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ABSTRACT
The processing of catalyst-coated membranes (CCM) is a major challenge in the production of efficient fuel cells and

electrolyzers. In addition to the material properties and the formulation, the processing of the ink has a decisive effect on

the crack pattern of the resulting electrodes. In this work, the influence of milling time in a ball mill on ink and electrode

properties is investigated. Prolonged milling results in a reduction in large agglomerates, particularly. The pore diameter

distribution of the membrane direct coatings exhibits a strong correlation with the particle size distribution (PSD) of the inks.

With regard to the proportion of cracks, an optimummilling time exists. With very long milling time and thus small and narrow

PSD, a continuous crack network is created. This phenomenon is explained by the large specific surface area of the dispersed

particles and the distribution of the ionomer in the ink. Ionomer adsorbed to the particles is no longer available as a stress-

absorbing binder during solidification. A higher ionomer to carbon ratio can compensate for small PSD, enabling low-crack

coatings.

1 | Introduction

The catalyst coated membrane (CCM) is the key component of
polymer electrolyte membrane (PEM) fuel cells and electrolyzers.
The mainmass transport processes and electrochemical reactions
take place here. The challenges for the two catalyst layers of the
CCM are to enable a high mass transfer of the gaseous reactants
and products as well as a high catalytic effect. This is achieved by
a microstructure with high porosity and defined pore diameter
distribution for mass transfer of the gases, many three-phase
boundaries around the catalyst and good contact with the
proton-conducting membrane and as well a good contact to the
electron-conducting porous transport layer [1–4].

The desired microstructure depends on both the materials used
and the way in which they are processed. The literature covers a
wide range of catalyst particles, ionomers, solvents, and additives
and their combinations when selecting ink materials, e.g [5–15].
Conversely, few systematic studies have been conducted on proc-
essing. Nevertheless, this field is of significant importance, given
that the process route (decal or membrane direct coating) [16, 17]
and each step of the process, including ink processing [18–20],
coating [17] and drying [21–24], affects the microstructure of
the final layer. This study focuses on the influence of processing
in a ball mill, an industrially scalable device. A fundamental
understanding of the process is required for industrial applica-
tions. To this end, the key interrelationships, such as the ionomer

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
© 2025 The Author(s). Energy Technology published by Wiley-VCH GmbH.

Energy Technology, 2025; 0:e202501844 1 of 12
https://doi.org/10.1002/ente.202501844

Energy Technology

RESEARCH ARTICLE

https://orcid.org/0009-0002-5070-325X
https://orcid.org/0000-0002-5494-9057
https://orcid.org/0009-0006-1769-0687
https://orcid.org/0000-0003-1243-460X
https://orcid.org/0000-0002-3453-8242
mailto:philipp.quarz@kit.edu
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/ente.202501844
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fente.202501844&domain=pdf&date_stamp=2025-10-29


distribution, must be identified and discussed. This study aims to
address this research gap.

1.1 | Role of the Ionomer

The composition of the components in the form of the solvent
ratio and the ionomer to carbon ratio (I/C) has a decisive influ-
ence on the ink properties and the microstructure of the resulting
electrodes [21, 22, 25–27]. A higher I/C reduces the vulnerability
to cracking [15]. But, if too high, it can cause the catalyst particle
network to clog [28], reduces the size of pores, and thus nega-
tively affects the mass transfer during operation and total
CCM performance [1, 29, 30].

The ionomer plays a critical role in providing proton conduction
to the membrane during operation and stabilizing the ink during
processing [31, 32]. It accumulates on the particles during the
grinding and mixing process as an ultrathin film with a thickness
of just a few nanometers. The distribution and thickness over the
particle surface are heterogenous [12, 28, 33, 34]. Kumano et al.
[35, 36]. showed that free ionomer, not adsorbed to the particles,
can also be present in an ink, serving as a binder between the
particles during film solidification [12, 36–39].

High surface area catalyst particles, for example, Ketjenblack,
require more ionomer for stabilization than lower surface area
particles, for example, Vulcan XC-72 [32, 39, 40], at the expense
of free ionomer [15]. In addition, the thickness of the ionomer film
around the particles decreases as the particle size decreases [41].

The distinction between polymer bound or immobilized to the
disperse phase (particles or droplets), which sterically and elec-
trostatically stabilizes the particles or droplets in solution, and
free polymer, which serves as a binder between the individual
particles during film solidification, is also an established expla-
nation for other disperse systems such as battery slurries [42, 43]
or oil–water emulsions [44]. When new surfaces are generated,
for example, through a break-up of agglomerates, (excess) free
ionomer will adsorb to it [44]. Moreover, excess adsorbed ion-
omer can cause flocculation of the disperse phase [42].

1.2 | Ink Processing in a Ball Mill

Comparing to formulation effects, a systematic investigation of
the processing of catalyst inks and its effects on particle size dis-
tribution (PSD) and layer’s properties has not received as much
attention to date. The original agglomerates from the supplied
catalyst powder must be broken up and mixed with the other
ink components to produce thin film coatings with a high elec-
trochemically active surface area. This is typically achieved using
ultrasonication, high-speed mixing, or ball milling [40].

Ball mills and similar systems offer several advantages, incl. simul-
taneous comminution, and mixing, scalability for large-scale pro-
duction, and the production of high-quality inks [18], as far as the
authors know, without loss of platinum from the particles.

Several process parameters effect the ball-milling result [19, 45, 46].
Combined, two main parameters for particle size reduction can be

derived from literature articles: the stress intensity SI (Equation (1))
and the stress number SN (Equation (3)) [47].

SI describes the energy exerted on the process side, which must be
larger than the material-specific required comminution energy. It
is approx. proportional to the kinetic energy of the grinding media
(GM) SIGM and depends on its diameter dGM, density ρGM, and
speed vGM, which in turn is proportional to the diameter of the
grinding disk dGD and the rotational speed n (Equation (2)).

SI ∝ SIGM = dGM3 ⋅ ρGM ⋅ vGM2 (1)

vGM = π ⋅ dGD ⋅ n (2)

SN is described as the average number of stress events of a particle
or agglomerate in a batch milling process. In the model equation,
it is determined by the filling ratio φGM, and the porosity of the
bulk of GM ε, the volumetric solid content of the product suspen-
sion Φv, and GM’s diameter dGM. Furthermore, the rotational
speed n and the grinding time t are also included linearly.

SN ∝
φGM ⋅ 1− εð Þ

1−φGM ⋅ 1− εð Þð Þ ⋅Φv
⋅
n ⋅ t
dGM

(3)

The process parameters can be optimized for specific material
systems [46]. Regarding the SN, it can be hypothesized that a lon-
ger milling time leads to multiple stress events and consequently
to smaller particle sizes. This has already been shown qualita-
tively for fuel cell inks by Lindermeir et al. [19]., Baez-Cotto
et al. [18], and Liu et al. [20].

Furthermore, the PSD of a catalyst ink influences the microstruc-
ture of the catalyst layers. One related layer property is the pore
diameter distribution [48]. Going further, the pore diameter dis-
tribution affects the cell performance [11]. The initial agglomer-
ates possess internal porosity, and their disruption affects the
resulting ionomer network, electrochemical active surface area,
and performance [49].

1.3 | Formation of Electrode Cracks

Another issue affecting (long-term) cell performance is cracks in
the catalyst layers. Although their influence is not fully under-
stood, it is known that they can have both positive and negative
effects. During operation, cracks can facilitate mass transport of
the reactants [50, 51]. However, they can also cause interruptions
in conductivity andmechanical weak spots in the system [52–55].
In consequence, cracks are also detrimental to the CCM durabil-
ity [56]. The general consensus in the literature is to avoid cracks.

Cracks can occur during the electrode drying in CCM production
due to stresses during film solidifying [23, 57, 58]. Nucleation
points may be present in film inhomogeneities, for example, large
agglomerates [9, 36]. Furthermore, there is a critical layer thick-
ness, the critical crack thickness (CCT), above which individual
cracks spontaneously occur [58]. The CCT is a function of the
stress generated within the solidifying film and the mechanical
properties of the film, which corresponds to the resistance to frac-
ture, influenced by several material-specific parameters [58–61].
For porous films with hard particles, one factor influencing crack
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formation is the size of the involved particles. Smaller particles
result in a lower CCT. This can be explained by the fact that a
smaller particle size leads to a smaller pore width, thus to an
increase in capillary pressure and higher stresses in the porous
system [58, 60].

PSDs show increasingly inhomogeneous stress behavior in thin
films [62]. Wider PSDs exhibit higher stresses due to higher par-
ticle packing densities, smaller pores, and consequently higher
capillary pressures. To increase the mechanical stability of a
layer, however, additives like polymeric binders [61, 63] or car-
bon nano tubes (CNT) [9] can be added.

Beyond that, the manufacturing process has an influence on the
CCT and cracking. Changes in the solvent composition due to
selective solvent evaporation affect surface tensions, ionomer
and particle properties, and consequently cracking [22]. The
CCT and crack patterns are also influenced by the choice of
the substrate. In addition to all the theoretical influences, the
product-related required or desired film thickness is also decisive.
In general, higher layer thicknesses lead to more pronounced
crack patterns in fuel cell catalyst layers. However, these also
depend to a large extent on the specific materials used [9, 15, 21].

Since in this study, the processing of catalyst inks is investigated,
particle size (distributions), shapes, and thus packing densities in
the film change. The influence of these changes on the crack for-
mation in catalyst layers is also a focus of this study to further
understand cracking of complex catalyst films.

2 | Material and Methods

2.1 | Ink Production

Catalyst powder TEC10EA50E with 46 wt% platinum (TANAKA
Kikinzoku Kogyo K.K., Japan) was mixed with Nafion D2020
(Chemours, USA), 1-propanol (Carl Roth GmbH, Germany)
and ultrapure water (Milli-Q EQ (7000), Merck, Germany).
The solid content was set to 10 wt% and the gravimetric ionomer
to carbon ratio (I/C) varied between 1.0, 1.2 and 1.5. I/C of 1.0
is frequently used in the literature, for example, [5, 18]. 1.2 and
1.5 result from considerations regarding the particle surface in
the course of the study. The overall ratio of 1-propanol to water
was 20:80 wt%. Each 30ml ink was produced in a ball-mill CN 10,
APS 250 (VMA Getzmann GmbH, Germany) containing 30 ml
GM made of yttrium stabilized zirconium oxide (dGM = 0.6–
0.8 mm). Milling time varied for the different inks at a constant
speed of 1000 rpm (Table 1 ink A-D). Inks E and F differed in
their I/C ratio. For all inks the resulting stress number and stress
intensity during the milling process were calculated with
Equations (1)–(3) and are given in Table 1.

2.2 | Ink Characterization

PSDs of the inks were determined by dynamic light scattering
(DLS) (Mastersizer 3000, Malvern Panalytical, UK). The refractive
index of carbon black as main component (nCB = 1.746 [27]) was
assumed for the particles. Platinum and ionomer could influence

the refractive index. This would cause the curves to shift slightly.
Nevertheless, a qualitative comparability is given and measured
values are in the expected range. Inks were diluted (�1:10 000)
in an ultrasonically degassed solvent mixture (nsolvent = 1.34) with
a 1-propanol to water ratio of 20:80 wt%.

2.3 | Coating and Drying of the Electrodes

Further processing was identical for all inks. The inks were
applied directly onto a Nafion N212 membrane (Chemours,
USA) using a ZUA 2000 doctor blade (Zehntner-Testing-
Instruments, Switzerland). The catalyst film was dried with a
combination of contact drying and convective drying, leading
to isothermal drying conditions. The isothermal drying temper-
ature was set to 25°C and the heat and correlated mass transfer
coefficient was set constant in the dryer to a fixed value of
35 Wm−2 K−1. This results in calculated mass transfer coefficients
of 0.018 m s−1 for 1-propanol and 0.030 m s−1 for water into the
drying air. The relative humidity of the drying air was between
10% and 24% at 25°C. With the solvent composition used in the
inks, this had no relevant effect on the drying behavior [22].

2.4 | Analysis of the Catalyst Layers

The film thickness was determined using a digital dial gauge
(ID-H0530, Mitutoyo, Japan). A digital microscope VHX-7000
(Keyence, Japan) was used for microscope images. Cracks were
studied by backlight images of the layers and analyzed using
an automated in-house machine learning software. The pore size
distribution was determined using mercury intrusion (Poremaster
GT33, Anton Paar, Austria).

3 | Results and Discussion

3.1 | Influence of the Milling Time on the
Particle Size Distribution

The material source for the catalyst inks is the powder of the cat-
alyst particles. These are initially present as agglomerates with
mean diameters in the range up to �80 μm (see Figure S1,

TABLE 1 | Process parameters while ink formulation (A-F) in a

ball mill.

t n SN SIGM I/C

h rpm 108 m−1 10−8 J g g−1

A 1 1000 1.11 1.14 1.0

B 3 1000 3.34 1.14 1.0

C 6 1000 6.68 1.14 1.0

D 24 1000 26.7 1.14 1.0

E 24 1000 26.7 1.14 1.2

F 24 1000 26.7 1.14 1.5

Note: With increasing grinding time t, the stress number SN increases.
Additionally, the ionomer to carbon ratio I/C, the rotation speed n and the
resulting stress intensity of the GM SIGM are given.
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Supporting Information), which must be broken up in a grind-
ing step.

Figure 1 shows the volumetric PSD of inks milled for 1, 3, 6, and
24 h at a rotation speed of 1000 rpm. All inks milled for 1 to 6 h
show a bimodal PSD. The inks were diluted for characterization.
The error bars result from measurements of different samples of
the particular ink.

The fine fraction in the PSD is less than �100 nm and refers to
the primary particles and smallest aggregates. The coarse fraction
larger than 100 nm refers to aggregates and bigger agglomerates.
The largest agglomerates measured in the milled inks are signifi-
cantly smaller than in the unmilled powder (t = 0 h).

The peak in the coarse fraction shifts to smaller particle sizes
with longer milling times. Simultaneously, the fine fraction peak
rises. The transition to the fine fraction is fluent in the ink that
has been milled for 24 h (green). Longer mixing and grinding in
the ball mill leads, as expected, to a more narrow PSD.

Theoretically, this can be explained by the higher impact number
SN. SN increases with the grinding time and rises the chance of
agglomerate break-ups (see Equation (3)). Starting from large
catalyst agglomerates, via smaller aggregates, finely dispersed
primary particles are produced. The SI resulting from the setup
is high enough to break up the agglomerates and aggregates
(see Equation (1)).

For all percentile values, the corresponding size values are
observed to be smaller with longer milling times (Table 2).
The corresponding cumulative PSD resulting from Figure 1
shown in the Figure S2, Supporting Information. The x10 values
of the processed inks, which represent the smallest size fractions,

are in a narrow range for all curves (0.02 to 0.03 μm). Larger dif-
ferences can be seen in the x50 and x90 (Table 2). Longer milling
reduces the size of the largest agglomerates in particular.

The maximum detected particle size also decreases with increas-
ing grinding time. After 1 h of milling, the largest agglomerates
previously present in the catalyst powder are two orders of mag-
nitude smaller. While 2.6 μm-large particles are still present as
x99 after 1 h, the x99 is 1.1 μm after 3 h, 0.9 μm after 6 h and
0.6 μm after 24 h. This is important to note regarding the poten-
tial for cracking in films produced with these inks, as larger
agglomerates can act as starting points for cracks and other
defects [9, 36].

It should be noted that when measuring particle sizes using DLS,
the ink sample is strongly diluted (�1:10 000). This could and
will influence the PSD. Measured size values could differ from
those actually present in the ink. For example, in the case of car-
bon black in isopropanol, a 20% reduction in particle size was
observed at a dilution of 1:100 [31]. However, the order of mag-
nitude should be similar, and the qualitative comparison of the
samples is justified due to matching expected primary particle
sizes and same effects for every measurement. In general, DLS
is a frequently used analysis method for ink characterization
[40, 31]. In contrast, pure ionomer aggregates are only a few
nanometers in size [64], and therefore cannot be detected by
the DLS system used, which has a lower detection limit of
10 nm. To minimize the influence of technical effects, the inks
were always diluted and measured in the same way. This leads to
the initially uncheckable assumption that the dilution for particle
size determination has no effect on qualitative statements of the
inks relative to each other. This must be taken into account when
discussing the results.

3.2 | Influence of Milling Time and Stress
Number on the Crack Pattern

The inks were applied directly onto a Nafion N212 membrane
under comparable coating and drying conditions, resulting in
an average dry layer thickness of 7.4 ± 0.5 μm. This corresponds
to a calculated platinum area loading of �0.17 ± 0.02 mg cm−2.
Any differences in the electrodes are solely attributed to the spe-
cific characteristics of the inks.

In Figure 2, defects and cracks in the layers are visible as white
spots, since the pictures are taken with backlight.

FIGURE 1 | PSD depending on ink milling time from t = 1, 3, 6, and

24 h in a ball mill with constant rotation speed of 1000 rpm. The sche-

matic representation above depicts the primary particles, aggregates and

larger agglomerates, anticipated for each size class. In addition, the PSD

of the catalyst powder in the solvent mixture without further processing

(t= 0 h) with large agglomerates is shown in a zoom between 0.5 and

100 μm.

TABLE 2 | x10, x50, x90 and x99 of the PSDs of inks milled to varying

lengths.

0 ha 1 h 3 h 6 h 24 h

x10/μm 4.6 0.03 0.02 0.02 0.02

x50/μm 11.7 0.63 0.34 0.20 0.07

x90/μm 61.3 1.77 0.83 0.57 0.37

x99/μm 105 2.60 1.13 0.94 0.61

a0 h represents catalyst particles in the solvent mixture without ionomer and
without milling.

4 of 12 Energy Technology, 2025
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The layers from inks prepared with milling times of 1–6 h
show mostly small and short cracks. The crack form and
size do not change significantly regardless of the milling
time in contrast to [18] and most can be classified as Y-shaped
cracks, randomly oriented [36]. Most cracks start at inhomoge-
neities, such as agglomerates (see Figure S3, Supporting
Information).

With increasing milling time, the crack area of the layers relative
to the total layer area initially decreases slightly from 0.73% (1 h)
via 0.48% (3 h) to 0.25% (6 h) (Figure 3).

The layer of the ink processed for 24 h has a very pronounced
and interconnected crack network. In the layer, some larger,
delaminated areas are visible. These are likely the result of
delamination and spalling of individual layer islands, which
were bordered by cracks. The overall crack proportion in
the catalyst layer with the ink milled for 24 h is 2.5%. The crack
area is more than ten times higher than the relative defect area

after 6 h milling time. Reasons for the differences in the crack
network are discussed subsequently.

3.3 | Influence of Milling Time on the Pore
Diameter Distribution

In the following, the layers are analyzed in more detail. The pore
diameter distribution is an important microstructure parameter
and is the subject of the following investigations (Figure 4).

The limitation of the measuring device restricts the resolution to
a minimum pore size of �6 nm. Any internal pores in porous pri-
mary particles themselves are expected to be smaller than themea-
surement resolution. As the same catalyst material was used for all
the inks analyzed, the internal pores of the primary particles
should always be similar in size and frequency, but were not
detectable in this case. The smallest measurable pores could pos-
sibly occur as primary pores within the individual agglomerates
and aggregates. In addition, the larger pores are initially inter-
preted as secondary pores between different agglomerates.

The maximum pore size found is <0.1 μm. As the grinding time
increases, the pore diameter distribution shifts toward smaller

FIGURE 2 | Observed surface of catalyst layers with cracks after different ink milling times of 1, 3, 6, and 24 h. All inks were directly coated onto the

membrane and dried under similar drying conditions. The dry layer thickness of all layers is around 7.4 ± 0.5 μm. The number of cracks and the

proportion of cracks observed in the dry layers initially decrease with longer milling times. However, if the milling time is too long, a crack network

is formed. Defect area fraction compared to total area is given.

FIGURE 3 | Percentage of defect area (cracks, spalling, etc.) relative

to the total area of the membrane direct coatings over the ink milling

time. Inks were milled for 1, 3, 6 and 24 h. Subsequently, all films were

dried equally at an isothermal film temperature of 25°C with gas phase

mass transport boundary conditions corresponding to a heat transfer

coefficient of 35 W m−2 K−1.
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FIGURE 4 | Influence of the ink milling time of 1, 3, 6, and 24 h on

the pore diameter distribution in the final dried electrodes shown in

Figure 2.

Energy Technology, 2025 5 of 12

 21944296, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ente.202501844 by K

arlsruher Institut Für T
echnologie, W

iley O
nline L

ibrary on [07/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



pore diameters dp. The number of small pores increases slightly,

while the number of large pores decreases. The greatest amount
of very small pores (dp < 0.02 μm) is observed after 6 h of milling.

The largest significant pore size also becomes smaller. This is con-
sistent with the PSD (see Figure S4, Supporting Information), as
the x10 are pretty similar for all milling times, but mainly the larger
particle sizes are reduced (see Table 2).

A bimodal pore diameter distribution can be seen in the layers
from all inks except for the layer from the ink processed for 24 h.
This is similar to the course of the corresponding PSD. The high-
est proportion of smallest pores is recorded after 6 h. After 24 h,
fewer of the smallest pores are present than after 6 h.

Pore size correlates with particle size, shown in the experiments
here and the literature. This refers initially to the secondary pores
[48]. However, a larger agglomerate is also expected to have
larger primary pores than a smaller agglomerate (see Figure
S5, Supporting Information). When the large agglomerates are
broken, both the large secondary pores and the large primary
pores decrease. Overall, the amount of larger pores decreases.

Theory argues that cracks result from high capillary pressures
exceeding a certain cohesion value of the film [58, 60]. That is
why the critical crack thickness is reduced with high capillary
pressures resulting from small pores. Subsequently, given that
the proportion of smallest pores is observed to be the highest
for the films made from inks that were milled for 6 h, it is antici-
pated that the greatest number of cracks would be present here.
However, the opposite is observed, with the fewest cracks occur-
ring in the film from the 6 h-ink. The capillary pressure alone is
not sufficient to explain the observed cracking behavior. Rather,
the cohesion in the layers must change as the resistance to capil-
lary pressure induced stresses in order to explain the observed
behavior. If the cohesion decreases, cracks will occur at some
point at (nearly constant) capillary pressures. This is presumably
linked to the ionomer (distribution).

3.4 | Effect of Particle Size Distribution on the
Ionomer Distribution in Ink and Layer

When agglomerates are broken up into smaller primary particles,
the specific surface area SV, which is the ratio of surface area to
volume, increases (Equation (4)). For perfectly assumed spheres
with a diameter of x, this ratio can be exactly calculated [65]:

SV =
6
x

(4)

The grinding of particles results in a larger effective particle sur-
face area, which must be stabilized to avoid re-agglomeration.
More ionomer is required. If the I/C ratio and the catalyst particle
mass mC resp. volume in the ink remain constant, there may not
be enough ionomer available to sufficiently cover the surface of
the particles obtained during ink processing for stable particle
dispersion.

This is shown schematically in Figure 5 for the inks after 1, 3, 6,
and 24 h of milling. The measured x50 (see Table 2) from experi-
mental ink investigation serve as the respective particle size. An
agglomerate with x50 = 0.63 μm present after 1 h of ink process-
ing is broken into multiple smaller agglomerates with a size of
0.2 μm after 3 h of ink processing. These, in turn, are broken into
numerous even smaller aggregates and primary particles as the
milling time continues.

The newly created surface can or must be covered by ionomer in
equilibrium. For this purpose, the initially free ionomer adsorbs
onto the new surface. If the surface area is too large, there will
eventually be no more free ionomer in the liquid phase in-
between the particles. Further particle adsorption is not possible.
Since the ionomer also acts as a stabilizer, the small particles will
(over time) re-agglomerate.

To quantify the increase of particle surface, as an approximation,
the number of particles can be calculated assuming that the

FIGURE 5 | Schematic illustration of the influence of the milling time t on the number n and size x50 of agglomerates, aggregates and primary

particles and their specific surface area SV. The stated size per milling time corresponds to the x50 of the experimentally tested inks. Taking a constant

ionomer to carbon ratio I/C and catalyst content mC, with increasing milling time the size of particles decreases and their number and specific surface

area increase. More ionomer adsorbs at the greater surface and the content of free ionomer in solution decreases.
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agglomerates are nonporous and monomodal (Equation (5)). If
the total particle volume remains constant, the number of
particles Ni can be calculated as follows. A large sphere is split
into several smaller spheres, the total volume of which is exactly
the same as that of the original sphere. Due to this volume
connection, the size ratio is incorporated into the number ratio
cubically [65].

N2

N1
=

x1
x2

� �
3

(5)

Thus (for non-porous particles) one single particle with a diam-
eter of 0.63 μm at 1 h milling time would become six with a diam-
eter of 0.34 μm at 3 h milling time, 31 with 0.20 μm at 6 h milling
time and 729 with 0.07 μm at 24 h milling time. Since the specific
surface area is inversely proportional to the particle size and
resulting from Equation (4), SV increases by a factor of 1.9,
3.2 and 9.0. The values serve as a conservative estimation.

The assumption of non-porous particles is a simplification for
estimating upper limits for the number of primary particles
and specific surface areas. In reality, the large particles are actu-
ally porous agglomerates and aggregates of primary particles and
intermediate voids. Assuming an internal agglomerate porosity
of 40%, the number of primary particles and thus the total specific
surface area of the primary particles formed from the large
agglomerate would be correspondingly reduced by 40% [65].

The effective surface area of an agglomerate or aggregate for ion-
omer adsorption can be described by the outer surface. Due to
very small internal pores, no or less ionomer is to be expected
within an aggregate or agglomerate.

In any case, the aforementioned effects also apply to aggregates
and agglomerates with internal porosity formed from primary
particles. The many smaller particles have a larger surface area
than the aggregates and agglomerates, which results in a greater
adsorption of ionomer. Consequently, the concentration of free
ionomer in the ink decreases.

3.5 | Free Ionomer as Crack-Resistant Binder

The total amount of ionomer mI,total in an ink is set by the for-
mulation. However, the ionomer (I) is present in different forms
within the ink [35, 36]:

• free ionomer: free in solution and postulated to act as binder
between particles during film solidification (index: binder);

• adsorbed and immobilized ionomer on the primary particle
or agglomerate surface (index: surface);

• immobilized ionomer within porous agglomerates or porous
primary particles (e.g., Ketjenblack) (index: porosity).

The proportions may vary depending on the manner in which
the ink is processed, but the total quantity remains constant
(Equation (6)). The individual masses of the different ionomer
forms can be expressed by their volume and the corresponding
density (Equation (7)).

mI,total = constant=mI,binder +mI,surface +mI,porosity (6)

mI,total = ρI,binder ⋅ V I,binder + ρI,surface ⋅ V I,surface

+ ρI,porosity ⋅ V I,porosity

(7)

The volume of ionomer V I,binder that is freely available in the ink
and is suitable for the formation of low-crack to crack-free layers
is the residue that remains in the ink when the adsorbed portions
are subtracted from the overall ionomer volume.

The densities of the individual ionomer modifications differ due
to the interactions with the immediate environment. The density
of the free ionomer ρI,binder depends on the properties and inter-
actions with the surrounding solvents [64]. Further, the density
of the adsorbed ionomer ρI,surface is effected by the solvents and
the particle surface (e.g., platinum content) and for the ionomer
within the agglomerates and porous primary particles ρI,porosity,

the interactions within the agglomerate and particle microstruc-
ture are relevant [32, 66]. Changing conditions during ink appli-
cation and drying may alter these interactions.

The term for V I,surface can be more precisely defined under two
premises (Equation (8)):

• the ionomer adsorbs onto (the newly formed) agglomerate
or primary particle surface and is in equilibrium with it and

• spherical particles are present.

The amount of adsorbed ionomer is calculated from the sum of
all volumes of a spherical shell of shell thickness d around each of
the ni particles with size xi of all size classes. In the factor ξ,
potential incomplete surface coverage and geometric deviations
are taken into account.

For xi ≫ d, the term can be simplified by using the sphere surface
times the shell thickness (Equation (9)). For a constant shell
thickness, independent of the particle size, even the explicit con-
version of Equations (9) and (7) to dwould be possible. Simplified
and summarized, the free ionomer content in the ink is a func-
tion of the PSD (Equation (10)).

V I,surface =
X

Ni ⋅ ξ ⋅
π

6
⋅ xi + 2dð Þ3 − xi

3ð Þ (8)

V I,surface �
X

Ni ⋅ ξ ⋅ π ⋅ xi2 ⋅ d (9)

V I,binder = f PSDð Þ (10)

In the milling process, if new surface is created while the agglom-
erates and aggregates are broken up, the amount of free ionomer
will decrease (see Figure 5). If there is no free ionomer available
anymore to compensate for the newly created particle surface,
there are theoretically two consequences for the ionomer adsorp-
tion on the particle:

• (I) The shell thickness around the individual particles
decreases (Figure 6i). This is also described in [41]. This
could be at the expense of particle stabilization and may
no longer actively prevent re-agglomeration.
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• (II) The surface loading of the ionomer can be reduced,
which will then be partially covered by the ionomer
(Figure 6ii). This could also reduce particle stabilization.

3.6 | Higher I/C Ratio for Compensating Large
Specific Particle Surface Area

The hypothesis that free ionomer is required to prevent cracking
is tested for plausibility with a higher I/C ratio. If the most of the
ionomer is adsorbed on the particle surface, the proportion of free
ionomer can be enhanced by the addition of more ionomer. Since
the layer pattern looks best after 6 h, it is assumed that there is
enough free ionomer available for the given PSD. The I/C of
1.0 matches the present PSD in this ink. Different for 24 h of
grinding, where the layer pattern is cracked and the I/C ratio
is interpreted as too low for the given PSD. The amount of ion-
omer required to cover the particle surface and have excess free
ionomer for a crack-free layer pattern can be estimated by calcu-
lating the total specific surface area of the respective inks from
their PSD. The ratio of the simplified estimated specific surface
areas per gram of printing ink D (24 h) to C (6 h) is 1.42.
Therefore, inks with increased I/C, once with less than this factor
(Ink E I/C= 1.2) and once with slightly more (Ink F I/C= 1.5)
were produced experimentally, milled for 24 h and compared
with the original Ink D with I/C= 1.0.

Regarding the PSD of the inks, all three inks milled for 24 h, but
different I/C ratio, show a very similar distribution (Figure 7). In
the tested range, the I/C seems to have no significant influence
on the resulting PSD. Similar observations were made by
Hoffmann et al. [15]. Based on these results, it can be assumed
that all three inks effectively exhibit a similar surface area that
has been wetted with ionomer.

In the next step, the layers produced from the inks are analyzed
in more detail. At higher I/C, fewer (larger) pores are measured
(see Figure S6, Supporting Information). The ionomer seems to
constrict and close the pores during film formation. This may be
due to a thicker ionomer shell around the particles or due to ion-
omer still present as free ionomer in the liquid ink, which then
binds the particles in the layer. Similar observations have been
made by [1, 30].

Comparing the crack patterns, a crack network can still be
seen at I/C = 1.2 (Figure 8). However, the network is less dense
(2.3% ± 0.8%). A clear improvement in the layer pattern in the
form of a smaller total defect area can be observed when

additional ionomer is added. With I/C = 1.5, the crack area
fraction is 0.3% ± 0.6%. This is explained due to free ionomer
in the ink acting as a binder between the particles during
solidification.

A slight improvement in the film appearance can also be seen in
films with only single defects (I/C= 1.2–1.0 after 3 h of milling
and comparable PSD, see Figures S7 and S8, Supporting
Information). The positive effect is less pronounced in this case,
because the original layer already had a smaller crack area.

The hypothesis of free ionomer, which can be introduced into the
ink by adding ionomer to compensate for large particle surfaces
in order to stabilize the films against cracking, is further con-
firmed. The beneficial quantity of ionomer and the surface area
of the particles are coupled. The quantity of free ionomer is of
particular importance, as it has a positive effect on the crack
resistance of the layer but may clog the pores.

It should be noted that the aim of this study is to improve the film
appearance and to discuss the fundamental effects of ink proc-
essing. Optimized system performance during operation does
not necessarily correlate with this. The break-up of large agglom-
erates affects a number of overlapping factors, including the
increase in electrochemically relevant three-phase-boundaries,
particle wetting with ionomer, proton conductivity, pore size,
overall porosity and crack pattern.
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FIGURE 7 | PSD depending on the I/C ratio (1.0, 1.2 and 1.5) for inks

milled for 24 h at 1000 rpm.

FIGURE 8 | Catalyst layer pattern depending on the I/C ratio. The

inks were all milled for 24 h, directly coated onto themembrane and dried

comparably. Layer thickness is comparable.

FIGURE 6 | Effect of the particle surface area on the ionomer shell

around particles. If no additional free ionomer is available from the ink,

(i) the ionomer shell thickness must become thinner or (ii) the particles

are only partially covered with increasing surface area.
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4 | Conclusion

Catalyst inks were processed for different milling times and
directly coated onto a Nafion N212 membrane with doctor blade
coating. Longer milling times lead to more small particles and a
more narrow PSD. This is accompanied by a similar trend in the
pore diameter distributions of the electrodes produced from these
inks. The reduction in particle size resulting from longer ink
processing leads to a concomitant reduction in layer pore size.

For a given ionomer to carbon (I/C) ratio, there is an optimum
milling time for minimum crack area. The crack area initially
decreases with grinding time. This is explained by fewer large
agglomerates acting as crack nucleation sites. However, after
too long milling times, here 24 h, the layers show a crack net-
work. The pore size distributions do not indicate an increased
capillary pressure as the cause. Furthermore, large agglomerates
as nucleation points can be excluded. The explanatory hypothesis
of this study attributes the inferior crack pattern to the consider-
able surface area of the numerous small particles and the ion-
omer distribution in the ink.

The numerous smaller particles have a greater specific surface
area. With the x50 and the assumption of particles and agglomer-
ates as nonporous spheres, for example, the specific surface area
increases ninefold from 1 to 24 h of milling time. Free ionomer
from the ink adsorbs onto the created particle surface. This is
becoming increasingly difficult to procure and is no longer avail-
able in the form of a stress-adsorbing binder between particles
when the film solidifies during the drying process. The cohesion
of this layer and its resistance to cracking therefore diminish.

The crack resistance is re-improved by increasing the concentra-
tion of free ionomer. This is achieved by increasing the I/C ratio.
The PSD and thus the surface area of the particles are similar after
the same processing regardless of the I/C ratio. Nevertheless, with
sufficient additional ionomer, low-crack layers reappear. It is pos-
tulated that the additional ionomer adsorbs to the previously
uncovered particle surfaces, leaving the remainder as free ionomer
in the ink and thus as a binder.

In conclusion, it can be stated that the ionomer distribution in
the ink and the ionomer requirement for low-crack layers depend
on the PSD of the inks. The static determination of the I/C ratio,
regardless of the ink grinding process and thus the PSD, is inad-
equate. It is essential to consider the I/C ratio and PSD in their
respective contexts.

The objective of this study was to examine the relationship
between ink processing and the resulting PSD, as well as the rela-
tionship between PSD and the layer properties, including the
crack area and the pore structure. No statements are made
regarding the resulting electrode performance, which is the sub-
ject of further studies.
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Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author. Supporting Fig. 1: Initial catalyst powder with agglom-
erate sizes up to�80 μm. Supporting Fig. 2: Cumulative PSD depending
on the milling time t from t = 1, 3, 6, and 24 h in a ball mill. In addition,
the PSD of the catalyst powder in the solvent mixture without further
processing (t = 0 h) is shown. Supporting Fig. 3: Agglomerates (circled
in red) as common nucleation point for cracks, independent on the mill-
ing time of the inks. The number and size of the agglomerates shown are
not representative of the inks themselves, but rather serve to illustrate
their general appearance. Supporting Fig. 4: PSDs (points) of the inks
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compared to the pore diameter distributions -dV/dlog(dp) (bars) of the
formed layers after 1, 3, 6, and 24 h of ink processing. Shape and quali-
tative sizes of particles and pores match together for each ink. X-axis
represents the pore diameter dp respective the particle size x.
Supporting Fig. 5: Varying sizes of secondary pores between two (I)
primary particles, (II) aggregates and (III) agglomerates. In addition,
primary pores occur in aggregates and agglomerates. These are larger
in agglomerates. Supporting Fig. 6: Influence of the I/C ratio on pore
diameter distribution. Supporting Fig. 7: Crack pattern depending on
the I/C ratio for inks processed for 3 and 24 h. Supporting Fig. 8:
Influence of the I/C ratio on crack pattern and defect area fraction for
inks processed for 3 and 24 h.
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