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ABSTRACT: This work demonstrates a roll-to-roll (R2R) process for direct coating of anode catalyst
layers on a polymer electrolyte membrane for low-temperature water electrolysis. To develop this
process, catalyst ink formulation, ink-membrane interactions, and coating quality were studied. The
catalyst inks were a mixture of iridium oxide (IrO3z) and Nafion in a water and alcohol dispersion
medium. The type of alcohol (methanol, ethanol, propanols) and water-to-alcohol ratio were varied to
determine their influence on membrane swelling, dispersion quality, and coatability. Small-scale
coating samples were prepared to understand coating uniformity and formation of irregularities.
Subsequently, two water/1-propanol ratios (90:10 and 75:25) were down-selected for R2R slot-die
coating. The R2R catalyst-coated membrane (CCM) coating process increased catalyst layer production
throughput by over 500x compared to our standard lab-scale spray coating. The CCMs obtained from

this process were tested as single-cell membrane electrode assemblies. They exhibited a cell voltage of
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1.91V at a current density of 2 A/cm?, which is comparable to spray-coated CCMs. In conclusion, the
work presented here demonstrates a continuous, scalable manufacturing process that eliminates the
need for the decal transfer step typically used in CCM production.
Keywords: Polymer electrolyte membrane water electrolyzers, roll-to-roll, slot-die coating, catalyst

coated membranes, iridium oxide, catalyst inks

1. Introduction

Low temperature electrolysis (LTE) is increasing in interest due to its potential to produce low-cost
hydrogen for energy storage, transportation, or industrial applications [1]. Currently, most hydrogen is
produced via steam methane reforming; however, LTE can utilize renewable energy for the production
of renewable hydrogen. In order to reach the United States Department of Energy target of hydrogen
production cost below $2/kg, advancements in LTE systems are needed [2]. In addition to
improvement in materials, significant cost reductions can be derived from improvements in
manufacturing processes [3,4]. Thus, as polymer electrolyte membrane water electrolyzer (PEMWE)
production increases in scale, high-volume roll-to-roll (R2R) manufacturing methods will be needed to

meet both the volume and cost targets [5].

The membrane electrode assembly (MEA) is one of the key components of an LTE system that can be
produced through R2R methods. For PEMWE, the most common MEA construction is the catalyst-
coated membrane (CCM), where the anode and cathode catalyst layers are applied to the membrane,
either through a transfer process or direct coating [6]. Alternatively, the catalyst can be applied to the

porous transport layers (PTLs), though this is less common [6,7]. In a decal transfer process the
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catalyst layer is applied to a decal substrate (e.g. polytetrafluoroethylene, polyimide, etc.) and then
laminated to the membrane under high temperature and pressure [8—10]. Since the catalyst layers are
applied to the membrane as dried layers, membrane swelling is eliminated. However, direct coating is
desirable from a manufacturing perspective because it reduces processing steps, which should reduce
overall production costs. The challenge with direct coating is that the water and alcohols commonly
used as the dispersion media in catalyst inks swell the membrane [11].

For laboratory-scale MEAs, swelling can be mitigated by mechanically stabilizing the membrane on a
heated vacuum plate while directly spraying the catalyst layer on the membrane. Some researchers
have also developed alternatives like pre-swelling the membrane prior to direct coating to avoid
swelling during coating, but these methods are not widely used [12,13]. Spray coating enables high
uniformity and precise control of catalyst loading but is a slow process [14—17]. R2R spray coating of
carbon nanotube supercapacitor electrodes has been demonstrated, but this method is still limited in

terms of processing time and coating area to achieve target thickness [18,19].

R2R coating using methods like slot die and gravure coating offer significantly higher throughputs.
These methods have previously been demonstrated for coating onto decals and diffusion media, but
have not been used for direct membrane coating [20-23]. R2R direct coating of the membrane
presents a challenge because a large amount of ink is applied to the substrate at once. Therefore, the
interaction time between the solvent and the membrane is lengthier than it is for spray coating, which
may result in increased solvent permeation and swelling of the membrane. Also, unlike in spray coating
where the membrane can be mechanically stabilized during the ink deposition, excessive swelling of

the membrane may present challenges for tensioning and web control as the membrane is conveyed
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through the R2R line. Therefore, to enable R2R direct-membrane coating, the catalyst ink should be
designed to minimize absorption into the membrane while maintaining acceptable wetting and

coatability.

This study demonstrates R2R PEMWE CCM production through direct coating of an iridium oxide
(IrOy) catalyst layer onto the membrane. In development of this process, observation of the ink-
membrane interaction is necessary because the membrane consists of hydrophilic and hydrophobic
domains that exhibit different properties (swelling, permeation, etc.) for various water/alcohol
dispersion media (DM) mixtures [24,25]. First, sessile-drop contact-angle experiments of pure DM i.e.
without catalyst and Nafion ionomer, on the membrane were performed to characterize membrane
wetting and permeation. The rheological characteristics of catalyst inks and their coating properties
(thickness, uniformity) with various solids content and water-to-alcohol ratios were also investigated.
The results of these experiments were used to down-select catalyst ink formulations for R2R slot-die

coating experiments. The R2R-coated CCMs were characterized in situ for performance as PEMWEs.

2. Experimental section
2.1. Materials and ink formulation
Catalyst inks were prepared by mixing commercial iridium(1V) oxide catalyst powder (Premion™,
99.99% metal basis, Ir 84.5% min, Alfa Aesar Co. Ltd., Ward Hill, MA, USA) first with deionized water
(18 MQcm, Milli-Q), then adding the alcohol of interest, and lastly adding the ionomer dispersion. The

alcohols used were methanol (99.9% assay, Avantor Inc., Radnor, PA, USA), ethanol (99.5% assay,
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Sigma-Aldrich, LLC, St. Louis, MO, USA), 1-propanol (99.5% assay, EMD Millipore Corp., Billerica, MA,
USA) and 2-propanol (99.5% assay, Fisher Scientific, Hampton, NH, USA). The water-to-alcohol mass
ratios studied were 90:10, 75:25, 50:50, and 25:75. The IrO, concentration was studied at three levels:
10wt.%, 20wt.%, and 30wt.% relative to the final ink weight. The ionomer solution was a water-based
Nafion dispersion (Nafion™ D1021, 1000 EW at 10wt.%, lon Power Inc., New Castle, DE, USA). It was
used to create a fixed ionomer to catalyst (I/Cat) ratio of 0.15 for all inks.

For small-scale experiments, the catalyst was dispersed using a previously established sonication
procedure [26]. The blended inks were mixed with a probe sonicator at 12 J for 2 min (S-4000,
QSONICA, LLC., Newton, CT, USA) and then mixed for 1 h by a bath sonicator (M-3800, Emerson
Electric Co., Ltd., St. Louis, MO, USA) with ice water. The mixed inks were left overnight to stabilize
ionomer-particle interactions and then sonicated in the bath sonicator on the next day for 10 min to
eliminate particle agglomeration before measurement or coating. For sessile-drop measurements on
membranes, pure solvent mixtures were used without catalyst and ionomer.

For R2R coating experiments, the same IrO, powder, ionomer solution, and water/1-propanol
mixture conditions were used, and the blended inks were shear mixed in an ice water bath at 10,000
rpm for 15 min by a Turrax mixer (T25, IKA Works Inc., Wilmington, NC, USA). The mixed inks were
stirred overnight with a magnetic stir bar to allow for degassing and dissipation of any bubbles before
the coating experiment.

2.2. Coating

For small-scale trials, i.e. predominantly to study solvent/membrane interactions, the formulated

inks were directly coated onto the membrane film (Nafion™ 212, 50.8-um-thick, lon Power, Inc., New

Castle, DE, USA) with a number 12 Mayer rod (0.3 mm wire diameter). Before coating, the thin cover
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sheet was removed from the Nafion membrane; however, the backer sheet was left attached. An
automatic film applicator (QPI-AFA3800, Qualtech Products Industry, Denver, CO, USA) was used to
produce a uniform sample. The translational speed of the Mayer rod was fixed to 35 mm/s. The coated
samples were dried in a hot air oven (VWR International, LLC, Radnor, PA, USA) at 60 °C for 15 min. To
prevent deformation of the sample during the coating, polyimide tape was applied to the four corners
of the membrane substrate to maintain tension.

A commercial R2R system (Mini-Labo Deluxe, Mirwec Yasui Seki, Bloomington, IN, USA) (see Fig. 1
and Fig. S1) was used as a platform for large-area CCM production. For the R2R coating trials, a
standard PEMWE membrane film (Nafion™ 117, 183-um-thick, 200-mm-width, unsupported (no
backing film), lon Power, Inc., New Castle, DE, USA) was used, and the R2R direct-coated CCMs were
compared with ultrasonically sprayed CCM-based PEMWEs using the same membrane. A sheet of the
membrane film was spliced into a roll of 100-um-thick polyester film to create a web long enough to
completely thread the web path of the R2R system. The coating speed was 1 m/min and a tension of
13 N was applied to the web for stable coating. A slot die (Premier Dies Corporation, Chippewa Falls,
WI, USA) was used for the continuous coating process. The die body gap (slot-gap) was 250 um, the
coating width was 8 cm, and the coating gap was 200-400 um. The coating flow rate was 4 ml/min and
lengths of approximately 1.2 m were coated for each ink condition to ensure a stable coating flow. The
inks were fed to the die at a constant flow rate using a syringe pump (NE-1000, New Era Pump Systems
Inc., Farmingdale, NY, USA). The coated film was dried in-line in two 1-m-long air-flotation oven
sections. The first section was set to 80 °C and the second section was set to 100 °C, for a total drying
time of 2 min at the 1 m/min coating speed. Lastly, for the purpose of PEMWE MEA fabrication and

testing, a Pt on high-surface area carbon (46.6wt.% Pt, TEC10E50E, Tanaka Holdings Co., Ltd., Tokyo,
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Japan) cathode was fabricated by ultrasonic spraying (ExactaCoat, Sono-Tek Corporation, Milton, NY,
USA) onto the opposite side of the membrane following R2R coating of the anode. The cathode
ionomer/carbon ratio was 0.5 and the catalyst loading was 0.16 mgpt/cm?, as measured using an X-ray
fluorescence (XRF) spectrometer (Fischerscope XDV-SDD, Fischer Technology Inc., Windsor, CT, USA).

Further details on the preparation of the Pt/HSC ink can be found in the literature [14].

Hot-air dryer

A

Coated IrO, layer
Slot-die -

Y.

o 4

Membrane
V\ A" film
Ink supply O
Idle roll aninder Rewinder

Fig. 1. Schematic of the process for R2R direct catalyst layer coating onto membrane.
2.3. Characterizations
The contact angle of the water/alcohol DM on the membrane was measured as a function of time

using a drop shape analyzer (DSA 100, Kriss GmbH, Hamburg, Germany). A 3 pl droplet of solution was
generated on a 1 mm diameter blunt needle. The sample stage with Nafion 212 membrane was then
moved towards the pendant drop to detach it from the needle and form a sessile drop on the
membrane. The Nafion 212 membrane was used because it is adhered to a backing sheet which
mechanically stabilizes the membrane during the measurement. The drop shape was recorded, and the

contact angle was measured for 200 s from the moment the sessile drop was formed. One thousand
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frames were captured during the 200 s measurement. Three drop-aging measurements were made for
each solution and the mean and standard deviation values are reported. The surface tension of the
prepared ink was also measured with a pendant drop using the same system. A 5-pl-droplet was
generated for the measurement on a blunt needle with a diameter of 1.8 mm. The mean and standard
deviation values of the five surface-tension measurements for each ink are reported.

Steady-shear viscosities of the formulated inks were measured using a stress-controlled rheometer
(Haake Mars 60, Thermo Fisher Scientific Inc., Waltham, MA, USA). The measurements were conducted
using a 35 mm diameter stainless steel parallel plate with a gap of 500 um. Temperature was
controlled at 25 °C for stable measurements and a solvent saturation trap filled with the same
water/alcohol as the catalyst ink was used to prevent evaporation from the ink. The shear viscosities
were measured in the shear rate region from 1000 to 1/s from high to low shear rate. All
measurements were performed after a pre-shearing of the ink at 500 1/s for 30 s and then a 1 min
rest.

The surface morphology of the CCMs was measured using an optical microscope (VHX-5000, Keyence
Corp., Osaka, Japan). Measurements were taken at 200x and 1000x magnifications using a VH-Z100R
lens. XRF was used to confirm loading of the coated IrO; layer. Ir mapping was performed on the
coated samples. For each small scale sample, nine points were measured in a 4 x 4 cm? area. The mean
values reported are the mean of at least 3 individual coated samples. For the R2R coated samples, 32
points in a 6 x 50 cm? area for R2R coated samples. Each point was measured for 30 s.

2.4. Electrochemical testing
The R2R-processed CCMs were evaluated in single cell PEMWE hardware. Polytetrafluoroethylene-

free carbon paper AvCarb MGL370 (Fuel Cell Earth LLC, Woburn, MA, USA) with a nominal thickness of
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370 um and a porosity of 78% was used as the porous transport layers for both anode and cathode
[27]. The 25 cm? hardware featured triple-serpentine graphite bipolar plates. DI water (~18 MQ-cm)
was pumped at 80 °C and a water flow rate of 80 ml/min was used on both anode and cathode. The
anode and cathode backpressures were both at ambient pressure, i.e. approximately 83 kPa based on
the laboratory’s elevation. For cell conditioning, voltages of 1.5, 1.6, and 1.7 V were applied for 30 min,
30 min, and 2 h, respectively. The polarization curves contained an up-scan (anodic) and a down-scan
(cathodic) and were controlled in current-controlled mode (galvanostatic) with a power supply
(HP6031A). The resulting voltages were measured with a multimeter (Keithley 2000). The current range
was 0.02 — 2.5 A/cm? with a voltage limit of 2.5 V. The step sizes were below 80 mA/cm? between

0.02 A/cm? = 0.4 A/cm?, 100 mA/cm? between 0.4 A/cm? — 1 A/cm?, and finally 250 mA/cm? between 1
— 2.5 A/cm?. The cell was held at each current density for 2 minutes and the reported cell voltage was
obtained by averaging the last 60-second data of each step from both up-scan and down-scan.
Electrochemical impedance spectroscopy (EIS) was measured using a potentiostat system (Gamry
Reference 3000 and 30k booster, Gamry Instruments, Warminster, PA, USA). The applied frequencies
ranged from 300 kHz to 500 mHz. Full EIS scans were conducted after every up-scan current step
within 0.02-1.2 A/cm?. The high frequency resistance (HFR) results were extracted from the x-intercept

of the spectra in the Nyquist plots.

3. Results and discussion
In order to best design the catalyst ink for direct coating on the membrane, an improved

understanding of the interactions between the DM and the membrane is necessary. Understanding
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these interactions is complicated due to the heterogeneous structure of the membrane. In a
perfluorinated sulfonic acid membrane like Nafion, the tetrafluoroethylene backbone forms a
continuous hydrophobic phase surrounding the hydrophilic domains formed by the sulfonic acid side
chains [24]. Because of this structure, the membrane can exhibit different swelling and permeation
behaviors in different mixtures of water and alcohol, as each constituent of the mixture can interact
differently with the hydrophobic and hydrophilic domains [11].

Figure 2 presents the sessile drop contact angle data for different mixtures of water and alcohols on
a 50 um Nafion membrane as a function of time. Figure 2(a) shows images of the drop shape at various
time points for mixtures of water and 1-propanol. The measured contact angle as a function of time for
all alcohols and water/alcohol ratios are shown in Figs. 2(b)-(e). As expected, the greater the alcohol
content in the DM, the lower the surface tension of the liquid [28]. There is also a decrease in contact
angle with decreasing alcohol polarity, from methanol to 2-propanol. For water/1-propanol, the initial
contact angle decreases from 88.6° for a 90:10 mixture to 29.7° for a 25:75 mixture, as shown in Fig.
2(a). However, interestingly the 50:50 water/1-propanol mixture in Fig. 2(a) shows the lowest initial
contact angle of 21° compared to 29.7° for the 25:75 mixture. Additionally for this mixture, the sessile
drop penetrates into the membrane in about 50 s. Similar contact angle change and droplet
penetration were also observed for the water/2-propanol mixture in Fig. 2(c). This behavior was not
observed with methanol or ethanol, as shown in Figures 2(d) and (e), which display monotonic
decreases in contact angle with increasing alcohol content.

It is suspected that this unique result is due to the interactions between the hydrophobic and
hydrophilic domains of the membrane and the water and propanol molecules of the DM. The relative

polarities of water, methanol, ethanol, 1-propanol and 2-propanol are 1, 0.762, 0.654, and 0.617, and
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0.546, respectively [29]. It has previously been shown that increasing the number of carbons in primary

alcohols (thus decreasing polarity) increases the swelling of Nafion membranes [11]. At 50:50

water/propanol, it seems the mixture is such that the polar and non-polar molecules rapidly swell both

the hydrophilic and hydrophobic domains of the Nafion membrane [24,30]. At other water/propanol

ratios the mixture is either too polar or too nonpolar to swell the whole membrane and instead

primarily swells the hydrophilic or hydrophobic domains, respectively. Similarly, the absence of this

rapid swelling behavior for the water/methanol or water/ethanol mixtures is likely due to the higher

polarity of these shorter alcohols making all mixtures too polar to significantly swell the hydrophobic

domains in the timescale measured here.
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Fig. 2. Contact angle measurements of water and alcohol mixtures on Nafion 212 membrane as drop
aging: (a) Photos of sessile drops at different times after formation for different water/1-propanol
mixtures - 100:0 (only water), 90:10, 75:25, 50:50, and 25:75. Measured contact angle data as a
function of time with different mixtures of water and (b) 1-propanol, (c) 2-propanol (d) ethanol, and (e)
methanol. In the results of 50:50 ratio condition of (b) and (c), only single measurement data was
shown because the very low contact angle resulted in high uncertainty of the measurement. If the
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sessile drop spreads too much or is absorbed into the membrane, there is a difficulty in contact angle
fitting.

These data also provides a measure of the absorption rate of the DM mixture into the membrane.
The change in contact angle for the drops shown in Fig. 2(a) can be used as a proxy for absorption. For
the 100:0 water/1-propanol mixture the contact angle decreases 0.4° from 0 s to 200 s. For the 90:10
mixture the decrease is larger, 5.8°. It decreases even more, 8.6°, for the 75:25 mixture, and
comparably, 9.4°, for the 25:75 mixture. For the 50:50 mixture, however, the absorption is too rapid
for comparison. These data show that the absorption rate increases as the 1-propanol content is
increased up to its maximum at 50% and then decreases with further increases in 1-propanol.

The sessile-drop experiments indicate that the absorption rate of the DM into the membrane is
generally slow. Over the 200 s measured, which is on the order of magnitude of the coating and drying
process on our coating line, in almost all cases the drop shape and volume change only slightly. Only
for the 50:50 water/propanol cases do we observe rapid absorption of the DM. This suggests that in
most cases the evaporation rate of the solvent in the drying ovens will be greater than the absorption
rate into the membrane. It is important to note that in the R2R coating experiment in this study, the
distance between the coating location and the drying oven is about 50 cm, and thus the time to the
drying section after coating is about 30 s at a web speed of 1 m/min. The membrane swelling may be
less of a concern in a scaled-up and equipment-optimized industrial coating line given that the time
from coating to drying could decrease further as the coating speed increases and/or if the physical
distance between the coating head and the drying oven is minimized.

Based on the observed absorption and wetting behavior, the 1-propanol- and ethanol-based DM

were selected for the coating experiments because they showed good wetting of the membrane
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(contact angle < 90°). Previous work [11] and our experimental results have indicated that these liquids
can permeate and swell the membrane. Nevertheless, as discussed above, the swelling of the
membrane was expected to be limited considering the length of time from the coating section to the
drying section in our R2R system.

In order to better predict and understand coating phenomena, the steady-shear rheology of the
catalyst inks was measured. For catalyst and ionomer dispersions, the interactions between
components can be assessed through rheological measurements [26,31]. Alcohol-free IrO; dispersions
were not considered in this study because such inks resulted in severe dewetting on the membrane
due to high surface tension (see Fig. S2). Figure 3 shows the measured steady-shear viscosities of the
formulated inks with water/1-propanol dispersion media. The inks are primarily Newtonian in the

shear rate range of 10 to 1000 1/s.
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Fig. 3. Steady-shear viscosity data for different water/1-propanol ratios of (a) 10wt.% IrO,, (b) 20wt.%
IrO3, and (c) 30wt.% IrO; dispersions.

Shear thinning behavior is only observed in the 90:10 ink with 30wt.% IrO,, as indicated by the

decreasing shear viscosity in Fig. 3(c). At higher alcohol content the 30wt.% IrO; inks remain
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Newtonian. In particle dispersions, shear thinning behavior is associated with weakly agglomerated
particles [32]. In contrast, Newtonian rheology is the result of well dispersed particles. We have
previously shown that IrO; catalyst particles tend to agglomerate in the absence of ionomer and that
under certain ink formulations the addition of ionomer stabilizes the particles against agglomeration
[26]. The change from Newtonian to shear thinning at 30 wt.% in the 90:10 dispersion indicates that
under these conditions the catalyst particles have agglomerated. This increases the effective volume
fraction of the solid leading to the increase in viscosity [33,34]. That the change in rheology is
dependent on the water-to-alcohol ratio indicates that there are changes in agglomeration depending
on the ink formulation. Likely the high water content of the 90:10 ink leads to a destabilization of the
dispersion that results in the agglomeration that is evident here. The Newtonian behavior of the ink
with higher alcohol content indicate that, in these formulations, the particles are more dispersed.

IrO; solutions with water/ethanol DM were also evaluated, with results shown in Fig. S3. For these
inks shear thinning behavior begins to occur at 20wt.%. Because shear thinning is observed at a lower
solids content, this indicates the catalyst is less dispersed in these water/ethanol mixtures than it was
in the water/1-propanol mixtures, where shear thinning behavior was not observed until 30wt.% IrO,.
This is consistent with the analysis that the high polarity of the 90:10 water/1-propanol ratio ink was
leading to less stability than in inks with higher alcohol content. Because ethanol is more polar than 1-
propanol it is reasonable that agglomeration would be observed at lower concentration and higher
alcohol content.

Figure 4 displays the surface tension data of inks as a function of catalyst concentration and water/1-
propanol ratio. For the 90:10 inks, the surface tension decreases from 31 to 26 mN/m as the IrO;

concentration increases from 10wt.% to 30wt.%. This trend is consistent for all water/1-propanol
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ratios. As the IrO; catalyst content increases, the ratio of solvent molecules to catalyst particles in the
solution decreases. Given that the catalyst particles are orders of magnitude larger than the solvent
molecules, the solvent is increasingly replaced by catalyst and ionomer particles at the solvent-gas

interface, leading to the reduction in surface tension [35].
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Fig. 4. Surface tension for different IrO, concentrations as a function of water/1-propanol ratio.

Before performing R2R large-area coating, lab-scale coating experiments were conducted to verify
the coatability of each ink under various formulation conditions. Figure 5 shows photographs of the
coated films. Most of the catalyst layers are visually uniform. In the case of the 10wt.% IrO; dispersion
[Figs. 5(a-1) to (a-4)], variations in coating thickness can be visually seen as a function of 1-propanol
content. These coatings also exhibit the most irregularities: for example, voids can be seen in the
coatings due to dewetting. The catalyst layers cast from the 20wt.% and 30wt.% IrO; dispersions (Figs.
5(b) and (c)) all show similar visual uniformity, i.e. they all appear as opaque, black coatings. And, as
would be expected from the surface tension data in Figure 4, irregularities in the high-solids coatings

were not observed due to the increased resistance to dewetting.
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In contrast to the water/1-propanol based inks, the coating surface with water/ethanol DM-based
IrO; solution showed higher irregularity with wave patterns on the coating surface (see Fig. S4). This
may be due to poorer dispersion of the ink, as indicated by the rheological measurements, or due to
the higher surface tension of the water/ethanol inks not wetting the membrane as well as the water/1-

propanol inks.

I

10wt.% IrO, / 90:10 water: 1-propanol 10wt.% IrO, / 75:25 water:1-propanol  10wt.% IrO, / 50:50 water:1-propanol  10wt.% IrO, / 25:75 water: 1-propanol

b-1 b-2 b-3 b-4
/

¥ o a

20wt.% IrO, / 90:10 water: 1-propanol  20wt.% IrO, / 75:25 water:1-propanol  20wt.% IrO, / 50:50 water:1-propanol ~ 20wt.% IrO, / 25:75 water:1-propanol

c-3 ¢4
" .

c-1
= A

I

1

30wt.% IrO, / 90:10 water:1-propanol  30wt.% IrO, / 75:25 water:1-propanol  30wt.% IrO, / 50:50 water:1-propanol  30wt.% IrO, / 25:75 water:1-propanol

Fig. 5. Direct coated IrO2 electrodes on Nafion 212 membrane: The inks used (a) 10wt.% IrO2, (b)
20wt.% Ir02, and (c) 30wt.% IrO2 dispersions. The caption number from 1 to 4 denotes the water/1-
propanol ratio of the ink of 90:10, 75:25, 50:50, and 25:75, respectively.

Table 1 shows the Ir loadings of the coated catalyst layers measured by XRF. It provides the
measured average and standard deviation of Ir loading values for each of the 12 CCMs. The reported
values represent the mean loading and its standard deviation of three separate coatings at each
condition.

Table 1. Measured Ir loading of the CCMs prepared using inks with different water/1-propanol ratios
and IrO; solids content.

IrO; contents in the ink
Measured Ir loading (mg/cm?)
10wt.% 20wt.% 30wt.%
Water:1-propanol 90:10 0.09+0.006 0.43+0.049 0.95+0.376
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75:25 0.29+0.055 0.50+0.157 0.83+0.157

50:50 0.26+0.031 0.62+0.444 1.33+0.603

25:75 0.19+0.012 0.39+0.052 0.50+0.071

The data generally indicate a maximum loading for the 50:50 inks, except for the 10wt.% IrO; cases
where the 75:25 and 50:50 inks result in loadings that are within error of each other. As discussed
above relative to Figs. 3 and 4, the 50:50 inks did not show significantly higher shear viscosity or
surface tension values, which would be expected to alter the coating physics, than the other inks.
Therefore, the high variance in Ir loading in catalyst layers from the 50:50 inks can be presumed to be
due to the rapid permeation of this DM mixture into the membrane that was observed with the
contact angle measurements and discussed using Fig. 2(a). The rapid permeation would likely cause
the membrane to deform and move away from the coating rod in certain locations leading to a thicker
coating in these areas. This hypothesis is supported by the results of the water/ethanol DM-based IrO;
inks, which do not show such large loading variations. As shown in Fig. 2(d), rapid permeation into the
membrane did not occur for the 50:50 water/ethanol mixture. Accordingly, the loading deviation for
catalyst layers from these inks was not significantly different from the other inks (see Table S1).

Figure 6 shows microscope images of the CCMs at 1000x magnification (see Fig. S5 for microscope
images at 200x). The coatings with the most uniform visual appearance are found in inks with 75:25
and 50:50 water/1-propanol mixtures. Generally, as the solid content increases, at a given water/1-
propanol ratio, the coating quality improves. Despite the low standard deviation of loading for the ink
with 10wt.% IrO; dispersions, the result from the 90:10 water/1-propanol ratio ink shows a very
heterogeneous microstructure, which is confirmed by several voids and clumps of catalyst, as shown in

Fig. 6(a-1). The rheological measurements indicated that this ratio leads to a poorer dispersion of

17

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



particles, which seems to have persisted in the dry film. Similarly, heterogeneous coatings are
observed at the 25:75 water/1-propanol ratio with voids in the coating layer, as shown in Fig. 6(a-4).

In several of the films cracking occurred. The degree of cracking appears to increase with 1-propanol
content. For example, the 20wt.% IrO,, 90:10 water/1-propanol ratio ink did not result in any cracking,
whereas the 25:75 water/1-propanol ratio ink mixture did. As the solids content is increased to 30wt.%
IrO,, all of the catalyst layers develop some cracking. This indicates that all these thicker films are
above their critical cracking thickness [36]. Interestingly, the catalyst layers from the 25:75 inks show
cracking at loadings that are crack free for other inks indicating that the ink formulation, not just the

layer thickness, influences cracking behavior.

a-1

LA

10wt. % IrO, / 90:10 water:1-propanol  10wt.% IrO, / 75:25 water:1-propanol  10wt.% IrO, / 50:50 water:1-propanol 10wt.% IrO, / 25:75 water: l-propanol

20wt.% IrO, / 90:10 water: l-propanol  20wt.% IrO, / 75:25 water: 1-propanol 20wt.% IrO, / 50:50 water:1-propanol  20wt.% IrO, / 25:75 water:1-propanol

c-4

30wt.% IrO, / 90:10 water: l-propanol  30wt.% IrO, / 75:25 water:1-propanol  30wt.% IrO, / 50:50 water: 1-propanol 30wt.% IrO, / 25:75 water:1-propanol

Fig. 6. Microscopic images catalyst layer top surface from water/1-propanol inks: the inks used (a)
10wt.% IrO3, (b) 20wt.% IrO,, and (c) 30wt.% IrO; dispersions. The caption number from 1 to 4 denotes
that the water/1-propanol ratio of the ink are 90:10, 75:25, 50:50, and 25:75. Scale bar is 30 um.
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Microscopy images for catalyst layers cast from water/ethanol DM mixtures are shown in Figs. S6
and S7. Unlike the 1-propanol cases, a large number of agglomerates are observed in the 10wt.%
dispersions regardless of ethanol content. Cracks begin to occur at 75% ethanol content of 20wt.% ink,
similar to the 1-propanol case.

Based on the results of DM/membrane interactions, ink rheology, and lab-scale catalyst-layer coating
results we down-selected ink formulations to be used in the R2R experiment to two inks: 90:10 and
75:25 water/1-propanol . Water/1-propanol inks were selected because these resulted in better
dispersion of the catalyst than water/ethanol. The 90:10 ratio was selected because it should minimize
interactions between the ink and the membrane. The 75:25 mixture was selected because it resulted in
a better dispersion of the catalyst particles. The IrO; was fixed at 20wt.% IrO; as small-scale coatings at
this concentration showed high coating uniformity.

These inks were slot-die coated onto Nafion 117 membrane using the R2R coating system. Both inks
resulted in some deformation of the membrane directly after the coating die due to DM-induced
swelling. As shown in Fig. 7(a), once the coated membrane exited the oven, much of the deformation
was observed to have significantly diminished. This was not observed for lab-scale samples that were
dried in an oven. This suggests that the combination of heat and web tension was able to remove some
of the swelling-induced wrinkling of the membrane. The direct-coated IrO; catalyst layer had the same
adhesion to the membrane as that of an ultrasonically sprayed CCM, with both having 3 — 5% of the
material removed under the ASTM D3359 standard protocol. These coatings had, like the lab-scale
samples, visibly uniform surfaces as shown in the microscopic images in Figs. 7(b) and (c) (see Fig. S8
for larger magnification of microscopic images). Anode catalyst loadings of 1.06+0.084 and 0.85+0.047

mgir/cm? were obtained for the 90:10 and 75:25 water to 1-propanol ratios, respectively. These
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coatings have lower loading variation than the small-scale rod coated samples, likely because slot-die
coating is a steady-state (pre-metered) coating process as opposed to the less-precisely controlled
small-scale rod-coating process.

As discussed in the introduction, R2R processes like slot-die coating are expected to have much
greater throughput than lab-scale or other large-scale processes. For example, in the case of our lab-
scale ultrasonic spray coating, it takes about an hour and a half to coat an area of 100 cm? with an Ir
loading of 1 mg/cm?. With R2R slot-die coating, it only takes 7.5 s to achieve this loading at a coating
speed of 1 m/min with a coating width of 8 cm. This constitutes 720 times increase in throughput
compared to the spray coating example. Furthermore, this increase in throughput is expected to be
even greater when coating width and coating speed are further increased during equipment-optimized

fully industrial R2R coating.
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Coated IrO, layer

L4

Fig. 7. R2R production of CCMs: (a) photograph of the direct coated IrO;, catalyst layer on Nafion 117
membrane in the rewinding zone, and microscope images of the R2R-coated samples with water/1-
propanol ratios of (b) 90:10 and (c) 75:25 (scale bar: 30 um).
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Fig. 8. Electrochemical test results comparing R2R processed [Water:1-propanol=90:10 and 75:25] and
ultrasonic sprayed CCMs: (a) ambient-pressure polarization curves for MEAs with pumping DI water at
80 °C and 80 ml/min of water flow rate (b) HFR data (c) HFR-free performance data.
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Figure 8 shows (a) ambient-pressure polarization curves, (b) high frequency resistance (HFR), and (c)
HFR-free polarization curves of the R2R-coated anodes and an ultrasonically sprayed anode with
similar 1.2 mgi/cm? loading. The two R2R-coated CCMs perform identically and, critically are very
similar to the spray coated MEA. The R2R samples show better performance than the spray-coated
sample at current densities below 1.25 A/cm?. However, this trend reverses at current densities above
1.25 A/cm?. For example, at 2 A/cm?, the cell voltages for the two coated samples and the sprayed
sample are 1.91 V and 1.89 V, respectively. This result is consistent with the obtained HFR values,
which are shown in Fig. 8(b), and indicate that the R2R coated samples have an about 13% increased
cell resistance (see Fig. S9 for EIS data). The HFR-free polarization curves shown in Figure 8(c) in
conjunction with the other data suggests there may be some kinetic advantages and some interfacial
deficiencies of slot-die coating compared to spray coating, but further study of the interface and the
electrode morphology is needed to verify this. As the major part of the HFR is typically associated with
the membrane, the variations in MEA performance and HFR could also result from slight differences in
membrane thickness that occur due to dimensional changes during the coating process [37].

Interestingly there is no apparent effect of the water/1-propanol ratio on performance. Previous
measurements of spray-coated MEAs with 0.1 mg;/cm?loadings showed increasing the water/1-
propanol ratio resulted in a decrease in performance [38]. This may be an effect that is specific to low-
loaded samples or the coating method. These data also do not suggest there is any impact of different
membrane swelling on initial performance. It is possible that differences in swelling could induce
stresses in the membrane that would lead to failures or changes in degradation rate under extended
operation. However, because the membrane will be fully hydrated and swollen during operation,

which would likely reduce residual stresses in the membrane during operation, this may not prove to
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be an issue. Extended testing will be needed to understand whether or not there is an impact on

durability.

4. Conclusion

This work demonstrates the successful direct coating of IrO2 catalyst layers on perfluorinated
membrane using an industrial coating method. To enable this, the catalyst ink must be formulated with
several considerations in mind: minimal swelling of the membrane, good wetting of the membrane,
and well dispersed catalyst particles. All of these conditions must be satisfied to enable a uniformly
coated, high-performance catalyst layer. Ex-situ studies indicated that most mixtures of water and
alcohols are not rapidly absorbed by the membrane. However, in some cases, while an ink might not
be rapidly absorbed by the membrane, poor catalyst dispersion may lead to coating defects or a
heterogenous microstructure. Inks with water/ethanol DM had favorable interactions with the
membrane, yet they tended to result in poor coatings. Mixtures of water and 1-propanol were able to
satisfy all of the above criteria, specifically 90:10 and 75:25 water/1-propanol mixtures. These mixtures
showed slow absorption by the membrane, low contact angle, and good dispersion of the catalyst
particles. These ink formulations were used to successfully slot-die coat anode electrodes onto the
membrane in a single step R2R process. In situ performance of the resulting CCMs showed that these
MEAs performed similarly to lab-scale, spray-coated MEAs, though there were some small differences
that warrant further investigation. By fabricating high performance catalyst layers through directly
coating on the membrane we have, compared to our standard lab-scale spray coating, increased the

throughput of CCM fabrication by more than 500x. In a true industrial setting, this increase in
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throughput is expected to be even greater. Additionally, this work shows that it should be possible to
eliminate the decal transfer processes that is commonly used today. Both of these factors will lead to
reduced catalyst layer production costs in PEMWE manufacturing. The learnings from this study are
also relevant to fuel cells and CO; electrolysis, given the similarity in materials and production

methods.
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Supplementary data Supplementary data to this article can be found online at xxx
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