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In proton exchange membrane-based electrolysis, cell-level performance and durability is affected not only by individual
components, but also by how those components are integrated into membrane electrode assemblies. In this study, several ink
and ultrasonic spray parameters are evaluated for their effect on catalyst layer properties, electrolyzer performance, and
electrolyzer durability. The relative impact of these variables on kinetic and ohmic loss were revealed and linked to catalyst
layer morphology. Ionomer loading and dispersion principally affect kinetics and accelerate kinetic loss over time. Catalyst
layer uniformity, however, tends to affect ohmic loss, where poor catalyst-transport layer contact adds resistances, increases
ohmic loss, and accelerates ohmic loss over time. These efforts to understand catalyst layer formation and the impact of catalyst
layer properties on electrolyzer performance and durability aid in the establishment of robust baselines and better inform
component development efforts and manufacturing processes. Separating losses and quantifying how losses change during
extended operation are also useful as a diagnostics approach to elucidate why suboptimal performance/durability occurs and
develop strategies to mitigate loss.
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Hydrogen as a chemical commodity has a significant role today in
transportation and agriculture. With regards to energy consumption
overall, however, hydrogen use has been limited, particularly when
produced through electrochemical water splitting due to the high cost.
With the emergence of low-cost, intermittent power sources, electro-
lysis-produced hydrogen has an opportunity for greater use in grid
storage and to offload excess energy into other sectors.1 Load
following, i.e. coupling electrolyzers directly with renewable power
sources, allows for a dramatic reduction in feedstock cost and can
reduce hydrogen production costs to a level comparable to steam
methane reforming.2 Further cost reductions rely on reducing the
capital cost, and will likely involve reducing the amount of platinum
(Pt) group metals (PGMs) used in electrolyzers.3–5

Evaluating degradation is needed as electrolysis shifts to low-cost
applications and intermittent inputs, to understand the impact of
durability on an electrolyzer’s useful lifetime and hydrogen produc-
tion cost.6 A variety of past efforts have evaluated aspects of
durability, with a focus on the membrane,7 catalysts,8–10 transport
layers (PTLs),11–15 and their interfaces. Within catalysis, iridium
(Ir)-based nanomaterials are commonly used for the oxygen evolu-
tion reaction (OER) in proton exchange membrane (PEM) electro-
lysis due to reasonable performance and stability.16–18 Durability
studies of OER materials have included fundamental evaluations of
dissolution rates, ex situ performance loss, and the development of
more active or stable catalysts to improve upon durability or lessen
operational (load) requirements.16,17,19–26 At the device level,
durability studies have focused on loss due to constant load and
intermittent operation,8–10,23,27,28 start-stop,29–31 contaminants,32

and transport limitations.33,34

While the activity and stability of individual components drives
device performance and lifetime, how materials are integrated into
catalyst layers also has a pronounced effect on electrode properties,
performance, and durability. Understanding that impact is critical to
provide robust benchmarks for baseline materials and mitigate losses
due to suboptimal coatings. This study focuses on catalyst-coated
membranes (CCMs) formed through ultrasonic spraying. While

spray coating is low throughput and intended for small-scale science,
the approach allows for the tuning of a number of variables towards
understanding optimal catalyst layer formation, to better inform
manufacturing-relevant processes. This work leverages an ongoing
program developing accelerated stress tests (ASTs) for PEM
electrolyzers, focused on losses associated with intermittent
operation.35

Experimental

Membrane electrode assemblies (MEAs) were sprayed as CCMs
on Nafion 117 with an automated spray station, equipped with an
Accumist ultrasonic spray head. Each run sprayed four CCMs,
which were placed on top of a thin PTFE layer and a heated vacuum
plate. A rubber sheet was used as a gasket to seal the area outside of
the spray pattern and ensure vacuum. The head spray path was 6 ×
6 cm and oversprayed the active area to ensure that a loading drop
did not occur near the catalyst layer edge. Membranes were
vacuumed and heated, and the spray station prepared (calibrated,
safety check) prior to forming inks.

Cathode layers were sprayed first with carbon-supported Pt
(Pt/HSC, 47 wt% Pt, Tanaka Kikinzoku Kogyo, TEC10E50E) to a
loading of 0.1 mgPt cm

‒2 and an ionomer to carbon ratio of 0.45:1.
Catalyst (91.9 mg) was added to distilled deionized water (24.0 ml)
and n-propyl alcohol (18.3 ml), and iced for 5 min. Nafion ionomer
(109.9 μl, 20 wt%, DE2020) was then added to the ink, which was
horn sonicated for 30 s, bath sonicated for 20 min, and horn sonicated
for 30 s, all in ice. Following preparation, the ink was loaded into a
syringe pump and immediately sprayed at a rate of 0.2 ml min‒1 onto a
Nafion 117 membrane heated to 80 °C. Spraying of the Pt cathodes
was based on previous optimization efforts, and a 0.1 mgPt cm

‒2

loading was used to avoid any impact on cell performance observed at
lower catalyst loading (⩽0.025 mgPt cm

‒2).35

Anode layers were sprayed next with unsupported Ir oxide (Alfa
Aesar, 43396) to a loading of 0.1 mgIr cm

‒2. For the Ir oxide used,
the catalyst was previously characterized and had a particle size of
approximately 5 nm (microscopy), a crystallite size of approximately
7.4 Å (Rietveld refinement of X-ray diffraction), and an electro-
chemical surface area of 28.7 m2 gIr

‒1 (half-cell testing).23,36,37 Ink
composition was varied and included the catalyst concentration (1, 2,zE-mail: shaun.alia@nrel.gov
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2.75, 3.5, and 5 mg ml‒1), solvent ratio (0, 0.25, 0.33, 0.5, 0.6, 0.75,
1 mlWater:mlInk), and ionomer loading (0.05, 0.1, 0.2, 0.27, 0.3, 0.6,
0.8 gNafion:gIr, Table I). All Ir inks were prepared with the same
procedure, where the catalyst was added to water and n-propyl
alcohol, and iced for 5 min. After ionomer was added, the inks were
horn sonicated for 30 s, bath sonicated for 20 min, horn sonicated for
30 s (all in ice), and immediately sprayed. For the optimum ink, Ir
oxide (113.8 mg) was added to 11.7 ml of distilled deionized water
and 23.8 ml of n-propyl alcohol. After 5 min in ice, Nafion ionomer
(95.6 μl, 20 wt%, DE2020) was added and the ink horn sonicated for
30 s, bath sonicated for 20 min, and horn sonicated for 30 s, all in
ice. After preparation, the ink was immediately sprayed onto a
Nafion 117 membrane (cathode catalyst layer previous coated) with a
nozzle path speed of 50mm s‒1. Spray parameters were varied and
included the pump rate (0.1, 0.2, 0.3, 0.4 ml min‒1) and the
temperature (40 °C, 60 °C, 80 °C, 90 °C, 100 °C, 110 °C, Table I).
For the optimum MEA, the ink was sprayed at 0.2 ml min‒1 onto a
membrane heated to 90 °C.

Catalyst layers were sprayed onto Nafion 117 from the same
supplier (Ion Power, Inc.) and lot number (1606AE1853). The
membranes were kept in the Energy Systems and Integration
Facility, Energy Systems Fabrication Laboratory at NREL, which
was actively monitored and controlled for temperature at 23.5 °C
(23.43 °C‒23.56 °C) when the membranes were stored and sprayed.
Membranes were sprayed as-received without preconditioning
(hydration, boiling in water, or acid exposure) and were sprayed
dry to hold the membranes to the heated vacuum plate. During
optimum spraying, the membrane was held (vacuum, gaskets) to a
heated vacuum plate at 90 °C (3 °C‒4 °C decrease through the
membrane thickness), except in the spray temperature experiments
where the vacuum plate temperature varied 40 °C‒110 °C. In all
cases, the membrane was fixed to the vacuum plate at temperature
prior to equipment safety procedures (automated) and ink formula-
tion (30 min). After the cathode and anode catalyst layers were

sprayed, the CCMs were soaked in water and dried at 50 °C on a
vacuum plate. This was done to minimize membrane warping,
improve contact and compression uniformity during cell assembly,
and limit contact resistances. Vacuuming the CCMs resulted in
slight stretching and thinning of the membrane (from 178 to 150 μm
on average) and slightly reduced ohmic loss.

Aspects of this process, including preconditioning, ultrasonic
spraying, and dry assembly are different from current manufacturing
processes. By avoiding a preconditioning/hydration step, we may
produce MEAs with lower ionic conductivity and marginally lessen
hydrogen crossover. The lower boiling temperature of water at
elevation (5674 ft), however, may lessen a conductivity advantage
by preconditioning relative to MEA operation (80 °C). Additional
hydrating/drying steps were also avoided to prevent further mem-
brane thinning and lower ohmic losses than expected with Nafion
117.

Differences in membrane water content can significantly impact
cell performance through stresses in the catalyst layer. In the
experiments presented, low catalyst concentration (ink), higher
water content (ink), higher pump rate (spray), and lower plate
temperature (spray) can all result in excess ink sitting on the
membrane surface (Table I). Higher degrees of water adsorption
during spraying can create membrane warping and catalyst layer
defects that can result in performance and durability differences.

Following CCM fabrication and preparation, X-ray fluorescence
(XRF) was completed with a Fischer XDV-SDD energy dispersive
XRF spectrometer. Anode/cathode loading confirmations were
calculated as the average of 4 measurements with a 30 s exposure.
XRF mapping was completed on a 40 × 40 grid (1600 data points)
with 30 s exposures (approximately 13.3 h in duration). Cross
sections of various CCMs were prepared by diamond-knife ultra-
microtomy. Backscattered electron (BSE) images were obtained on a
Hitachi S4800 scanning electron microscope (SEM). Bright-field
(BF) and high-angle annular dark-field (HAADF) scanning

Table I. Ink and spray variables, including the lower/upper bounds evaluated and optimum values.

Type Variable Lower Bound Upper Bound Optimum

Ink Nafion Content 0.05 mgNafion mgIr
‒1 0.8 mgNafion mgIr

‒1 0.2 mgNafion mgIr
‒1

Ink Catalyst Concentration 1 mg ml‒1 5 mg ml‒1 2.75 mg ml‒1

Ink Solvent Ratio 0 mlWater:mlInk 1 mlWater:mlInk 0.33 mlWater:mlInk
Spray Pump Rate 0.1 ml min‒1 0.4 ml min‒1 0.2 ml min‒1

Spray Temperature 40 °C 110 °C 90 °C

Figure 1. (a) Equivalent circuit model and (b) demonstration of impedance data fitting for the optimum MEA during initial testing. For the optimum MEA, the
ink contained 0.2 mgNafion mgIr

‒1, at a concentration of 2.75 mg ml‒1 and a solvent ratio of 0.33 mlWater:mlInk, and was sprayed at 0.2 ml min‒1 onto a membrane
heated to 90 °C.
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transmission electron microscopy (STEM) images along with energy
dispersive X-ray spectroscopy (EDS) spectrum images were taken
on a FEI Talos operated at 200 keV.

MEAs with an active area of 25 cm2 were assembled using Fuel
Cell Technologies hardware, carbon PTLs (Toray) and flow fields
(Fuel Cell Technologies) at the cathode, and Pt-coated titanium
PTLs and flow fields (Giner Inc.) at the anode. MEA testing was
completed with Greenlight test stands, using a dry cathode with no
applied back pressure, a water flow of 0.3 l min‒1 at the anode, and a
cell temperature of 80 °C. Cell conditioning was completed with
holds at 0.2 A cm‒2 for 1 h, 1 A cm‒2 for 1 h, 2 V for 30 min, 1.7 V
for 2 h, and 2 V for 30 min Polarization curves were taken
galvanostatically, anodically then cathodically, with 5 min step
durations.

Following performance evaluations, cyclic voltammograms
(0.025‒1.3 V) were taken along with impedance spectra
(1 Hz–100 kHz) at each current density (or potential) used in the
polarization curves. Impedance spectra at 0.2 A cm‒2 were fit to a
modified Randles cell equivalent circuit model to monitor the
solution resistance (Rs, HFR), polarization resistances (Rp,α, Rp,c),
and capacitances (Cα, Cc, Fig. 1).

38–40 The polarization resistance
(Rp,c) and capacitance (Cc) associated with the shoulder at low Z’
were consistent (Rp,c = 0.002 Ω cm2, Cc = 24.1 mF cm‒2) and did
not significantly change with variations to the ink composition, spray
parameters, or extended operation. The solution resistance (Rs),
polarization resistance (Rp,α), and capacitance (Cα), however, varied
significantly and were presented as tabulated values throughout
MEA testing. Polarization curves and diagnostics were used to
examine the sources of suboptimal performance and how these
nonidealities changed over time. Ohmic loss was evaluated from the
difference between polarization curves, uncorrected and corrected
for high frequency resistance (HFR). Transport loss was evaluated
from the difference between the polarization curve corrected for
HFR and kinetic performance (exchange current density, Tafel

slope). Kinetics were evaluated from the polarization curves
corrected for ohmic and transport loss.

Durability testing was completed using previously developed
ASTs, 31.5 k square-wave cycles (30 s at 1.45 V, 30 s at 2 V).9

These protocols focused on catalyst layer and interfacial deteriora-
tion associated with low catalyst loading and intermittent operation.
Particularly low loading for the anode catalyst (0.1 mgIr cm

‒2) was
needed to accelerate loss observations so that experiments could be
completed in a reasonable timeframe (525 h). Cycles based on
potential were used to focus on the loss mechanism, since Ir
dissolution and catalyst layer degradation were based on potential
exposure. The durability test used addresses catalyst layer degrada-
tion due to intermittent input and is not a current field test
replacement since: the test focuses on a single degradation
mechanism; and the majority of low temperature electrolyzers in
the field use a constant load as opposed to load following renewable
power. Other degradation mechanisms impact the catalyst layers
(crossover, contaminants, defects), membrane (back pressure and
temperature cycling, creep, water starvation), and transport layers/
separators (defects, coating continuity and thickness). Additionally,
catalyst layer composition and fabrication impact the degradation of
other components and interfaces, including the transport layer
(exposure) and catalyst-membrane interface (tearing). These differ-
ences can also potentially affect catalyst layer degradation through
other processes, including hydrogen crossover (catalyst redox),
contaminants and defects, and different accelerated stress tests are
needed to examine these mechanisms. Several of these mechanisms
have been studied elsewhere; others (membranes, transport layers,
combined processes), including ASTs related to future intended
operation, will be addressed in the near future.35,41

For reproducibility, each experiment sprayed four oversized
25 cm2 MEAs to keep the sprayed area constant. Of these four, two
were tested for performance/durability, and another saved for
characterization. If the performance was near the optimum, a third

Figure 2. (a) Polarization curves, (b) HFR-corrected Tafel plots, (c) cyclic voltammograms, and (d) impedance spectra of MEAs sprayed with varying solid
concentration in the anode catalyst layer ink at beginning of life. MEAs consisted of Ir oxide anodes and Pt/HSC cathodes with loadings of 0.1 mgIr,Pt cm

‒2, and
were operated at 80 °C.

Journal of The Electrochemical Society, 2020 167 144512



Figure 3. (a) Current density at 2 V as a function of AST cycle count for MEAs sprayed with varying ionomer loading in the anode catalyst layer.
(b) Polarization curves and (c) fits to impedance spectra of MEAs sprayed with an ionomer to catalyst ratio (I:Ir) of 0.2 mgNafion mgIr

‒1 as a function of AST cycle
count. (d) Polarization curves, (e) HFR-corrected Tafel plots, (f) cyclic voltammograms, and (g) impedance spectra of MEAs sprayed with an ionomer to catalyst
ratio (I:Ir) of 0.8 mgNafion mgIr

‒1 as a function of AST cycle count. MEAs consisted of Ir oxide anodes and Pt/HSC cathodes with loadings of 0.1 mgIr,Pt cm
‒2, and

were operated at 80 °C.

Journal of The Electrochemical Society, 2020 167 144512



MEA was included in testing to ensure that the optimum was
accurately reported. Within individual experiments, performance/
durability were reproducible (within 4 mV at each current density,
average reported), provided that the MEAs were: sprayed at the
same time, with the same membrane/catalyst (supplier, lot); and
tested with the same hardware (transport layers, configuration),
with identical temperature controls, similar water conductivities,
and minimal shutdowns or excursions. MEA reproducibility issues,
however, clearly occur when sprayed at different times or with
different processes. For ultrasonic spraying specifically, differ-
ences in sonication monitoring and the time between the end of
sonication and the beginning of spraying can affect catalyst layer
properties and MEA performance. In this manuscript, all spraying
was completed by the same user with efforts taken to limit

processing variability and the duration between sonication and
spraying (<3 min).

Results and Discussion

Several factors that can impact catalyst layer properties, MEA
performance, and MEA durability were evaluated in this study.
These variables were categorized based on whether tuning occurred
during ink formulation or electrode spraying. Ink variables included
the ionomer content, solid concentration, and solvent ratio; spray
parameters included the pump rate and drying temperature (Table I).
These examinations used in situ testing, cell diagnostics, and ex situ
characterization to separate losses, describe how losses changed over
time, and assess why these losses occurred.

Figure 4. (a) Polarization curves, (b) HFR-corrected Tafel plots, (c) cyclic voltammograms, and (d) impedance spectra of MEAs sprayed with varying solid
concentration in the anode catalyst layer ink at beginning of life. (e) Current density at 2 V as a function of AST cycle count for MEAs sprayed with varied solid
concentration in the anode catalyst layer ink. (f) Polarization curves, (g) HFR-corrected Tafel plots, (h) cyclic voltammograms, and (i) impedance spectra of
MEAs sprayed with a solid concentration in the anode catalyst layer ink of 5 mgIr ml‒1 as a function of AST cycle count. MEAs consisted of Ir oxide anodes and
Pt/HSC cathodes with loadings of 0.1 mgIr,Pt cm

‒2, and were operated at 80 °C.
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Durability testing focused on catalyst layer and interfacial
degradation, and used previously developed protocols focused on
the effect of low loading and intermittent operation to accelerate
degradation.9 Specifically, durability testing throughout these ex-
periments consisted of 31,500 square-wave cycles with 30 s at
1.45 V and 30 s at 2 V. In previous durability studies, large kinetic
losses were observed and corresponded to Ir dissolution at elevated
potential, catalyst layer thinning, and pore loss (slight decreases in
porosity and pore diameter).35 More aggressive operation led to
tearing at the catalyst/membrane interface, which manifested as
ohmic loss (slight transport increases) potentially due to interfacial
deterioration adding contact resistances.35 In this study, ink and
spray parameters were tuned to find an optimum in cell performance/
durability with standard material sets and to assess the impact of
these parameters on catalyst layer properties and MEA performance/
durability.

Ink variables.—The first variable explored was the anode
ionomer loading, with a relatively large range of values (0.05‒0.8
mgNafion mgIr

‒1). It was the only variable to impact the catalyst to
ionomer ratio, and was unique in that it produced a wide range of
performances resulting in primarily kinetic changes. At low ionomer
amounts (0.05‒0.3 mgNafion mgIr

‒1), the resulting MEA polarization
curves were similar, and near the optimum (0.15‒0.3 mgNafion
mgIr

‒1) were nearly identical (Fig. 2a). Higher ionomer amounts
adversely affected kinetics, and corresponded to small increases in
the polarization resistance and thinning of the cyclic voltammogram
capacitance (Figs. 2b–2d). Slower kinetics were likely due to excess
ionomer adsorbing onto Ir surfaces and limiting access to Ir sites.21

Although capacitance is inherently not surface sensitive, the cyclic
voltammogram shape and intensity appeared to be generally
reflective of Ir oxide accessibility in the catalyst layer, and cyclic

voltammogram thinning at high ionomer content (0.6‒0.8 mgNafion
mgIr

‒1) may have been due to Ir isolation (Fig. 2c). Slightly higher
transport losses were also observed at high ionomer content, and
excess ionomer may inhibit oxygen/water diffusion.42 Additionally,
higher ohmic loss was found with higher ionomer content, although
the range of high frequency resistance values (0.121‒0.127 Ω cm2)
was smaller than any other variable (ink or spray) evaluated.
Increased ohmic losses at higher ionomer content could be due to
differences in current distribution throughout the catalyst layer with
reactions increasingly occurring near the interfaces. Higher degrees
of catalyst-ionomer segregation could also potentially increase the
high frequency resistance if excess ionomer grouped at the mem-
brane-catalyst layer interface, although obvious ionomer grouping
toward interfaces was not found in microscopy. From these results, it
becomes clear that tuning the ionomer content is a necessary first
step to achieving reasonable MEA performance. Some amount of
ionomer is needed in the catalyst layer to ensure contact between
active sites and the membrane; excess ionomer, however, may block
and isolate sites and at high content, slightly inhibit water transport
and add resistances.

In durability testing, the ionomer content altered the performance
loss rate, from 3.4 (0.2 mgNafion mgIr

‒1) to 5.1 μV cycle‒1 (0.8
mgNafion mgIr

‒1, Fig. 3a). Of the variables studied, however, altering
the ionomer loading resulted in a relatively small change in the
performance loss rate. Losses were primarily due to decreasing
kinetics, corresponded to slight changes in cyclic voltammograms
(thinning) and impedance spectra (increasing polarization resis-
tance), and were consistent with previous findings where loss was
attributed to Ir dissolution and catalyst layer degradation (Figs. 3b,
3c).9 At or near the optimum ionomer content (0.05‒0.3 mgNafion
mgIr

‒1), small transport and ohmic changes were found. At high
ionomer content, however, these losses increased and accounted for

Figure 4. (Continued.)
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the overall change in loss rate (3.4‒5.1 μV cycle1, Figs. 3d–3g). Of
interest was that higher ionomer content resulted in slightly higher
durability losses even though the catalyst layers contained the same
amount of Ir and were exposed to the same stressor (square wave,
1.45‒2 V). These results indicate that when starting from a lower
initial performance and with access to a fewer number of Ir sites,

extended operation may accelerate interfacial tearing and result in
the earlier onset of transport and ohmic loss (Fig. 3g).

Following ionomer loading, the second variable explored was the
anode solid concentration (i.e. the ratio of Ir oxide catalyst to
solvent), where the impact on cell performance was primarily ohmic.
Modifications to the solid concentration kept the ionomer content

Figure 5. XRF mapping of MEAs sprayed with a solid concentration in the anode catalyst layer of (a) 2.75 and (b) 5 mgIr ml‒1. BF- and HAADF-STEM images
of cross-sectioned anode catalyst layers sprayed for (c) optimal performance (solid concentration 2.75 mgIr ml‒1, solvent ratio of 0.33 mlH2O mlInk

‒1), (d) high
solid concentration (solid concentration 5 mgIr ml‒1, solvent ratio of 0.33 mlH2O mlInk

‒1), and (e) high solvent ratio (solid concentration 2.75 mgIr ml‒1, solvent
ratio of 0.6 mlH2O mlInk

‒1).
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(0.2 mgNafion mgIr
‒1) constant, and changes to this variable clearly

affected the quality of the ink dispersion and the time required to
spray electrodes. High concentrations of Ir catalyst appeared to settle
out of suspension (visual catalyst settling, surrounded by clear or
nearly clear solvent) at a faster rate. At low concentrations, however,
the time to spray electrodes significantly increased (from 26 min at

5 mgIr ml‒1 to 130 min at 1 mgIr ml‒1, for 4 × 25 cm2) and Ir
agglomeration in the spray line was observed, particularly near the end
of spraying. While these concerns may be partially mitigated once the
ink reached the ultrasonic spray head, the solid concentration clearly
affected performance (Fig. 4a). Changes to the solid concentration had
a small impact on kinetics (exchange current density), polarization
resistances (0.099‒0.101 Ω cm2 at 1.2 A cm‒2), and capacitances in
cyclic voltammograms (Figs. 4b–4d). The performance differences
were primarily ohmic, where the HFR varied from 121 mΩ cm2

(2.75 mgIr ml‒1) to 139 mΩ cm2 (5 mgIr ml‒1, Fig. 4d). High HFR
values corresponded to changes in the cyclic voltammograms at low
potential, where inflections consistent with hydrogen underpotential
deposition were found and suggested increased interaction with the
Pt-coating on the PTL (Fig. 4c).

Ex situ characterization of the catalyst layers was used to
investigate possible causes for lower performance, higher ohmic
loss, and increased Pt features in cyclic voltammograms. While
optimum concentrations resulted in relatively uniform Ir layer
thicknesses, high concentration (5 mgIr ml‒1) produced catalyst
layers with nonuniformities. The variation was apparent with XRF
mapping, where the Ir loading (0.101 ± 0.006 mgIr cm‒2) had
minimum and maximum values of 0.117 and 0.089 mgIr cm‒2

(Figs. 5a, 5b). As a comparison, XRF mapping of the optimum MEA
anode (2.75 mgIr ml‒1, 0.101 ± 0.002 mgIr cm

‒2) had minimum and
maximum values of 0.095 and 0.105 mgIr cm‒2. Additionally,
microscopy revealed nonuniformities at finer spatial resolution
(Figs. 5c–5e). Comparing the catalysts layers formed at the optimal
(2.75 mgIr ml‒1) and high concentration (5 mgIr ml‒1), relatively
consistent layer thickness were found in the optimal anode (650‒
750 nm); large variability, however, was found with high concentra-
tion where the thickness varied significantly (150 nm to 1 μm) even
within a single imaging spanning 6 μm. From these results,
nonuniformities may add slight resistances through poor catalyst-
PTL interfacial contact, increasing the ohmic loss and accounting for
lower cell performance. At high solid concentration, Pt character-
istics in cyclic voltammograms associated with hydrogen under-
potential deposition (proton adsorption, desorption) may also be due
to nonuniformities, where very thin portions of the catalyst layer
allow greater access to the Pt-coating on the PTL.

In addition to catalyst layer thickness variations, changes in
porosity and catalyst-ionomer integration can also impact perfor-
mance. Although not excessively different on average, the catalyst
layer thicknesses of suboptimal coatings appeared thinner in places
(Figs. 5c–5e) while at the same Ir loading, suggesting that
differences in porosity may exist. For the high solid concentration
catalyst layer, the Ir particles also appeared to agglomerate more
frequently (denser sections, higher contrast), which may impact site

Figure 6. BF- and HAADF-STEM images with EDS spectrum images (Ir, F) of cross-sectioned anode catalyst layers sprayed for (a) optimal performance
(ionomer content 0.2 mgI mgIr

‒1, solid concentration 2.75 mgIr ml‒1, solvent ratio of 0.33 mlH2O mlInk
‒1), (b) high ionomer content (ionomer content 0.8 mgI

mgIr
‒1, solid concentration 2.75 mgIr ml‒1, solvent ratio of 0.33 mlH2O mlInk

‒1), (c) high solid concentration (ionomer content 0.2 mgI mgIr
‒1, solid concentration

5 mgIr ml‒1, solvent ratio of 0.33 mlH2O mlInk
‒1), and (d) high solvent ratio (ionomer content 0.2 mgI mgIr

‒1, solid concentration 2.75 mgIr ml‒1, solvent ratio of
0.6 mlH2O mlInk

‒1).

Figure 7. BSE-SEM images of cross-sectioned anode catalyst layers
sprayed demonstrating (a) catalyst layer persistence (high ionomer content
MEA, ionomer content 0.8 mgI mgIr

‒1, solid concentration 2.75 mgIr ml‒1,
solvent ratio of 0.33 mlH2O mlInk

‒1), (b) interfacial tearing (optimal MEA,
ionomer content 0.2 mgI mgIr

‒1, solid concentration 2.75 mgIr ml‒1, solvent
ratio of 0.33 mlH2O mlInk

‒1), and (c) Ir migration (high solvent ratio, ionomer
content 0.2 mgI mgIr

‒1, solid concentration 2.75 mgIr ml‒1, solvent ratio of
0.6 mlH2O mlInk

‒1). MEAs consisted of Ir oxide anodes and Pt/HSC cathodes
with loadings of 0.1 mgIr,Pt cm‒2, and were operated at 80 °C. ASTs
consisted of square-wave cycles, 30 s at 1.45 V followed by 30 s at 2 V.
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access and diffusion (Fig. 5d). Elemental maps for Ir and fluorine
extracted from STEM-EDS spectrum images of cross-sectioned
MEAs was used to evaluate catalyst-ionomer interaction, where
reasonable incorporation was generally found. For the optimal
anode, a consistent fluorine signal was found throughout the catalyst
layer with relatively few large void spots (Fig. 6a). Higher ionomer
content eliminated any void space and resulted in patches of high
fluorine signal, indicating that excess ionomer may not spread
uniformly and may contaminate sites heterogeneously (Fig. 6b). In
contrast, high solid concentration appeared to slightly increase the

frequency of ionomer void spaces and patches of ionomer without
catalyst were found (Fig. 6c). These results indicate that high solid
concentration may result in poorer catalyst-ionomer integration,
although significant differences in kinetic performance were not
found. In addition to differences in catalyst layer formation, water-
heavy inks and processing conditions that increase the quantity/time
solvent sits on the membrane can result in membrane swelling that
creates catalyst layer defects. Although obvious defects were not
found in microscopy, strain in the catalyst layer or at the catalyst
layer/membrane interface could also contribute to higher losses

Figure 8. (a) Polarization curves, (b) HFR-corrected Tafel plots, (c) cyclic voltammograms, and (d) impedance spectra of MEAs sprayed by varying the solvent
ratio in the anode catalyst layer ink at beginning of life. (e) XRF mapping of MEAs sprayed with a solvent ratio in the anode catalyst layer ink of 1 mlWater

mlInk
‒1. (f) Current density at 2 V as a function of AST cycle count for MEAs sprayed with different solvent ratios in the anode catalyst layer ink. (g) Polarization

curves, (h) HFR-corrected Tafel plots, (i) cyclic voltammograms, and (j) impedance spectra of MEAs sprayed with a solvent ratio in the anode catalyst layer ink
of 1 mlWater mlInk

‒1 as a function of AST cycle count. MEAs consisted of Ir oxide anodes and Pt/HSC cathodes with loadings of 0.1 mgIr,Pt cm
‒2, and were

operated at 80 °C.
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through nonideal contact (ohmic) or lower site-access (kinetic,
Fig. 6d).

Growing kinetic loss was the primary source of decreasing cell
performance during extended operation of MEAs formed with
different solid concentrations. Cell performance losses grew at
higher solid concentration from 3.2 to 5.2 μV cycle‒1 (at 5 mgIr
ml‒1) due to both higher kinetic and ohmic loss (HFR increased from
139 to 173 mΩ cm2 at 5 mgIr ml‒1, Figs. 4e–4i). At face value, the
performance loss rate and loss mode (kinetic/ohmic) of MEAs
sprayed with high solid concentrations was similar to high ionomer
contents. With high solid concentration, however, the losses were
comparatively more ohmic (HFR increased from 132 to 156 mΩ cm2

at 0.8 mgNafion mgIr
‒1) than kinetic. These results suggest that

different catalyst layer and interfacial deficiencies impact cell
performance and durability in different ways, and that the separation
of losses can be useful for diagnostics and to improve catalyst
integration. Catalyst layer nonuniformities resulted in higher ohmic
losses that disproportionally grew in ASTs, potentially due to
catalyst layer degradation accentuating those nonuniformities. In
contrast, high ionomer content resulted in higher kinetic losses that
disproportionally grew in ASTs, potentially due to lower site-access
initially limiting a delay in kinetic loss (Fig. 3c).

While large differences were found in ohmic/kinetic loss with
different ink compositions, ex situ microscopy showed similar
outcomes and relatively subtle differences in the anode catalyst
layer following ASTs (Fig. 7). For each of the MEAs examined
(optimum, high ionomer, high concentration, solvent ratio), sig-
nificant bare patches in the catalyst layer were not found, suggesting
that the complete dissolution of the catalyst layer was not needed for
large performance losses to occur. Isolated instances of catalyst
layer/membrane interfacial tearing were also found and may
partially account for higher ohmic loss following ASTs by adding

contact resistances. Additionally, migration of the anode catalyst
into the membrane occurred. This was expected due to the elevated
anode potential during operation and consistent with previous
studies.35,43

Following studies on the ionomer content and the solid concen-
tration in Ir-anode catalyst layer inks, the solvent ratio was tuned
using water and n-propyl alcohol. In terms of initial performance
nonidealities, the solvent ratio combined aspects of the ionomer and
concentration experiments (kinetic/ohmic, catalyst/ionomer unifor-
mity). The solvent ratio has an obvious impact on the evaporation
rate during the coating process.44 At alcohol-rich to even ratios
(0.25‒0.5 mlWater mlnPA

‒1), optimal performance was achieved and
the performance differences were relatively small (Fig. 8a). In water-
rich inks, however, performance decreases were observed due to a
combination of slower kinetics and higher ohmic losses (Fig. 8b).
Kinetic differences between the MEAs were present but relatively
small, and consistent with small differences in capacitances (cyclic
voltammograms) and polarization resistances (impedance spectra,
Figs. 8c, 8d). Ohmic differences, however, tended to be larger and
the HFR increased from 121 (0.33 mlWater mlnPA

‒1) to 139 mΩ cm2

(1 mlWater mlnPA
‒1, Fig. 8d).

The solvent ratio had a measurable impact on the morphology of
the sprayed catalyst layer. Water-rich to water-only inks produced
catalyst layer nonuniformities that were apparent visually during the
coating process, where the ink did not completely dry with each pass
of the spray head. The spray velocity appeared to force the ink
slightly wide of the head path and the majority of the ink dried in
bands to either side. After spray completion, the nonuniformity
was confirmed with XRF mapping, where the Ir loading (0.098 ±
0.017 mgIr cm

‒2) had minimum and maximum values of 0.067 and
0.144 mgIr cm

‒2 (Fig. 8e). In HAADF-STEM images, nonunifor-
mities were also observed (200 to 900 nm over a short span, 6 μm)

Figure 8. (Continued.)
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that were similar albeit slightly more regular than catalyst layers
formed with high solid concentration (Fig. 5e). While the average
layer thicknesses appeared roughly similar to the optimum, thinner
portions may suggest differences in porosity. Additionally, a higher
frequency of Ir aggregates was found (denser sections, higher
contrast), and may indicate that water-heavy inks and longer drying
times allow for ink segregation and Ir flocculation (Fig. 5e).44

STEM-EDS analysis of the water-heavy catalyst layer also con-
firmed less-than-ideal catalyst-ionomer integration (Fig. 6d), with
more high contrast fluorine regions suggesting poor dispersion.
There was also a higher frequency of regions devoid of ionomer

which may have resulted in lower site-access and accounted for the
lower exchange current density initially. In this sense, water-rich
inks created suboptimal uniformities in both the catalyst layer
thickness and ionomer integration, which produced kinetic and
ohmic loss and combined aspects from both the ionomer content
(primarily kinetic) and solid concentration (primarily ohmic)
experiments.

In durability testing, the performance loss rate varied from 3.2
(0.33 mlWater:mlnPA) to 6.7 μV cycle‒1 (water-only), and of the ink
parameters evaluated, the solvent ratio produced a comparatively
large variation in MEA durability (Fig. 8f). While AST losses were

Figure 9. (a) Polarization curves, (b) HFR-corrected Tafel plots, (c) cyclic voltammograms, and (d) impedance spectra of MEAs sprayed while varying the
pump rate in the anode catalyst layer ink at beginning of life. (e) XRF mapping of MEAs sprayed with a pump rate of 0.4 ml min‒1 in the anode catalyst layer ink.
(f) Current density at 2 V as a function of AST cycle count for MEAs sprayed with different pump rates for the anode catalyst layer. (f) Polarization curves,
(g) HFR-corrected Tafel plots, (h) cyclic voltammograms, and (i) impedance spectra of MEAs sprayed with a pump rate for the anode catalyst layer of 0.4 ml min‒1

as a function of AST cycle count. MEAs consisted of Ir oxide anodes and Pt/HSC cathodes with loadings of 0.1 mgIr,Pt cm
‒2, and were operated at 80 °C.
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primarily kinetic, water-rich and water-only inks produced MEAs
with both larger kinetic and ohmic losses. Catalyst layer differences
may account for the higher loss rates. As with the ionomer content
experiments, suboptimal catalyst-ionomer integration may isolate Ir
sites, resulting in lower site-access and kinetics initially, and higher
losses in ASTs by minimizing any delay in kinetic loss. Kinetic
deterioration was found in polarization curves and was consistent
with decreasing exchange current densities, thinning capacitance
(cyclic voltammograms), and growing polarization resistances (im-
pedance spectra, Figs. 8g–8j). As with the solid concentration
experiments, suboptimal catalyst layer uniformity may add small
resistances due to a reduced catalyst-PTL interfacial contact. ASTs
may further accentuate those nonuniformities and higher ohmic loss
was consistent with growing interaction with the Pt-PTL coating
(cyclic voltammograms, hydrogen underpotential deposition) and
HFR values (water-only, 139 to 164 mΩ cm2, Figs. 8i, 8j). Ex situ
microscopy of the catalyst layers formed with water-heavy inks after
ASTs showed similar trends to other ink compositions, where Ir
migrated into the membrane and instances of catalyst layer/mem-
brane interfacial tearing were found (Fig. 7).

Spray parameters.—In addition to tuning ink variables, spray
parameters were modified to evaluate their effect on performance
and durability. Changing the pump rate, or how quickly the ink was
sprayed onto the membrane, affected the time required to spray
CCMs from 24 (0.4 ml min‒1) to 94 min (0.1 ml min‒1, 4 × 25 cm2).
At very low rates (0.1 ml min‒1), slight Ir agglomeration appeared in
the spray line; although ink aggregation can impact catalyst layer
properties, only small differences in kinetics and ohmic loss were
found compared to the optimum and the low spray rate may not have
been low enough to observe larger differences. Additionally, the
pump rate affected the ink drying time and higher spray rates

(0.3‒0.4 ml min‒1) caused ink pooling on the spray bed that resulted
in higher variability in the catalyst loading. At a high pump rate
(0.4 ml min‒1), minimal differences were seen in kinetics and lower
performance was primarily due to higher ohmic loss (121 to 153 mΩ
cm2, Figs. 9a–9d). The higher ohmic loss may indicate that
increasing the pump rate resulted in less uniform catalyst layers
but with reasonable catalyst-ionomer integration. High pump rates
maintained kinetic performance, confirmed with high exchange
current densities and supported by slight differences in capacitance
(cyclic voltammograms) and polarization resistances (impedance
spectra). The anticipated catalyst layer nonuniformities were con-
firmed with XRF mapping (0.100 ± 0.009 mgIr cm

‒2) where the
maximum and minimum loadings were 0.123 and 0.080 mgIr cm

‒2

respectively (Fig. 9e). In durability testing, the performance loss rate
varied from 3.2 to 7.5 μV h‒1 (Fig. 9f). Consistent trends were
found, where the loss was primarily kinetic and similar kinetic losses
were found with changes to the pump rate. At high pump rates,
however, higher transport and ohmic loss were found (Figs. 9g–9j).
The increasing ohmic losses were likely due to catalyst layer
nonuniformities initially that were accentuated by ASTs, resulting
in increased Pt-PTL coating interaction and higher HFR values.

Finally, the temperature of the spray bed was varied, where the
bed temperature impacted the drying time once the ink contacted the
membrane. At lower temperature, differences from the optimum
performance were due to a combination of lower kinetics and higher
ohmic loss (Figs. 10a, 10b). Increased kinetic loss suggests that the
catalyst-ionomer integration may not have been ideal, and slightly
thinner capacitances (cyclic voltammograms) and higher polariza-
tion resistances (0.107 Ω cm2) were observed (Figs. 10c, 10d).
Lower bed temperature also appeared to cause some ink pooling on
the spray bed and resulted in higher catalyst loading variability
(0.103 ± 0.015 mgIr cm

‒2 from XRF mapping, with maximum and

Figure 9. (Continued.)
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minimum values of 0.153 and 0.067 mgIr cm
‒2) and higher HFR

values (153 mΩ cm2 at 40 °C, Figs. 10d, 10e). At higher
temperature, minimal changes to kinetics and a slight increase in
ohmic loss were found (HFR 127 mΩ cm2 at 110 °C). While small
HFR increases may have been due to differences in the catalyst
layer, it was also possible that membrane changes occurred at
elevated temperature over extended periods of time and some
coloring was observed (orange tinting). In terms of durability, the
performance loss was primarily kinetic and varied from 3.2 to
8.2 μV h‒1, the largest range of any parameter evaluated (Fig. 10f).
At a low bed temperature (40 °C) the kinetic losses were
significantly larger, potentially due to poor catalyst-ionomer integra-
tion and limited Ir site access initially that exacerbated kinetic losses
over time; these losses were further accompanied by thinning
capacitance (cyclic voltammograms) and growing polarization resis-
tances (Figs. 10g‒10j). Higher degrees of ohmic loss were also found,
confirmed with increasing HFR values (153 to 183 mΩ cm2) and
supported by higher Pt-PTL coating participation (cyclic voltammo-
grams, hydrogen underpotential deposition). Higher ohmic losses
were potentially due to less uniform catalyst layers initially that
were accentuated in ASTs during Ir dissolution and catalyst layer
thinning.

Figure 11 summarizes the overarching trends in MEA perfor-
mance and durability arising from both ink variables (ionomer
content, solid concentration, solvent ratio) and spray parameters
(pump rate, drying temperature). When separating losses in polar-
ization curves, kinetic and ohmic loss were the primary sources of
nonideal performance (Fig. 11a). Additionally, ASTs produced large
kinetic losses, where the exchange current density decreased
2‒3 orders of magnitude and added 100‒200 mV in overpotential

(at 1.2 A cm‒2, Figs. 11b, 11c). Secondarily, ASTs resulted in ohmic
loss, where the HFR increased 10‒35 mΩ cm2 and added 10‒60 mV
in overpotential (at 1.2 A cm‒2, larger at higher current density,
Figs. 11b, 11c). Although the kinetic and ohmic loss rate varied, two
takeaways were consistent. First, lower performance initially tended
to result in higher durability losses and speaks to the need to
establish robust baselines in electrolysis performance and durability,
and to optimize catalyst layer integration to fully realize component
improvements. Second, when separating kinetic and ohmic losses,
lower kinetics initially accelerated kinetic loss and higher HFR
values accelerated HFR increases in ASTs. Nonideal performance
tended to correlate to catalyst-ionomer segregation and catalyst layer
nonuniformities, and ASTs may accentuate these catalyst layer
deficiencies and performance losses. Although ink and spray
variables are interconnected and did not exclusively affect a single
loss mechanism, poor catalyst-ionomer integration and catalyst layer
uniformity tended to have greater impacts on kinetic and ohmic loss,
respectively. Separating these losses in initial performance and
quantifying how these losses change during extended operation
may therefore be useful as a diagnostics approach to elucidate why
suboptimal performance/durability occurred and how catalyst layer
modifications could improve performance/durability.

Conclusions

Several ink and spray parameters were evaluated in this study,
including the ionomer content, solid concentration, solvent ratio,
pump rate, and drying temperature. When comparing individual
variables some commonalities were observed, where changes to ink
composition or spray parameters resulted in similar changes to the

Figure 10. (a) Polarization curves, (b) HFR-corrected Tafel plots, (c) cyclic voltammograms, and (d) impedance spectra of MEAs sprayed while varying the
drying temperature for the anode catalyst layer at beginning of life. (e) XRF mapping of MEAs sprayed with a drying temperature of 40 °C in the anode catalyst
layer. (f) Current density at 2 V as a function of AST cycle count for MEAs sprayed with different drying temperatures for the anode catalyst layer. (f)
Polarization curves, (g) HFR-corrected Tafel plots, (h) cyclic voltammograms, and (i) impedance spectra of MEAs with a drying temperature in the anode
catalyst layer of 40 °C as a function of AST cycle count. MEAs consisted of Ir oxide anodes and Pt/HSC cathodes with loadings of 0.1 mgIr,Pt cm

‒2, and were
operated at 80 °C.
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catalyst layer and affected cell-level performance and durability in
similar ways. First, modifications to the ionomer quantity or
dispersion largely affected kinetic performance. Excess ionomer
and poor incorporation (catalyst-ionomer segregation) resulted in
slower kinetics, likely due to the ionomer limiting access to Ir sites.
Extended operation of these MEAs accelerated kinetic loss, poten-
tially due to lower site-access initially limiting any delays in kinetic
loss. Second, nonuniformities in the catalyst layer thickness ad-
versely impacted ohmic loss, potentially by creating poor catalyst
layer-PTL contact and adding contact resistances. ASTs also

accelerated these losses, potentially by accentuating catalyst layer
nonuniformities (ohmic/transport) and resulted in increased access to
the Pt-PTL coating.

Efforts to understand catalyst layer formation and the impact of
catalyst layer properties on electrolyzer performance and durability
are critical to creating robust baselines for component developments
to build upon. While sprayed electrodes tend to focus on funda-
mental science, the properties of optimal MEAs (uniform catalyst
layers, ionomer content, catalyst-ionomer integration) can translate
to manufacturing-relevant processes. Differences in kinetic/ohmic

Figure 10. (Continued.)
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performance and how those losses grow during extended operation
can further provide insight and diagnose the cause of suboptimal
performance from different processing techniques or conditions.

Commercial electrolyzers today typically avoid durability losses
with a constant load (power input) and high catalyst loadings. An
improved understanding of durability will be needed in the future,
however, as low temperature electrolysis shifts towards low-cost
applications and load following variable power sources. This works
demonstrates that while improving upon individual component
performance and durability is critical, further studies optimizing
MEA integration are also sorely needed to fully realize the potential
of novel components and manufacturing processes. Understanding
how these factors affect performance and durability losses are
necessary to reduce the production cost of hydrogen and increase
electrolysis implementation.
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