimetric drying behavior, the ink
was applied to a polytetrafluoroethylene (PTFE) substrate
(Hightechflon, Germany) using doctor blade coating (ZUA200,
Zehntner, Switzerland) and dried under controlled conditions
using a Comb Nozzledryer (CN Drying Technology, Germany).
The drying setup is characterized by a homogeneous nozzle field
equipped with integrated exhaust air extraction, ensuring uniform
drying conditions. The drying air is not preconditioned with
respect to humidity prior to entering the dryer; rather, the drying
air is heated ambient air. During experiments, the relative humid-
ity is closely monitored to ensure reproducibility of test conditions.
The continuous monitoring of ambient parameters allows their
direct use as input variables for the simulation model.

The electrodes were placed on a precision balance (MC1 LC
1200 S, Sartorius, Germany) during the drying process to record
their gravimetric drying curves. The ink formulation, coating
parameters (dry film thickness 9.6� 1.0 μm), and drying condi-
tions (air temperature Tconv= 72 °C, heat transfer coefficient
α= 35W/(m2 K), humidity of the drying air ỹw,∞= 0.009, hon-
eycomb nozzle field) were kept constant throughout the experi-
ments. More detailed information on the experimental setup can
be found in.[43] Figure 6 shows the evaluation of the theoretical
model with experimental data of the drying of catalyst inks with
the initial compositions of xP,0= 53 wt% and xP,0= 18 wt% at the
specified drying conditions. For validation, gravimetric drying
curves from three independent experiments (Figure 6a, b) con-
ducted under identical drying conditions are presented (with
filled, half-filled, and unfilled data points). The observed devia-
tions between data points arise primarily from the limitations
of the experimental setup—namely, the use of a high precision
balance in combination with the convective heat input—and
minor variations in ink application. For reference, the drying
behavior assuming non-selective evaporation is also presented
(dashed line). Despite the signal-to-noise ratio, the experimental
results remain sufficient to demonstrate the significance of incor-
porating selective evaporation into the simulation model. To pro-
vide deeper insight into the solvent composition within the ink,

Figure 6 c, d also presents the compositions along the drying pro-
cess obtained with the simulation with selective evaporation.

The simulative description of the drying process based on
selective solvent mixture evaporation (solid line) provides an ade-
quate representation of the experimental drying behavior (data
points) for both catalyst inks. Notably, only the selective simula-
tion successfully captures the markedly different drying dynam-
ics and durations observed under identical drying conditions for
both inks. However, for solvent compositions near the azeotropic
point (Figure 6a), both simulation approaches (with and without
consideration of selective evaporation) yield similar drying pre-
dictions. At the applied drying conditions and with the ink for-
mulation, the solvent composition does not change significantly,
allowing the non-selective evaporation model to describe the dry-
ing process. In contrast, for the ink formulation with a substan-
tially lower initial solvent composition than the azeotropic
composition (Figure 6b), the drying time is underestimated by
the non-selective model due to the unaffected evaporation of both
solvents. A detailed evaluation of the simulation results for
selective and non-selective evaporation can be found in the
Supporting Information S1. Additional supporting measure-
ments with comparative analyses between experimental data
and simulation results for both ink formulations at an alternative
drying temperature, are provided in supporting information S2.

With regard to the ink composition during drying (Figure 6c,d),
in the ink with an initial 1-propanol content of xP,0= 53wt%,
both solvents remain present throughout the first drying period
(up to the EOFS). In contrast, the simulation for the ink with
xP,0= 18wt% indicates that after 38 s the 1-propanol content
has fallen below 1 wt%. The solvent compositions at EOFS for
both inks are provided in Table 3.

When comparing the drying behavior in the first drying period
of the two inks with different initial solvent compositions, it is
noticeable that the drying of the ink with xP,0= 53 wt% is about
54% faster than the ink with xP,0= 18 wt% at similar drying con-
ditions. The observed differences in drying time can be explained
with the evaporation kinetics and thermodynamics of the mix-
ture, which is influenced by the activity, the partial pressures,
and diffusion coefficients of the components in the mixture.
Also considering the specific evaporation enthalpy of the compo-
nents (1-propanol: Δhv,P (T= 25 °C)= 802 kJ kg�1 and water:
Δhv,W (T= 25 °C)= 2441 kJ kg�1[37]) and the evaporation kinetics
lead to different wet bulb temperatures for the mixtures depend-
ing on their composition during the first drying period (25 °C
for xP,0= 53 wt% and 27 °C for xP,0= 18 wt%, respectively).
Combining these factors results in a lower drying rate and higher
wet bulb temperatures for the ink with xP,0= 18 wt% compared
to the ink with xP,0= 53 wt% at identical drying conditions.

Additionally, the composition of the ink–solvent mixture
changes significantly throughout the drying process. For the
ink with xP,0= 53 wt%, both solvents remain present throughout
the entire first drying period. In contrast, the ink with a lower
initial 1-propanol content (xP,0= 18 wt%) predominantly
contains water from approximately halfway through the drying
process according to the simulation. As the composition of
the dispersing medium affects the interactions between ionomer
and catalyst and the capillary pressure, these concentration var-
iations can significantly influence the electrode (micro) structure,
including the formation of cracks.[4,10,23,25]
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Due to the experimental setup during the in-situ determina-
tion of the solvent decrease, the experimental data experience
fluctuations. Until the EOFS, the mass change is sufficiently

large that it can be determined satisfactorily. For smaller mass
changes (from EOFS) the signal-to-noise ratio becomes very
small and the corresponding data has been excluded here for
reasons of clarity.

Advancing from this, future investigations will focus on the
formation of cracks during the drying of the catalyst layer, linked
with the simulation of the selective drying process. This
approach aims to provide a deeper understanding of crack
formation mechanisms during drying to ultimately mitigate or
control crack formation by adjusting drying parameters.

4. Conclusion

The theoretical analysis of the drying behavior of binary
1-propanol-water mixtures, commonly used in PEM fuel cells
and electrolysis inks, highlights the significance of incorporating

Table 3. Calculated composition and drying time at the end-of-film
shrinkage (EOFS) for the two inks studied, with an initial 1-propanol
content of xP,0= 53 wt% and xP,0= 18 wt%. Constant drying conditions
(Tconv= 72 °C, ỹw,∞= 0.009 and α= 35W/(m2 K)) were applied. Due
to the different (initial) compositions, the drying time for the ink with
xP,0= 18 wt% is nearly twice as long.

At EOFS Ink xP,0= 53 wt% Ink xP,0= 18 wt%

xsolid/wt% 64.8 62.8

xP/wt% 7.5 2.4 · 10�7

xW/wt% 27.7 37.2

t/s 44 82
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Figure 6. Comparison of the experimentally detected drying behavior (data points from three experiments) of two catalyst inks with a) xP,0= 53t%
(purple) and b) xP,0= 18 wt% (blue) with the simulation of the solvent mixture evaporation during the first drying period (solid line). The drying conditions
were kept constant at Tconv= 72 °C (corresponding to an experimentally recorded average film temperature of 25 °C (left) and 27 °C (right)), ỹw,∞= 0.009
and α= 35W/(m2 K) for both the simulations and the experiments. The solid line represents the simulation results based on a drying model incorpo-
rating selective evaporation, whereas the dashed line corresponds to a model assuming non-selective evaporation. The drying behavior of both inks can
only be accurately described by the selective evaporationmodel, particularly when the initial solvent composition deviates significantly from the azeotropic
composition (b,d). In such cases, substantial compositional changes occur during drying, which are not adequately represented by the non-selective
model. The diagrams c,d) illustrate the ink composition during selective evaporation, represented by color coding (red: 1-propanol, blue: water).
Changing solvent compositions, which influence the drying behavior of the ink, can be observed as drying progresses.
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gas-phase kinetics in evaporation behavior. The arheotropic point
(thermodynamic þ gas kinetics) can differ significantly from the
azeotropic point (purely thermodynamic). A systematic evalua-
tion of different drying parameters reveals that air pre-loading
with water (relative humidity) shows the greatest influence on
the arheotropic point. As humidity increases, the evaporation
kinetics of water is impeded, resulting in a significant reduction
in the composition range in which 1-propanol evaporates
preferentially. At a critical humidity (depending on temperature),
water evaporation is sufficiently hindered, resulting in a favored
evaporation of 1-propanol across all mixture compositions.

Simulations investigating the impact of relative humidity on
the first drying period of catalyst inks (neglecting material-side
layer resistances) demonstrate that air pre-loading alone can
reverse the drying selectivity. With dry air, 1-propanol tends
to accumulate in a mixture with an initial composition of
xP,0= 53 wt%. However, when the relative humidity is raised
to only 28% (at 25 °C), water starts to accumulate in the drying
layer. These results show the importance of specifying air pre-
loading as a critical drying parameter in both academic and
industrial context to ensure reproducible drying conditions.
Conditioning of the drying air is advised for industrial processes.

Furthermore, the initial solvent composition can lead to dif-
ferent solvent compositions during the drying process. Only a
single solvent (e.g., water) may dominate for most of the drying
process, impacting interactions within the ink matrix and
ink properties and thus the electrode microstructure or crack
formation.

The drying simulations were validated using experimentally
determined gravimetric drying curves for catalyst layers. The
results confirm that the drying behavior of these inks can be
described sufficiently by only modeling the selective solvent
evaporation.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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