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This work investigates the use of roll-to-roll coating methods for the production of iridium oxide
catalyst layers for proton exchange membrane water electrolyzers. Catalyst layers were produced using
two coating methods: slot die and gravure. By varying the solids content of the catalyst ink and coating

Received 22nd October 2025, process variables loadings between 0.08 and 0.64 mg,, cm~2 were prepared with relatively high spatial

Accepted 8th February 2026 uniformity. However, at loadings below 0.2 mg,, cm™2 microscopy reveals voids in the catalyst layer due
DOI: 10.1039/d5ya00309a to similar length scales of catalyst agglomerates and overall layer thickness. Electrochemical testing

shows that these voids do not impact initial membrane electrode assembly performance but lead to
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Introduction

Water electrolyzers efficiently generate hydrogen through elec-
trochemical water splitting. While there are multiple types of
electrolyzers, proton exchange membrane water electrolyzers
(PEMWES) are of interest because they can operate at low
temperatures and readily operate intermittently." To achieve
greater adoption of PEMWE, stack cost reductions are needed
to reduce hydrogen production costs.> One approach to reduce
hydrogen production costs is via increases in system efficiency
is though advances in membranes, porous transport layers
(PTLs), and catalysts that reduce resistive losses or improve
catalyst utilization and durability.> A complementary approach
is to reduce materials costs. For PEMWE systems, the anode
catalyst layer contains iridium or iridium oxide catalyst parti-
cles, which account for a significant portion of membrane
electrode assembly materials costs due to the high price of
iridium.* Currently-fielded systems typically have anode
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increased performance losses after potential cycling compared to spray coated catalyst layers.

loadings greater than 1 mg;, ¢cm~ > with near and long-term
targets of 0.4 and 0.1 mg;, cm ™2, respectively.>* Previous work
has shown high PEMWE performance is possible with ultra-low
Ir loadings (< 0.2 mg;, cm™ %) using ultrasonic spray coating.’

Additionally, significant cost reductions may be realized
from advances in manufacturing and economies of scale.”
Pairing improvements in system efficiency and materials costs
with a reduction in production costs is needed to achieve
system and hydrogen cost targets. To accomplish this, it is
critical to understand the ability of manufacturing methods to
produce future generation systems. Roll-to-roll (R2R) coating
methods are envisioned for catalyst layer production as they
can be highly automated and are capable of producing material
at linear rates of m s~ ', in some cases.® In contrast to the spray
coating processes mentioned above, which used a dilute
catalyst ink (0.08 wt% solids), most R2R coating methods use
catalyst inks with higher solids concentrations. Published work
on slot-die coated (R2R and sheet) anodes have used inks with
over 20 wt% IrO, to obtain loadings over 1 mg;, em 2.”® To
meet near-term and future hydrogen cost targets, R2R pro-
cesses will need to be developed that can achieve favorable
performance and degradation at anode loadings below
0.5 mgy, cm ™2 in the near term and 0.1 mgy, cm ™2 in the long
term.? This requires a thorough examination of coating meth-
ods to address processing challenges and ultimately produce
these low-loaded catalyst layers with high quality and without
sacrificing performance or durability.’

R2R coating encompasses many coating methods including
slot die, gravure, flexography, offset, and slide coating.9 For each
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Fig. 1 Schematics of (a) slot die coating and (b) reverse gravure coating.

method, a liquid coating containing dissolved and/or suspended
solids (catalyst and ionomer in the case of PEMWE) is applied
to a substrate and then solidified in a subsequent step. Despite
this similarity, each method comprises a unique modality
to apply the coating, and as such has unique considerations
for optimal coating properties, process requirements, and final
product specifications.

For example, and as shown in Fig. 1, slot-die coating
involves the application of a liquid to a substrate from a narrow
channel fed at a known flow rate, while gravure coating involves
the transfer of liquid from a rotating, patterned cylinder onto a
substrate that is either tensioned over the gravure cylinder
(shown) or supported by an elastic backing roll (not shown).
One of the primary advantages of slot die coating is that it is a
pre-metered coating method where the film thickness is con-
trolled by the flow rate of the coating fluid and the substrate
speed. This enables facile control of the film thickness within
an upper and lower bounding flow rate for a given web speed,
which defines the coating window.®

In contrast, gravure coating is not a pre-metered method. To
apply the coating, the gravure cylinder rotates through a pan of
the coating fluid, filling the engraving with the fluid. A doctor
blade is used to remove excess fluid from the gravure cylinder
surface. It has been found that doctoring is more easily
achieved with low viscosity fluids like the catalyst inks used
in this work.'® It is also well suited for coating thin films."* The
coating thickness is largely controlled by the engraved volume
of the gravure cylinder, known as the volume factor, which is
reported in m®> m~2. However, not all the fluid within the
engraving is transferred from the gravure cylinder to the sub-
strate. The fraction of fluid transferred, known as pickout, is
controlled by coating process parameters,'> fluid properties,"
and cylinder patterning,'* which additionally influence coating
thickness.
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The fluid mechanics governing each coating method give
rise to an operating window that is determined by the coating
modality (e.g., slot versus gravure) process specifications (e.g.,
web speed, equipment geometry, liquid film thickness) and
fluid properties (rheology, density, and surface tension). Within
the operating window, defect-free coatings can be obtained.
Outside the operating window several types of defects can
occur." ™8 For slot-die coating, the coating window boundaries
are the low-flow and high-flow limits. The low-flow limit is the
lowest flow rate where a defect-free coating can be obtained at a
given web speed.'®'® Below this flow rate, the coating bead
between the die and substrate becomes unstable or breaks,
leading to several types of defects including ribbing or
uncoated patches. On the other extreme is the high-flow limit,
which is the maximum flow rate where the coating bead is
stable. Above the high-flow limit, the upstream meniscus
extends beyond the length of the up-steam die lip face and
leads to a phenomenon known as weeping or dripping where
liquid flows out of the upstream meniscus and metering of
the fluid is lost. The coating window is dependent on many
factors including die geometry, fluid properties, and process
conditions.>'® In gravure, like slot die, flow instabilities in the
coating bead can lead to ribbing and other defects. A defect
known as flashing, where sections of the substrate are uncoated
may arise from improper pick-out.

In this study, slot die and gravure coating were utilized
for R2R fabrication of anode catalyst layers for PEMWEs.
Through variation of the coating process conditions and
catalyst ink concentration, we were able to explore the range
of loadings obtainable for given process conditions. These
catalyst layers were fabricated into MEAs for performance and
durability comparisons. Overall, we see little impact of the
coating method on initial performance, even at loadings near
0.2 mg cm™ > However, in accelerated stress testing we observe

© 2026 The Author(s). Published by the Royal Society of Chemistry
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that microstructural differences in coating uniformity dramatically
influence durability.

Materials and methods
Ink preparation and characterization

The R2R anode catalyst inks were prepared using a commercial
IrO, catalyst (Alfa Aesar, Premion, minimum 85% oxide) and
Nafion D2020 ionomer dispersion (20% ionomer, 34% water,
46% 1-propanol, 920 EW). The inks were prepared by the
sequential addition of IrO, powder, water, 1-propanol, and
ionomer dispersion into a glass jar. For safety, it is critical that
the iridium oxide catalyst is fully wetted with water prior to the
addition of 1-propanol and ionomer dispersion. Three inks
containing 10, 20, or 30 wt% IrO, (with respect to the solvent
mass) were prepared for this study. For all inks, the ionomer-to-
catalyst ratio was 0.2 (w/w). The 20 and 30 wt% inks were
prepared with a water : 1-propanol ratio of 1:1 (w:w). For the
10 wt% ink, a water: 1-propanol ratio of 1:3 (w:w) was used
because de-wetting from the substrate occurs at higher water
content. The inks were dispersed using a high-shear rotor-
stator mixer (Ika Turrax SN-25, using an 18G mixing head) at
a speed of 10000 rpm for 15 min. Following dispersion, the
inks were stirred overnight with a magnetic stir bar to allow for
degassing. The same inks were used for slot die and gravure
coating.

For spray-coated catalyst layers dilute inks were used. The
cathode catalyst was a 50 wt% Pt on high surface area carbon
(Tanaka Kikinzoku Kogyo, TEC10E50E). The cathode spray ink
had a concentration of 2 mg mL ™" in a mixture of DI water and
n-propyl alcohol (nPA) at a mass ratio of 1:0.61 (water: nPA).
The ionomer to carbon weight ratio of 0.45:1. The ink was pre-
chilled with ice and mixed for 30 s in a probe ultrasonicator,
followed by 15 min in an ice-water filled bath ultrasonicator.
The catalyst was dispersed in a water/n-propanol mixture with
the same ratio as the cathode catalyst ink. The concentration of
the iridium oxide anode ink was of 2.75 mg;, mL™"' with an
ionomer to catalyst mass ratio of 0.2 : 1. The ink was pre-chilled
with ice and mixed for 2 min in a probe ultrasonicator, followed
by 30 min in an ice-water-filled bath ultrasonicator.

The steady-shear viscosities of the catalyst inks were mea-
sured using a stress-controlled rheometer (Thermo Scientific
HAAKE MARS 60) with a parallel plate geometry (35 mm) and a
500 um gap. The temperature was held constant at 25 °C using
a liquid-cooled Peltier plate. Prior to measurement, inks were
pre-sheared at 500 s~ * for 1 min to remove any loading history.
The steady-shear viscosities were then measured in a decreas-

ing rate sweep from 500-1 s .

Roll-to-roll coating

The R2R coating line (MiniLabo Deluxe, Yasui Seiki) consists
of the coating station followed by two air convection ovens
(Fig. S1). The roll of substrate is secured at either end of the
coating and drying stations by an unwind roll, located before
coating station, and a rewind roll, located after the drying

© 2026 The Author(s). Published by the Royal Society of Chemistry
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station. Tension is applied to the substrate to ensure proper
conveyance through the coating line via clockwise or counter-
clockwise torque at the unwind and rewind rolls. The conveyed
speed of the substrate is controlled by a driven roller.

For R2R coating, the anode catalyst layers were coated onto a
125 pum thick ethylene-tetrafluoroethylene (ETFE) substrate.
ETFE was used for two reasons: (1) it provides a very smooth
coating surface and (2) the dried catalyst layer only weakly
adheres to it enabling near 100% transfer of the catalyst layer to
the membrane. The slot die and gravure coating equipment
each consist of unique hardware used to apply a liquid coating
of a desired wet thickness onto a substrate. For slot die coating,
the die consists of an upstream die body, a downstream
die body, and a shim which sits between the two die bodies
(Fig. S2). The shim is a thin metal or plastic sheet which has
been cut to provide a flow field between the two die bodies of
fixed width. The gap between the die bodies is set by the
thickness of the shim. For the present work, the die was
shimmed to obtain an 80 mm wide coating width with a
254 pm die body gap. For these experiments the die geometry
was fixed, and a vacuum box was not used. The catalyst ink was
fed to the die using a syringe pump. For slot coating the film
thickness (¢) is determined by the flow rate of the coating fluid
to the die (Q), the substrate speed (U), and the coating width
(w), as in eqn (1):

t= Q .
Uw

(1)

For gravure coating, various cylinders with different volume
factors were used to obtain a range of liquid film thicknesses.
All cylinders had a tri-helical pattern and details of the gravure
cylinders used here are reported in the SI (Table S1). Coating
was performed in direct-reverse-kiss coating mode, where the
web is held over the gravure roll via tension and a coating is
applied directly to the web via rotation of the gravure cylinder
in the opposite direction to the web motion and a tangential
speed of 1.5 m min~".

For all coatings prepared by slot die or gravure coating, the
web speed was 1 m min~". The liquid films were dried in two 1-
m long air floatation ovens with temperatures of 60 °C and
100 °C and air flows of 200 cubic feet per minute.

Spray coating

Spray-coated catalyst layers were fabricated by directly spraying
the catalyst layer on to a Nafion 115 membrane. The cathode
catalyst layer coated first, followed by the anode catalyst layer.
Spray coating was performed using a Sono-Tek ExactaCoat
ultrasonic spray system with a 25 kHz Accumist nozzle. The
membrane was held in place using a vacuum plated heated
to 80 °C.

MEA fabrication and testing

MEAs with R2R-coated catalyst layers were prepared by trans-
ferring the catalyst layers from the ETFE decal to a Nafion 115
(125 pm thick) membrane through a hot-pressing step. In this
process the catalyst-coated decal and membrane were placed
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between two sheets of polyimide film and 1/16” thick Gylon.
This stack was placed in a heated hydraulic press (125 °C) and
pressed for 3 min at a pressure of 25 kg cm ™2, based on the
area of the Gylon foam. These conditions result in 100% of
the catalyst layer being transferred from the ETFE to the
membrane. For all MEAs the cathode catalyst layers were spray
coated on to the membrane, as described above, prior to
transfer of the anode. A titanium porous-transport layer
(Bekaert 2GDL10N-BSO2PT) that was coated with Pt by the
manufacturer was used as the anode porous transport layer.
The cathode gas diffusion layer (GDL) was carbon paper
(AvCarb MGL280). The MEA active area was 5 cm>, as defined
by the PTFE gaskets used to seal the MEA into the testing
hardware. The GDL thickness was compressed by approxi-
mately 20%. Cell components were dry-assembled in a custom
electrolyzer test hardware using a triple-serpentine Ti flow
fields coated with Pt for the anode side and Au for the
cathode side.

MEA testing used the same conditioning and polarization
curve protocol as previously described.? Electrolyzer cell tests
were conducted using an in-house-constructed electrolyzer test
station with a re-circulating water loop maintained at high
purity with mixed-bed DI polishing resin. The anode was fed
water at 80 °C and a flow rate of 50 mL min !, while the
cathode was operated dry. The cell temperature was measured
with a thermocouple inserted into the cathode flow field and
regulated by heater pads placed on the hardware end plates.
Before performance testing, all cells were conditioned using a
combination of polarization curves and current/volage holds.
Conditioning and durability testing used electrical power from
the test station load bank. Polarization curves and impedance
spectra were recorded using an Autolab potentiostat/galvano-
stat (PGSTAT302N, Metrohm) or Gamry potentiostat/galvano-
stat with a 20 A booster. For the polarization curves the
cell voltage was measured at current densities from 10 mA cm >
to 4 A cm ? with roughly logarithmic spacing. Galvanostatic
impedance spectra were recorded at every current density point
and used to determine the high-frequency resistance by inter-
polating the real axis intercept. The AC amplitude for galvano-
static impedance measurements was maintained in the range of
1-5% of the DC current, with frequency range from 0.4 Hz to
40 kHz. Non-faradaic, transmission-line impedance curves were
recorded potentiostatically at 1.25 V with a 3 mV rms amplitude
and frequency range from 0.18 Hz to 18 kHz under a H,/H,0O
condition. The voltage cycling protocol to assess durability was a
square wave cycle from 1.4-2.0 V, with a cycle time of 1 min for a
total cycling time of 500 h. Polarization curves were recorded
before and after cycling. During idle periods between durability
testing and potentiostat diagnostics, the cell was held at 1.4 V to
prevent depolarization leading to start/stop type degradation.

Catalyst layer and MEA analysis

The catalyst layer loadings were measured using an ambient
X-ray fluorescence spectrometer (Fischerscope XDV-SDD). Opti-
cal microscopy was conducted using a Keyence VHX-5000
microscope with both transmitted and reflected illumination.
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Cross-sectional scanning electron microscopy (SEM) images
of coated anodes on the ETFE substrate were collected at 5000
magnification, with a Teneo LV SEM (Thermo Fisher Scientific,
USA), using a circumferential backscattered (CBS) detector, an
accelerating voltage of 10 kV and a beam current of 0.8 nA. The
samples were prepared by embedding in the EpoThin epoxy
resin (BUEHLER, USA), followed by polishing (Struers LaboPro-
5, Denmark) and coating (Denton vacuum LLC, USA).

Cross-sectional scanning transmission electron microscopy
with energy dispersive spectroscopy (STEM-EDS) was per-
formed using a Talos F200X Thermo Fisher Scientific micro-
scope, with an electron accelerating voltage of 200 kv. High-
angle annular dark field (HAADF) images and EDS maps were
collected at 40000x magnification. The anode samples for
TEM were prepared by embedding in a 1: 1 mixture of trimethy-
lolpropane triglycidyl ether resin (Sigma-Aldrich, USA) and
4,4'-methylenebis (2-methylcyclohexylamine, Sigma-Aldrich,
USA) hardener, cured overnight, and sectioned by a Leica
UCT ultramicrotome. The average catalyst aggregate sizes were
measured using Local Thickness tool in Fiji Image ], as
previously reported.*!

Results
Rheology

Prior to coating, the steady shear viscosities of the inks were
measured, as shown in Fig. 2. Poor coatings obtained at 10 wt%
IrO, with a 1:1 ratio of water: 1-propanol, however acceptable
coatings were obtained by reducing the water content to a ratio

10 wt% IrO,
—ﬂ— 20 wt% |r02

10 Wt% IrO,, 75% NnPA
—4— 30 wt% Ir0,

107!

Viscosity [Pa-s]

10! 102 103

Shear Rate [1/s]
Fig. 2 Steady shear viscosities of catalyst inks measured with parallel-
plate rheometry. Inks with 10 wt% IrO; inks were measured for dispersion
media compositions of 50 wt% (filled symbol) and 75 wt% (open symbols)

nPA. The 20 and 30 wt% IrO, inks had dispersion media compositions of
50 wt% nPA.

100
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of 1:3. The viscosity profiles for both are shown. All inks
display Newtonian rheology within the measured shear-rate
range, There are some small increases in viscosity at share
rates below 10 s~ that we believe are due to torque sensitivity
limits of the instrument and are unlikely to be indicative of
shear-thinning. The trend of increased viscosity with increasing
solids content is due to the increase in volume fraction of solids
in the ink. The 1: 3 water: 1-propanol ratio resulted in a slightly
lower viscosity than a 1:1 ratio. Overall, these values are
consistent with our prior measurements of IrQ, inks.>* The
low viscosity at such a high wt% is due to the high density
(11.66 g cm* for bulk IrO,) and low porosity of IrO, leading to
low volume fraction of solids in the inks in contrast to Pt/C
catalyst particles, which have low density.

Roll-to-roll coating

For R2R coating experiments the inks were then coated on to an
ETFE substrate. First, we examined the coating window and
loading ranges obtainable using slot die. Photographs of the
coatings are shown in Fig. 3a. For all the inks coating defects
can be observed for some of the coating conditions. The
loadings resulting from the different coating conditions are
plotted in Fig. 3b.

For the 10 wt% ink, very low loadings are obtainable given
the low concentration of iridium in the ink. However, the
uniformity of these coatings is poor. Due to the low surface
tension and viscosity of this ink, the ink spread beyond the
width of the shim (8 cm) to cover most of the substrate (10 cm
wide) during application (bottom row in Fig. 3a). This spread-
ing could be lessened by increasing the coating gap, however
this is undesirable as it increases the likelihood of vortices that
can lead to other coating defects.®>*** This spreading leads to
significant variation of catalyst loading across the width of the
coating. For example, at a flow rate of 1.91 mL min *,
the loading at the edge was 0.061 mg;, cm > whereas it was
0.100 mg;, cm ™2 in the center, a 39% difference. Spreading also
leads to the average loading being lower than the value pre-
dicted by eqn (1), because the coated width is larger than

Fig. 3
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targeted width set by the die body shim. Additionally, for
10 wt% ink coated at 7.63 mL min ", liquid leaked from the
upstream side of the die onto the substrate, resulting in
undesired streaks in the coated anodes (Fig. 3a). This streaking
was present at higher flow rates and prevented the production
of defect-free anodes with high loadings using the 10 wt% ink.

By increasing the ink concentration to 20 wt% IrO, a wider
range of loadings could be obtained than at 10 wt% IrO,.
However, the lowest loading that could be obtained with this
ink was 0.287 mgy, cm ™2 at 1.73 mL min . Below this flowrate,
defect-free coatings could not be obtained as the flow rates were
below the low-flow limit, as shown by the image for the coating
at 0.87 mL min~" in Fig. 3. Below the low-flow limit, the
upstream meniscus of the coating fluid recedes into the feed
slot (see Fig. 1) and the coating bead becomes unstable and
breaks giving rise to observed streaks.®** While spreading still
existed for the coatings with the 20 wt% ink, it was not as severe
as with the 10 wt% ink and the loading at edge of the coating
typically differed from the center by less than 10%.

For the 30 wt% ink, only high loadings could be obtained
due to the high concentration of the ink. At a flow rate of
2.08 mL min~ ", a loading of 0.65 mg;, cm™> was obtained. This
catalyst ink also resulted in improved control of the coating
width, though there was still some spreading with the coated
width being 85 mm wide, which was 5 mm wider than the
shimmed width of 80 mm. This resulted in the loading being
lower than predicted loading by eqn (1) (0.73 mg; cm ?).
Recalculating the predicted loading based on eqn (1) for the
wider width leads to a predicted loading of 0.68 mgy, cm 2,
which is in reasonable agreement with the measured loading.
The edge was only 5% thinner than the center. Some center-to-
edge variation is common in slot coating. Fluid flow velocity
near the shim wall is typically reduced relative the flow velocity
in the center of the slot due to drag imposed by shim wall. Since
the fluid is Newtonian, this impact is small compared to highly
non-Newtonian fluids thus the variation observed here is
relatively small.”® It is also possible the variation is due to
nonuniform flow caused by the internal manifolding of the die,

b)

Estimated Liquid Film Thickness [um]

20 40 60 80 100
—osd ¢ 10 wt% IrO,
€ m W 20 wt% Iro;
= ¢ 30 wt% Ir0;
£ 0.4+
- sl
£ |
©
8 0.2+
0.0 T T T
2 4 6 8

Liquid Flow Rate [mL/min]

(a) Photographs of slot-coated anode catalyst layers on EFTE for various liquid flow rates (indicated in upper left corner of each photograph).

(b) Plot of measured Ir loading as a function of ink flowrate and estimated liquid film thickness (from eqgn (1)).
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which is known influence fluid flow uniformity.>* The coating
die used here is center fed with a small, straight chambered
manifold roughly 2 cm from the slot exit, illustrated in Fig. S2.
Because the manifold is relatively small, there may be a non-
negligible pressure drop down the length of the chamber that
results in a lower velocity at edges of the coating relative to the
center. Other manifold and shim designs, such as the two-
chamber manifolds,®” the so-called coat-hanger manifold,?®
converging shims,?® as well as other die designs>* have been
shown to increase cross-web flow uniformity. These manifolds
are generally designed for a specific rheology to maximize
uniformity. Further examination of this is beyond the scope
of this report.

Decreasing the flow rate to 1.56 mL min~" leads to coating with
frequent voids in the coating indicating this flow rate was below the
low-flow limit. We did not attempt to coat higher loadings, but
based on prior experiments loadings of 1 mg;, cm™ > are possible.”

For these experiments a vacuum box, commonly used to
decrease the air pressure on the upstream side of the die and
thus enable the low-flow limit to be reduced compared to the
vacuum-free case, was not used.>® The use of a vacuum box
likely would have made it possible to coat thinner films and
obtain lower loadings than we were able to obtain here.
Additionally, changes in the die set up (slot width, upstream
and/or downstream coating gap) would also likely influence
flow limits. However, there are practical limits, as achieving
very low loadings would require liquid films of only a few pm.
At such low film thickness the coating gap must also be small,
thus machining tolerances and roller or bearing eccentricity
may make coating impractical for fear of damaging the die and
backing roll through collision of the two. Additionally, very thin
films are more susceptible to thickness nonuniformity due to
machine vibrations than thicker liquid films. Tensioned web
over slot die coating alleviates concerns of die damage since the
substrate held against the die by tension instead of the backing
roll, however this modality was not studied here.>***3!

The same catalyst inks were used to prepare coatings using
gravure coating. Here, we use direct gravure kiss coating where

30 wt% Iro, 2,

20 wt% Ir0,
.l
.l.

10 wt% Ir0,

Fig. 4
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the fluid is transferred directly to the substrate without the use
of an offset roll or backing roll.** In this work, the gravure
cylinder was rotated in the opposite direction of the substrate,
referred to as reverse gravure. Because the web is held in
contact with the gravure cylinder by tension, the aforemen-
tioned concerns regarding machining tolerance in slot die
coating are alleviated.

Seven gravure cylinders with different volume factors were
used to achieve different liquid film thicknesses, and thus
different loadings. The volume factors ranged from 24-
170 em® m™?, which are predicted by the manufacturer to give
liquid film thicknesses ranging from 4-9 um for the lowest
volume factor to 50-80 pum for the largest volume factor.
A detailed list of the cylinders used is presented in Table S1
of the SI. The rotational speed was fixed at 1.5 m min " for all
coatings based on past experiments that showed this speed
resulted in stable coatings.®® Images of the coatings are shown
in Fig. 4a. The measured loadings as a function of volume
factor are shown in Fig. 4b. With the combination of ink
concentrations and cylinders we were able to obtain coatings
with loadings from 0.06-0.57 mgy cm™ > The lowest loading
prepared is lower than we were able to prepare with slot die
coating. This is not surprising as gravure coating is typically
used with lower viscosity inks to produce thinner films than
slot-die coating. However, at the lowest loadings the loading
variation was higher than that observed at higher loadings,
likely due to the liquid film thickness of a few um approaching
machining tolerances. It is likely we could have obtained higher
loadings with a 30 wt% IrO, ink had we used the gravure
cylinders with larger volume factors. In contrast to slot-die
coating we do not observe significant cross-web variations in
Ir loading.

Electron microscopy

We also used electron microscopy to understand the microscale
uniformity of the catalyst layers. First, we imaged the coatings
using SEM, as shown in Fig. 5. Images for a select set of catalyst
layers were chosen to assess the impacts of different coating
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(a) Photographs of gravure-coated anode catalyst layers on ETFE. Gravure cylinder cell volume factor is indicated in the corner of each

photograph. (b) Plot of measured Ir loading as a function of gravure cylinder volume factor.

Energy Adv.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ya00309a

Open Access Article. Published on 16 February 2026. Downloaded on 2/25/2026 8:47:00 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Energy Advances

Slot
20 wt% IrO,
0.37 mg,,/cm?

Gravure
10 wt% IrO,
0.11 mg,/cm?

Slot
10 wt% Ir0,
0.08 mg,,/cm?

View Article Online

Paper
Gravure Slot Gravure
20 wt% IrO, 30 wt% IrO, 30 wt% IrO,
0.64 mg,/cm?  0.55 mg,/cm?

0.34 mg,,/cm?

T g

Fig. 5 Cross-sectional SEM images (5000 x magnification, row 1) and top-down SEM images (200 x, row 2; 1000 %, row 3; and 10 000 x, row 4) of anode

catalyst layer decals on ETFE.

parameters on microscale features of the catalyst layers. Images
were acquired as cross sections and top down at three magni-
fications to determine features at varying length scales. From
the cross-section a clear increase in thickness with increasing
loading is apparent, as expected.

In the second and third rows, the top-down images show large
clusters of catalyst protruding above the surface of the film. This is
more pronounced in the gravure coated catalyst layer than the slot-
die coated catalyst layer. We are unsure why the gravure coated
catalyst layer has larger clusters compared to the slot-die coated
catalyst layer. Interestingly, regardless of the ink concentration the
gravure coated catalyst layers seem to have finer particulate size
than slot die, which are visible at the highest magnification.

The cross-sections (top row) also show variations in thick-
ness due to the clusters, consistent with the top-down images.
The leftmost two columns contain images of catalyst layers with
loadings near 0.1 mg;, cm 2.The cross-sectional images show
discontinuities in the catalyst layers. The highest magnification
top-down images (row 4) also show the films are discontinuous
and the EFTE substrate is visible for both slot and gravure
coating, as noted in the figure. For the 20 and 30 wt% IrO,
coatings with loadings near 0.35 and 0.6 mg;, cm > the cross
sectional and top-down images show continuous catalyst layers.
Catalyst agglomerates are still present.

The discontinuous nature of the low-loaded catalyst layers
results from the IrO, primary aggregate size relative to the
catalyst layer thickness.>” Based on the highest loaded catalyst
layers, we can estimate a thickness to loading ratio of 650 nm/
0.1 mg;, cm™ % From our previous study on IrO, catalyst inks,

© 2026 The Author(s). Published by the Royal Society of Chemistry

we have measured the hydrodynamic diameter of the catalyst
aggregates to be around 240 nm.>* Based on this size, a
0.1 mgy, cm ™ catalyst layer of roughly 650 nm thick would be
less than three catalyst aggregates thick. While densely packed
layers of spheres are possible with monodispersed spheres
under highly controlled conditions** such ordered packing is
highly unlikely with irregularly sized and shaped -catalyst
particles coated using gravure and slot die coating. Further-
more, when the larger clusters are added to the consideration,
it’s clear that it is challenging to create low-loaded catalyst
layers. Thus, it is not surprising that the low loaded catalyst
layers are discontinuous. This suggests that for manufacturing of
low-loaded catalyst layers, novel catalysts that increase layer
thickness,*™® incorporation of conductive additives,>® or alter-
native catalyst layer structures®® are likely needed to improve
catalyst layer homogeneity.

We also examined the nanoscale structure of the catalyst
layers using scanning transmission electron microscopy
(STEM). Shown in Fig. S3 are the high-angle annular dark field
(HAADF) images and STEM-EDS elemental maps of the gravure
and slot die samples with 30 wt% catalyst. The HAADF images
(Fig. S3a and b) show a comparable structure of particles. Using
the HAADF images we determined the average aggregate size
for the gravure samples to be 225 + 18 nm and for the slot die
samples to be 218 + 15 nm. These agree with the hydrodynamic
diameter of roughly 240 nm measured by dynamic light
scattering.”> The STEM-EDS images in Fig. S3c and d show
relatively similar distribution of iridium (red) and fluorine
(green). The fluorine distribution indicates the ionomer
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heterogeneously distributed and tends to agglomerate in
certain areas.

Electrochemical testing

Using the anode catalyst layer decals, MEAs were prepared
using a hot lamination (a.k.a. decal transfer) to Nafion 115
membranes. These MEAs were conditioned and tested at
ambient pressure conditions. Polarization curves for gravure
and slot coated catalyst layers with loadings near 0.4 mgy, cm™>
(20 wt% IrO, ink, see Fig. 5) as well a spray coated control
sample are shown in Fig. 6. As can be seen in this Fig. 6(a), the
polarization curves are nearly identical. There are some small
differences at high current density that are more clearly visible
in Fig. 6b, which plots the polarization curves between 3 and
4 A cm ™2, Here slight variations between the polarization curves
are noticeable. Additionally, the HFR-free cell voltage (Fig. 6(c)
similarly shows only slight difference between samples of
different coating method. This is also consistent with our past
work on direct-coated catalyst layers that showed at 1 mg;, cm 2
the coating method did not significantly influence the polar-
ization curves.” At 4 A cm ™ the difference between the lowest
voltage (gravure, 2.066 V) and highest voltage (slot die, 2.080 V)
is 14 mV. A previously published benchmarking study showed
that intra-lab variance in uncorrected cell voltage was up to
12 mV suggesting the coating method is not impacting the
initial performance.*'

Nyquist plots of the impedance spectra measured at 0.1 and
1.0 A cm ™~ are presented in Fig. S4. At 0.1 A cm > the spectra
look relatively similar, with the most prominent difference being
the gravure and slot die samples have a slightly wider arc than the
spray coated sample. At 1.0 A cm ™ the gravure and slot die coated
catalyst layers appear to have a small semicircular feature at high
frequencies that is not present for the spray coated sample. These
features are indicative that the catalyst layer resistance may be
slightly higher (a few mQ-cm?) for the R2R-coated catalyst layers
than the spray-coated catalyst layer.

To further compare the various catalyst layers prepared as
part of this study we have plotted the HFR-free cell voltage at
0.1 and 4 A cm > for a variety of anode catalyst layer coating
methods as a function of loading (with logarithmic scaling of
the horizontal axis), as shown in Fig. 7a and b. Comparing the
HFR-free cell voltage allows for better comparison of catalyst
layers as it removes any influence of membrane thickness, cell
test hardware, and lamination process. These plots do not show
a significant influence of coating method or ink concentration
on the HFR-free cell voltage as measurements at similar load-
ings have very similar performance, regardless of the coating
method. There is a decrease in cell voltage as the loading is
increased, as expected. To quantify the impact of loading we
performed a linear regression analysis of the HFR-cell voltage
data. The regression was performed with logarithmic scaling of
the loading which gives a slope in mV per decade, allowing for
comparison to Tafel kinetics. These lines of best fit are shown
in gray in Fig. 7. From this regression analysis we measure that
the HFR-free cell voltage decreases by 71 and 93 mV per decade
of loading at 0.1 and 4.0 A cm ™2, respectively. For the MEAs
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Fig. 6 (a) Polarization curves for MEAs with catalyst layers fabricated

using slot die, gravure and spray coating. (b) Polarization curves from

3-4 A cm™2. (c) High-frequency-resistance corrected polarization curves.

All anodes have iridium loadings near 0.4 mg,, cm™2.

measured in this study the mean Tafel slope was 50.5 mV per
dec with a standard deviation of 2.76 mV per dec. Since the
slopes of HFR-free voltage are greater than the Tafel slope it
indicates a deviation from ideality likely due to heterogeneities
in the catalyst layers as observed in Fig. 5. The decreased
connectivity of the catalyst layer as loading decreases likely
leads to an increase in electrode resistance or inactive particles,
which has been shown to decrease utilization and increase the
effective Tafel slope.*” Additionally, as loading decreases the
Tafel slope decreases by 9.0 mV per decade per mg;, cm™ 2. This
further indicates non-idealities in the catalyst layers.

In addition to testing MEAs for initial performance, we
assessed the durability of MEAs with gravure- and spray-coated

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ya00309a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 16 February 2026. Downloaded on 2/25/2026 8:47:00 AM.

(cc)

Energy Advances

(a)

2 1.50

5 |

f_ﬁ 1.484

P mlo®

- n

© .

® 1461 = D*:! 00
E B SD, 20 wt% Q
o ¢ SD, 30 wt% 00
i 1.441 @ Spray 0
8 0 G, 20 wt%

‘; O G, 30wt%

L 142 T T T T
L 0.2 0.3 0.4 0.5 0.6
(b)

2 1.62

o

£ O

9

g 1.60-,\.

e ¢
o 1.58 1 -~_l.

o

3 ~ .

o O 0
i 1.56 - gl
o ¢ Qo
T 1.54 : —
L 0.2 0.3 0.4 05 0.6

Ir Loading [mg;/cm?]

Fig. 7 Plots of HFR-free cell voltage (Virr-rree) @s @ function of anode
loading at current densities of (a) 0.1 A cm~2 and (b) 4.0 A cm~2. The gray
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catalyst layers with loadings of 0.2 and 0.4 mg;, cm™ % The MEAs
were subjected to a 30000 square-wave voltage cycle (1.4-2.0 V,
1 minute per cycle) durability test lasting 500 hours. Following
cycling, final polarization curves were measured. The beginning-
of-test (BOT) and end-of-test (EOT) polarization curves and HFR
shown in Fig. 8a-d. HFR-free Tafel plots are shown in Fig. 8e
and f. At both loadings these MEAs show only small differences in
BOT performance, especially when HFR-corrected. The small
difference in the HFR likely reflects the impacts of the lamination
procedure on the membrane thickness and catalyst layer surface.
After voltage cycling, the MEAs with 0.4 mg;, cm > loaded catalyst
layers show similar changes. The HFR-free polarization curves
increase by similar amounts and maintain a similar shape,
suggesting the degradation behavior is similar for both MEAs.
For the spray-coated MEA the HRF-free voltage (Fig. 8e) increases
by an average of 15 mV over all the measured current densities,
with a range of 13-18 mV. For the gravure-coated MEA the average

© 2026 The Author(s). Published by the Royal Society of Chemistry
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increase is only slightly higher, 20 mV (18-22 mV), which may not
be a statistically significant difference to the spray-coated MEA.
faradaic and non-faradaic impedance spectra are shown in
Fig. S6. They show changes between BOT and EOT, but difference
between spray-coated and gravure-coated are small, consistent
with polarization curve results.

Both 0.2 mg;. cm > catalyst layers show greater degradation
than those at 0.4 mg; cm >, consistent with prior results
showing increasing degradation rates with decreased loading.*®
In contrast the results at 0.4 mg;, cm™ 2, at 0.2 mg;, cm™ > the
gravure-coated MEA shows greater average HFR-free voltage
increase (Fig. 8f, mean: 43 mV, range 25-62) after cycling than
the spray-coated MEA (Fig. 8e, mean: 0.29, range: 18-40 mV).
While the EOT HFR-free voltages are nearly the same at lower
current densities (below 0.1 A cm™?), they are noticeably differ-
ent at higher current densities. At current densities at and above
2 A cm?, the gravure-coated catalyst layer’s HFR-voltage
increases roughly 60 mV from BOT to EOT, whereas this increase
is slightly less than 40 mV for the spray-coated catalyst layer.
Similar trends are observed in EIS Nyquist plots shown in
Fig. S6. At 0.1 A cm ™2 the semicircle width increases by a similar
amount for both coating methods, but at 1.0 A cm™> the growth
is much larger for the gravure coated MEA.

This increase at high current density is indicative of poor
catalyst layer utilization in the gravure-coated catalyst layer,
which may be indicated by the higher HFR-free voltage at high
currents for this sample at BOT (Fig. 8f). We believe that the
poor utilization of the 0.2 mg;, cm™> gravure-coated catalyst
layer is due to poorer layer quality than the spray-coated
catalyst layer at the same loading. Fig. S7, compares top-down
images of the gravure and spray-coated catalyst layers at 0.2 and
0.4 mg; cm > At loadings around 0.4 mg;, cm™ > both spray
coating and gravure coating produce continuous catalyst layers.
As a result, the connectivity between catalyst particles should be
high, leading to few, if any, areas of electronically isolated
catalyst.” As a result, the stress on the catalyst will be dis-
tributed more evenly throughout the catalyst layer leading to
lower degradation. At loadings near 0.2 mg, cm > spray-
coating still produces a continuous catalyst layer. Like at
0.4 mg;; cm ™%, the continuity of the catalyst layer will lead to
the degradation being distributed more evenly throughout the
catalyst layer. For the gravure coated catalyst layer there are
noticeable discontinuities, similar those shown in Fig. 5 at
0.11 mg; cm 2. The poor layer connectivity likely creates areas
of the catalyst layer that are electronically isolated and thus
electrochemically inactive. Therefore, the effective loading of
the catalyst layer will be lower compared to the spray-coated
catalyst layer, and only the active regions catalyst will be
stressed leading to greater degradation for the gravure-coated
catalyst layer than the spray coated catalyst layer. This is
supported by non-faradaic, transmission line impedance mea-
surements shown in Fig. S6. While the spray-coated catalyst
layer shows the expected transmission line shape with a low
slow region at high frequencies followed by a high slope region,
the BOT and EOT gravure-coated catalyst layer spectra lacks
a clear low or high slope region. Previous analysis of
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Fig. 8 Polarization curves of MEAs tested prior to (BOT) and following voltage cycling (EOT) for anode catalyst layer loadings of (a) 0.4 mg,, cm~2 and

(b) 0.2 mg;, cm™2

polarization curves before and after voltage cycling for anode catalyst layer loadings of (e) 0.4 mg,, cm™2 and (f) 0.2 mg,, cm~2.

transmission line impedance spectra for Pt-black catalyst layers
attributed similar behavior to heterogeneity in particle-to-
particle contact and thickness nonuniformity, both of which
are likely true for the gravure coated catalyst layer.*>

To further explore our hypothesis of catalyst layer connec-
tivity/utilization, we performed cross-sectional STEM imaging
of catalyst layers at EOT (Fig. 9). As these images were acquired
following potential cycling, all show an Ir band (dull gray
circles) within the membrane directly adjacent to the cata-
lyst layer (bright areas). In the lower magnification images
(Fig. 9a and b) the catalyst layers with 0.4 mg;, cm 2 loading

Energy Adv.

.(c) and (d) BOT and EOT high-frequency resistance (HFR) of the tested MEAs. High-frequency-resistance corrected (HFR-free) plots of

2

have Ir bands that are roughly the same thickness and of
consistent thickness across the imaged region. The similarity
of Ir band thickness between the two MEAs indicates similar
dissolution of the catalyst, consistent with the potential cycling
results.

Likewise, the images of the MEAs with 0.2 mgy, cm ™2 catalyst
layers are also consistent with the potential cycling results. The
spray-coated catalyst layer has an Ir band that has a uniform
thickness (Fig. 9d and h). This supports our hypothesis that the
high particle connectivity leads to dissolution that is uniformly
distributed across the catalyst layer. As expected, the gravure-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 High-angle annular dark field (HAADF) scanning transmission electron microscopy images of MEAs following 30 000-cycle square-wave
potential cycling: (a) and (e) gravure coated, 0.4 mg,, cm~2; (b) and () spray coated, 0.4 mg,, cm~2; (c) and (g) gravure coated, 0.2 mg,, cm~2; (b) and (f)

spray coated, 0.2 mg,, cm™2.

coated catalyst layer shows greater heterogeneity in both the
catalyst layer and Ir band. In many areas the catalyst layer is no
longer visible (lack of bright regions) and only the dull Ir band
remains visible. This indicates in these areas the catalyst has
been completely dissolved. This greater loss of catalyst is
consistent with the greater voltage increase observed with
potential cycling. These results clearly show that catalyst layers
with high particle connectivity result in more durable catalyst
layers.

Conclusion

This work shows that R2R slot-die and gravure coating can
produce IrO, anodes at a range of loadings being targeted for
future-generation electrolyzer systems. Due to the low viscosity
of the catalyst inks used here, slot die coating shows lower
cross-web uniformity than gravure coating due to spreading of
the ink, however there are equipment designs that should be
able to mitigate these issues. Additionally, formulation
advancements that increase viscosity may also alleviate this
problem.*® More extensive investigation of slot-die coating
parameters such as slot die gap or coating gap should be
explored to more fully assess slot-die coatings suitability for
low-loaded catalyst layers and improve uniformity. At moderate
loadings around 0.4 mg;, cm™ > both methods produce layers
with high continuity, and these layers show comparable per-
formance (initially and after potential cycling) to layers
produced wusing lab-scale spray coating. At loadings of
0.2 mgy cm 2 and below, the dry catalyst layer films become
discontinuous due to the similarities between agglomerate size
and layer thickness. While these discontinuities were not found
to impact initial performance to similarly loaded catalyst layers
prepared using laboratory spray coating, after potential cycling

© 2026 The Author(s). Published by the Royal Society of Chemistry

the R2R gravure-coated catalyst layers show greater perfor-
mance loss than spray-coated anodes due to lower layer con-
tinuity which leads to lower catalyst utilization and to
higher dissolution of catalyst in active areas. This finding
suggests current iridium catalysts are not suitable to produce
durable electrolyzers with low loadings. Thus continued devel-
opments in catalyst materials (e.g. iridium on or alloyed
with other matals®>*” %) or catalyst layer structures that
increase catalyst layer thickness while keeping Ir loading con-
stant (e.g. incorporation of lower-coast metal,® nanowire
structures’®®) are needed. As materials and catalyst layer
structures evolve continued investigation of their manufactur-
ability will be required to confirm whether promising lab-scale
developments are translatable to roll-to-roll manufacturing
methods.
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