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Pathways Toward Efficient and Durable Anion Exchange
Membrane Water Electrolyzers Enabled By Electro-Active
Porous Transport Layers

Andrew W. Tricker, Tugrul Y. Ertugrul, Jason K. Lee, Jason R. Shin, Woong Choi,
Douglas I. Kushner, Guanzhi Wang, Jack Lang, Iryna V. Zenyuk, Adam Z. Weber,
and Xiong Peng*

Green hydrogen, produced via water electrolysis using renewable
electricity, will play a crucial role in decarbonizing industrial and heavy-duty
transportation sectors. Anion exchange membrane water electrolyzers
(AEMWEs) can overcome many of the performance and cost limitations
of incumbent technologies, however, still suffer from durability challenges
due to oxidative instability of anion-exchange ionomers. Herein, the use of an
electro-active porous transport layer as anode (PTL-electrode) is demonstrated
to enable efficient and durable AEMWEs. The stainless-steel PTL-electrodes
are shown to have superior performance and durability compared to traditional
catalyst layers containing ionomer and nanoparticle catalysts. An AEMWE
cell operating at 2 A cm−2 for over 600 h exhibited a degradation rate of
just 5 μV h−1. During operation, the surface composition of the stainless steel
transforms into a mixture of iron and nickel oxyhydroxides, contributing to
enhanced oxygen-evolution reaction activity. The combination of experimental
work and modeling elucidates how the bulk structure of the PTL-electrode offers
an additional design dimension to further improve electrolyzer performance.
Lastly, a surface modification strategy is applied to a PTL-electrode to achieve an
even higher performing AEMWE (2.3 vs 2.0 A cm−2 at 1.8 V). Overall, this work
lays out pathways toward more efficient, durable, and affordable AEMWEs.

1. Introduction

According to the Sixth Assessment Report of the Intergovern-
mental Panel on Climate Change, limiting the rise of global
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temperatures by 1.5 °C at the end of
this century requires achieving global
net-zero CO2 emissions by 2050.[1] About
one-third of global CO2 emissions come
from industrial processes (≈26%) and
heavy-duty transportation (≈8%),[1–3]

which are particularly difficult to de-
carbonize. Green hydrogen can play a
unique role in achieving net zero for
these sectors,[4] either as storage/carrier
of renewable energy (e.g., fuel for freight
transportation or industrial process
heat),[5–8] as a replacement to fossil
hydrogen (e.g., in petro/bio-refining
or ammonia production),[9–13] or as an
alternative chemical reagent (e.g., metal
refining).[14] For this reason, the Inter-
national Energy Agency has projected
that the global usage of hydrogen will
increase from 90 to 500 Mtpa (million
tonnes per annum) to reach net zero
by 2050.[15] Water electrolysis powered
by renewable electricity is a promising
approach to fill this demand, however,
it supplies less than 1% of the current
global market of hydrogen. With the

global installed electrolyzer capacity estimated to be just 1 GW at
the end of 2022,[16] achieving terawatt–scale deployment (1 TW
≈100 Mtpa H2) will require electrolysis technology with high

J. R. Shin
Department of Chemical & Biomolecular Engineering
University of California Berkeley
Berkeley, CA 94720, USA
J. Lang, I. V. Zenyuk
Department of Chemical and Biomolecular Engineering
National Fuel Cell Research Center
University of California Irvine
Irvine, CA 92697, USA

Adv. Energy Mater. 2024, 14, 2303629 2303629 (1 of 12) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

http://www.advenergymat.de
mailto:xiongp@lbl.gov
https://doi.org/10.1002/aenm.202303629
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Faenm.202303629&domain=pdf&date_stamp=2023-12-26


www.advancedsciencenews.com www.advenergymat.de

efficiency and durability, utilizing abundant and low-cost mate-
rials, and relying on components that are amenable to scalable
manufacturability.

The incumbent commercial electrolyzers are liquid alkaline
water electrolyzers (LAWEs) and proton-exchange membrane wa-
ter electrolyzers (PEMWEs).[17] LAWEs rely on a concentrated
aqueous hydroxide electrolyte (≈7 m) to conduct ions between
the anode and cathode.[18] Thanks to the use of low-cost and
durable cell components, LAWEs exhibit low capital expenditures
and exceptional lifetimes. However, a porous separator is used
to electronically separate the anode and cathode, and finite gaps
between the electrodes and the separator are often necessary to
minimize hydrogen crossover. This leads to large internal cell re-
sistances and low operational efficiencies (0.1–0.3 A cm−2 at cell
voltages of 1.8 –2.4 V),[18,19] which results in a high operating ex-
pense due to a high share of electricity costs to the levelized cost of
produced hydrogen. In addition, the dynamic modes of operation
by conventional LAWEs are often challenged by reverse currents
as well as the safety restrictions from H2 crossover at lower cur-
rents. PEMWEs utilize a proton exchange membrane to separate
the anode oxygen evolution reactions (OER) and cathode hydro-
gen evolution reaction (HER) while conducting protons from the
anode to the cathode in a zero-gap configuration,[20] which sig-
nificantly reduces internal resistance and allows for much higher
current (2–3 A cm−2) operation at higher efficiencies compared
to LAWEs, facilitating a wider range of applications and operating
conditions. However, the acidic environment in PEMWEs neces-
sitates the use of titanium for the bipolar plates and porous trans-
port layers, which drives up capital costs,[21], and iridium-based
OER catalysts, an expensive, low-abundance material that poses
a potential bottleneck to wide-spread PEMWE deployment.[22]

Anion-exchange membrane water electrolyzers (AEMWEs)
offer the benefits of low capital costs competitive to LAWEs
and efficiencies competitive to PEMWEs,[23] though component
durability remains a limitation. Under alkaline conditions, non-
platinum group metal oxides can have comparable activities to
iridium oxide for alkaline OER, and durable stack components
can be made from nickel instead of titanium. The use of an AEM
to achieve a zero-gap configuration significantly reduces inter-
nal cell resistances, compared to LAWEs, and allows for oper-
ation at higher current densities (>1 A cm−2) while maintain-
ing cell efficiencies above 82% (i.e., cell voltage ≤1.8 V), based
on the higher heating value of hydrogen.[24,25] Although signifi-
cant advances have been achieved in developing conductive and
durable AEMs,[26] the electrode degradation still results in severe
cell performance losses. Moreno–González et al. recently demon-
strated a one-year operation of an AEMWE, with a degradation
rate of 20 μV h−1 at 0.2 A cm−2 using nickel foam as the an-
ode and cathode to isolate degradation from the membrane.[27]

In the same study, an AEMWE using IrOx as an OER catalyst
and Pt/C as an HER catalyst achieved an initial performance
of 1.6 A cm−2 at 1.8 V, however, exhibited a degradation rate
of nearly 1000 μV h−1 at 1 A cm−2 operation for 150 h. While
others have demonstrated lower degradation rates for AEMWEs,
these durability tests are generally conducted at relatively low
current densities (≤1 A cm−2) with typical rates still exceed
100 μV h −1, which[24,28] are an order of magnitude greater than
PEMWE degradation rates at ≈2 A cm−2.[29] Therefore, develop-
ing robust electrodes as well as understanding the degradation

mechanisms remain as a grand challenge for the large-scale de-
ployment of commercial AEMWE stacks for green hydrogen pro-
duction.

Traditionally, to utilize more active catalysts and minimize
ionic resistance, AEMWEs are often equipped with catalyst lay-
ers, where the catalyst nanoparticles are mixed with an anion ex-
change ionomer (AEI) that serves two main functions: to trans-
port hydroxide ions (OH−), and to bind the catalyst particles to
form an intact catalyst layer. Various functional headgroup and
backbone chemistries have been proposed to increase the OH−

conductivity and AEI stability during electrolyzer operation.[30]

For instance, imidazolium,[31,32] piperidinium,[33,34] and alkyl
ammonium[35,36] cationic groups placed on ether-free polymer
backbones have shown enhanced durability in AEM devices.
However, the high alkalinity and oxidative condition at the anode
still pose a potential challenge to the chemical and mechanical
stability of AEIs, which can impact electrolyzer performance. As
AEMWEs fed with supporting electrolytes achieve premium per-
formance and durability, the ion-conducting feature of AEIs may
have a negligible impact on device performance. Substantial ef-
forts have been placed into developing methods to deposit novel
catalysts[37] directly into the porous transport layers (PTLs) or
identifying active materials, such as stainless steel,[38,39] for direct
use as PTLs to avoid the presence of AEIs on the anode, primar-
ily with a focus on studying the electrocatalytic performances. Re-
cent work by Holdcroft and co-workers demonstrates the catalyst-
layer free anode concept utilizing a stainless steel PTL as the OER
catalyst achieves reasonable performance for AEMWEs.[40] This
approach holds promise toward further reducing AEMWE costs,
as it greatly simplifies the stack manufacturing process. However,
less is known about the durability, scalability, structural impact,
and performance relative to conventional catalyst layers.

In this work, the use of electro-active PTLs as an elec-
trode (PTL-electrode) for achieving highly efficient and durable
AEMWEs is demonstrated using commercially available mate-
rials. Comparisons of performance and stability between tradi-
tional catalyst layers and a stainless steel (S.S.) PTL-electrode
is used to highlight the advantages of an electro-active PTL. In
assessing industrial relevancy, scale-up (larger active area) and
durability of the S.S. PTL-electrode are investigated. The role of
the PTL-electrode structure has on the electrolyzer performance
is elucidated through the combination of cell testing and contin-
uum modeling. Finally, a facile modification approach is utilized
to alter the surface of the electrode fibers to further highlight the
prospects in achieving ever higher electrolyzer performance with
an electro-active PTL-electrode.

2. Results and Discussion

2.1. PTL-Electrode Versus Traditional Catalyst Layer

First, three typical PTL-electrodes widely used in various water
electrolyzer systems were studied: platinized titanium (Pt─Ti),
nickel, and S.S. PTLs. The AEMWEs performance utilizing these
PTL-electrodes for OER was studied in two supporting electrolyte
conditions (Figure S1, Supporting Information). All three PTL-
electrodes show electro-activity toward OER in alkaline media,
with the S.S. demonstrating the highest activity, as evidenced
by the lowest charge transfer resistance (Figure S2, Supporting
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Figure 1. a) Polarization curves of AEMWEs using a stainless-steel PTL-electrode (S.S.) and conventional catalyst layers of Co3O4 (2.0 mg cm−2) and
IrOx (1.0 mg cm−2) as anodes up to 4 A cm−2 Inlay shows the iR-free kinetic region. b) Double layer capacitances for each electrode measured at 80 °C
in 1 m KOH. c) Polarization curves measured up to 3 V. Cathode: Pt/C (0.5 mgPt cm−2), 1.0 m KOH; Anode: 1.0 m KOH; Membrane: 80 μm PiperION;
5 cm2 active area; 80 °C.

Information) and device performance. The Pt─Ti PTL-electrode
also exhibits measurable catalytic activity as a standalone elec-
trode, but significantly less than S.S. (Figure S1, Supporting In-
formation). The significant performance difference (0.44 V at
4 A cm−2) between Pt─Ti PTL-electrode and catalysts coated
Pt─Ti PTL confirms the AEMWE performance of the latter is
mostly contributed by the coated catalyst layer (Figure S3a, Sup-
porting Information), whereas the same case of S.S. PTL is neg-
ligible (Figure S3b, Supporting Information). These results sug-
gest that in order to fairly evaluate the intrinsic OER activity of
a catalyst in AEMWEs, PTLs with low electro-activity (such as a
Ti-PTL) are suggested rather than more active S.S. PTLs.

Due to its exceptional performance, the S.S. PTL-electrode is
chosen as the benchmark material in comparison with the tradi-
tional catalyst layers for AEMWEs. Additionally, since these S.S.
PTL-electrodes can be used without further treatments, highly re-
producible cell results can be achieved (Figure S4, Supporting In-
formation), of course, when ensuring consistency of the cathode
and AEM too. As the alkaline and oxidative conditions were ex-
pected to alter the elemental composition of the S.S., X-ray photo-
electron spectroscopy (XPS) was used to probe the PTL-electrode
surface (Figure S5, Supporting Information). It was found the
surface was dominant with iron and nickel at an atomic ratio of
1:1, while the surface chromium was completely removed during
testing. The iron was a mixture of FeO and Fe2O3 (1:3) and the
nickel was a mixture of NiO(OH) and Ni2O3 (2:3). Figure 1a sum-
marizes the performance comparison for AEMWEs using con-
ventional catalyst layers of cobalt oxide (Co3O4) and iridium ox-
ide (IrOx) coated onto Pt─Ti PTLs versus the S.S. PTL-electrode.
While Co3O4 is one of the more promising non-PGM catalysts for
alkaline OER,[41] the S.S. outperforms the Co3O4 catalyst layer by
127 mV at 4 A cm −2. Interestingly, the IrOx shows the best ki-
netics (Figure 1a – inlay) and performance up to 1 A cm −2, how-
ever the cell voltage drastically increases at higher current densi-
ties. Unlike the S.S. and Co3O4, degradation of the IrOx catalyst
layer did occur during the break-in procedure (Figure S6, Sup-
porting Information), which was due to the loss of catalyst evi-
denced by the significant decrease in the double-layer capacitance
(Figure 1b). Undoubtedly, the IrOx exhibits greater intrinsic OER

catalytic activity compared to the S.S., however, since the reaction
is concentrated in a thin catalyst layer (≈25 μm), the large amount
of gas and heat generated at higher current densities could lead
to local pressure built-up and instability of the catalyst layer. The
S.S. PTL-electrode, on the other hand, spreads the active surface
area over a wider region (300 μm) such that surface gas blockage
or local overheating becomes less detrimental.

To further verify this possibility, these three AEMWEs were po-
larized up to 3 V (Figure 1c). Here, the AEMWE using the S.S.
PTL-electrode achieved a current density of 20 A cm-2, one of the
highest reported operational current densities for an AEMWE,[37]

while exhibiting no tendency toward mass transport limitations.
During measurement, the cell voltage remained steady during
the 1 min operation at each current (Figure S7, Supporting In-
formation). The AEMWEs with the IrOx and Co3O4 catalyst lay-
ers achieved lower currents of 9 and 15 A cm,-2 respectively.
These results demonstrate the potential of using PTL-electrodes
to achieve extremely high operational current density compared
to conventional catalyst layers, potentially owing to the low volu-
metric density of reaction sites that are less sensitive to gas bub-
ble blockage.

To further demonstrate the superiority of PTL-electrodes, the
in-cell durability of PTL-electrodes and conventional catalyst lay-
ers in AEMWEs are compared utilizing accelerated stress tests
(ASTs), a commonly used method to evaluate the durability of
electrodes in electrolyzers.[42–44] The rapid cycling between op-
erating conditions generally triggers more degradation of the
catalyst layers, allowing for shorter experimental times and less
conflation with the degradation of other components. Here,
AEMWEs were subjected to square–wave current cycling of 5 s
holds between 2 and 0.5 A cm−2 (Figure 2a) for a total of 30 k
cycles, with polarization curves measured every 10 k cycles.
First, the S.S. PTL-electrode was evaluated with the AST proto-
col (Figure 2b) with a dry cathode and 1.0 m KOH fed to the an-
ode. The electrode exhibited excellent stability under AST, with
the initial polarization curve (0 cycles) and ones measured every
10 k cycles overlaying very closely. At 2 A cm−2, the cell voltage
increased by just 14 mV, which occurred between the 10 and 30K
cycles. XPS of the electrode after cycling shows minimal change

Adv. Energy Mater. 2024, 14, 2303629 2303629 (3 of 12) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. a) AST protocol employing load cycling between 2 and 0.5 A cm−2. b) Polarization curves using S.S. PTL-electrode as an anode during 30 k of
ASTs. Inlay shows iR-free kinetic region. c) Initial polarizaiton curves using a PTL-electrode (Bare S.S.) or a S.S. PTL coated with Co3O4 catalyst layers
with various ionomers as an anode. Cathode: Pt/C (0.65 mgPt cm−2), Dry; Anode: 1.0 m KOH; Membrane: 80 μm PiperION; 5 cm2 active area; 80 °C. d)
Cell volatage at 2 A cm−2 as measured during the polarization curve after every 10 k AST cycles. XPS spectra of the N 1s peak for the pristine and spent
Co3O4 catalyst layers using, e) Sustainion, f) Fumion, and g) PiperION A as ionomers. h) XPS spectra of the F 1s peak for the pristine and spent Co3O4
catalyst layer using PiperION A as the ionomer.

in the nickel composition, while all the surface iron became Fe3+,
along with the formation of FeO(OH) (Figure S8, Supporting In-
formation). The formation of FeO(OH) combined with NiO(OH)
structure leads to a more active and stable OER catalyst phase,[45]

which also corresponds to the improvement in the kinetic regime
(Figure 2b – inlay) after the first 10 k cycles.

The same AST protocol was applied to S.S. PTLs coated with
Co3O4 catalyst layers fabricated using three commercially avail-
able AEIs: Sustainion XA-9 (Dioxide Materials), Fumion FAA-
3 (Fumatech), and PiperION A (Versogen). The chemistries
of the three AEIs vary slightly: Sustainion and Fumion have
imidazolium[46] and quaternary ammonium[47] sidechains, re-
spectively, while PiperION has a piperidinium group integrated
into the backbone.[33] PiperION and Sustainion both have hy-
drocarbon backbones, while Fumion has a poly(phenylene oxide)
backbone. The initial polarization curves comparison (Figure 2c)
shows that adding extra catalyst layer can achieve a 20 – 50 mV
voltage reduction compared to S.S. PTL-electrodes at 2 A cm−2

among the three AEIs used. However, after the first 10 k cycles,
this performance enhancement is lost (Figure 2d). The polariza-
tion curves for the Sustainion and Fumion electrodes stabilize
after 10 k cycles at approximately the same cell voltage as the
S.S. PTL-electrodes. The PiperION catalyst layer exhibited the
best initial performance, however the cell performance contin-
ued to degrade with continued cycling. The full set of polarization
curves is reported in the supplemental information (Figure S9,
Supporting Information). XPS analysis of the catalyst layers af-
ter cycling shows extensive degradation of the ionomers: the ni-

trogen from the cationic functional headgroup is completely lost
for each AEI (Figure 2e –g), along with changes of the fluorine
group in PiperION A (Figure 2 h). Degradation of the Sustain-
ion and Fumion AEIs in catalyst layers essentially results in a
cell that solely relies on the activity of the S.S. PTL-electrode,
with no synergistic benefit from the added catalyst layer. The
continued loss of cell performance when using PiperION A,
which potentially occurs from a poisoning effect from the de-
graded ionomer, also indicates that addition of these materials
can result in adverse effects on durability. While AEI degrada-
tion can be anode catalyst dependent, Co3O4 has been shown
to have the least detrimental effect.[41] Therefore, these results
suggest that the lack of stability of AEIs under oxidative anode
conditions still poses challenges for reliable AEMWEs even fed
with support electrolytes, while the PTL-electrodes can achieve
excellent performance and durability metrics with potential ben-
efit in simplified MEA architecture and stack manufacturing
process.

2.2. Industrial Applicability: Scale-Up and Durability

From an industrial perspective, developing reliable and high-
throughput electrode manufacturing methods, such as roll-
to-roll coating, is one of the most significant bottlenecks for
deploying water electrolyzers at scale.[48,49] These challenges
can be further exacerbated for AEMWEs if utilizing a conven-
tional catalyst layer due to the lack of durable AEMs and AEIs

Adv. Energy Mater. 2024, 14, 2303629 2303629 (4 of 12) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 3. a) Polarization curves for 5, 25, and 50 cm2 AEMWEs using S.S. PTL-electrodes as anodes. Cathode: Pt/C (0.5 mgPt cm−2), Membrane: 80 μm
PiperION at 80 °C and 1.0 m KOH. b) AEMWE durability using S.S. PTL-electrode at current density of 2 A cm−2. Red dashed line shows linear fit of the
cell voltage after initial break-in. c) AEMWE polarization curves utilizing the pre-durability and the post-durability S.S. PTL-electrode, inset shows kinetic
region. Cathode: Pt/C (0.65 mgPt cm−2), Dry; Anode: 0.1 m KOH; Membrane: 80 μm PiperION; 5 cm2 active area; 80 °C. XPS spectra for the Ni2s peak
of the d) pre- and e) post-durability electrode. XPS spectra for the Fe2s peak of the f) pre- and g) post-durability electrode. h) SEM image of electrode
fibers post-durability. i) 1H NMR spectra of the PiperION membrane post-durability and a schematic of the Hofmann elimination reaction for PiperION.

during stack manufacturing. For instance, AEMs/AEIs thermal
degradation can be a risk due to accelerated nucleophilic attack
reactions at drying conditions during roll-to-roll fabrication.
As such, the replacement of traditional catalyst layers with
PTL-electrodes removes one of the more challenging steps and
presents an appealing approach to simplify and reduce the
cost for electrolyzer stack manufacturing. In this section, the
feasibility of operating AEMWEs using PTL-electrodes at large
electrode sizes and the longevity under constant load conditions
is demonstrated.

When scaling-up to larger active areas, liquid, and gas distri-
bution across the flow field and PTL-electrode can start to play
an increasing role in influencing electrolyzer performance. Po-
tential inhomogeneities may have even greater impacts when a
liquid electrolyte is necessary for maintaining ionic pathways to
the OER sites within the PTL-electrode. As such, small active

area cells (≤5 cm2) may not necessarily exhibit the same per-
formance as larger cells, especially at higher current densities.
The polarization curves for AEMWEs with active areas of 25 and
50 cm2 were measured under the same conditions as the 5 cm2

cell (Figure 3a). The performance of the 50 cm2 cell could only be
measured up to 2 A cm−2 due to the equipment’s maximum oper-
ating current of 100 A. The AEMWEs at three different sizes per-
form nearly identically, achieving ≈2 A cm−2 at 1.8 V, showing the
feasibility of operating high-performing AEMWEs at large elec-
trode sizes using PTL-electrodes. Additionally, the experimental
results from a 5 cm2 electrode (e.g., durability or electrode modi-
fications) will reasonably describe the performance of larger cells.
Of course, translating single cell performance to stack perfor-
mance still remains to be demonstrated, which can be leveraged
by stack management practice from PEMWE[50–52] and LAWE[53]

technologies.

Adv. Energy Mater. 2024, 14, 2303629 2303629 (5 of 12) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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The durability of the S.S. PTL-electrodes was further investi-
gated by holding a 5 cm2 AEMWE at 2 A cm −2. The cell was
operated under a dry cathode condition and with 0.1 m KOH fed
to the anode. After an initial break-in period (≈40 h), the cell
voltage stabilized ≈2.08 V (Figure 3b). Perturbations in the cell
voltage signal arose from replenishing cold DI water daily to the
electrolyte bath, which led to small temperature fluctuations. The
hydrogen crossover was measured every 200 h, with no apprecia-
ble change during the experiment (Figure S10, Supporting Infor-
mation), indicating no significant membrane thinning through
the test. The H2 concentration in the O2 stream ranged between
0.25% and 0.29%, similar to the crossover rates in PEMWEs and
LAWEs.[54] Importantly, during the 600 h constant current hold
at 2 A cm−2, the cell voltage increased at a rate of just 5 μV h−1,
reaching a comparable durability performance to PEMWEs oper-
ating under similar conditions.[29]

The post-durability performance of PTL-electrode was evalu-
ated by utilizing the spent PTL-electrode as the anode in a fresh
AEMWE assembly (i.e., pristine membrane and cathode). The re-
assembled cell exhibited even better performance compared to
the pre-durability performance (Figure 3c). Significant improve-
ments in the kinetic region with the post-durability electrode
(Figure 3c – inlay) suggest that prolonged exposure to the high
potential and oxidative conditions can further activate the PTL-
electrode. The pre-durability (after a single polarization curve in
0.1 m KOH) and post-durability PTL-electrode surface composi-
tions were analyzed using XPS. The Ni 2p peak for both sam-
ples (Figure 3d,e) has contributions from NiO(OH) ≈858 eV[55]

and Ni2O3 at 855 eV[56] with a marginal change in the relative
abundance: 0.8:1 and 0.9:1 for the pre- and post-durability PTL-
electrodes, respectively. For the pre-durability sample, the Fe 2p
peak exhibits contributions from both Fe2O3 at 712 eV and FeO
at 710 eV (Figure 3f),[57] which turns into FeO(OH) (714 eV) after
the durability run (Figure 3 g).[58] This explains the improvement
in anode activity due to the more active phase of FeO(OH) for
OER in alkaline media,[45] which is also observed from the PTL-
electrode after ASTs. It should also be noted that the abundance
of Fe relative to Ni on the surface decreased from 2.4:1 to 0.7:1,
which suggests a leaching out of surface Fe. However, SEM im-
ages of the post-durability PTL-electrode (Figure S11, Supporting
Information) show that the fiber surfaces (Figure 3 h) remain in-
tact and exhibit no significant roughening compared to the pris-
tine sample, indicating the Fe leaching could occur only during
an initial break-in period (≈40 h), after which a stable and active
OER phase forms.

While the cell exhibited low overall degradation, exploring
changes of the cathode and AEM resulting from these operating
conditions could elucidate additional information on degradation
modes and pave the way for future design toward more durable
AEMWEs. For the cathode, there is only a marginal loss of plat-
inum (≈2%), as measured by X-ray fluorescence spectroscopy
(Figure S12, Supporting Information), which is in the margin of
error for the instrumentation. XPS shows a decrease in the nitro-
gen and fluorine content (Table S1, Supporting Information), rel-
ative to platinum, as well as changes to the N 1s peak (Figure S13,
Supporting Information), indicating that degradation of the cath-
ode AEI did occur. Additionally, chromium as well as trace
amount of iron was detected on the cathode (Figure S14, Sup-
porting Information), which was formed due to redeposition of

dissolved species from the anode. Proton nuclear magnetic reso-
nance spectroscopy ([1] H NMR) of the post-durability membrane
shows peaks corresponding to the H─C═C (𝛿H = 6.5 ppm) and
C═C─H2 (𝛿H = 5.25 ppm, 4.85 ppm), resulting from Hofmann
elimination of the piperidinium functional group (Figure 3i),[59]

however with only a loss of 6% of the functional groups. The oc-
currence of the Hofmann elimination is further supported by
Fourier-transform infrared spectroscopy (FTIR) with the peak
shift from 1620 to 1605 cm-1 between the fresh and spent mem-
brane (Figure S15, Supporting Information), indicating the for-
mation of new C═C bonds.[60] Possible degradation mechanism
of the membrane can result from oxidation due to the direct
contact between the membrane and the electrode and the pres-
ence of trace Fe ions in the electrolyte (i.e., Fenton reaction).[61]

While reactions of the polymer backbone did occur, evidenced by
the appearance of new peaks in the aromatic region of the 2D
Heteronuclear single quantum coherence (HSQC) NMR spec-
trum (Figure S16, Supporting Information), the exact degrada-
tion mechanism would require further investigation.

2.3. Impacts of the Macrostructure of the Electro-Active PTL

The utilization of the whole PTL architecture as a catalytically ac-
tive electrode offers an opportunity to fine-tune its critical struc-
tural parameters and provide additional design dimensions for
engineering improved device performance, which can be chal-
lenging for conventional catalyst layers due to the complicated
impacts by catalyst ink rheology and fabrication conditions. To
illustrate this, two PTL-electrodes were selected: a single layer
PTL-electrode with 8 μm diameter fibers (Figure 4a) and a bilayer
PTL-electrode with a layer of 4 μm diameter fibers (4-d-L) and a
layer of 8 μm diameter fibers (8-d-L) (Figure 4b). The structures
of the PTLs were characterized in detail using X-ray computed to-
mography (XCT), with structural parameters reported in Table S2
(Supporting Information). For both PTL-electrodes, the porosity
remains identical (75% – 78%) throughout the whole thickness
(Figure 4c). The pore size distributions were also calculated for
each layer (Figure 4d). The single layer PTL-electrode has aver-
age pore radii of 8.70 μm, whereas the bilayer PTL-electrode has
average pore radii of 8.55 and 6.42 μm for the 8-d-L and 4-d-L, re-
spectively. The through-plane tortuosity was calculated to be 1.03
for the single layer PTL and 1.19 and 1.04 for the 8-d-L and 4-d-L
of the bilayer PTL-electrode, respectively.

The performance of AEMWEs using the single layer PTL-
electrode (SL_8) was compared to two configurations of the
bilayer PTL-electrodes: one with the 4-d-L facing the AEM
(BL_8-4) and another with the 4-d-L facing the flow field (BL_4-8)
(Figure 4e). The presence of the 4-d-L close to the AEM (BL_8-4)
increases the performance compared to the single-layer electrode
(SL_8) (Figure 4f). Since the performance improvement is mostly
seen at high current region (10– 20 A cm−2), it suggests an im-
provement from mass transport mainly attributed to better gas
bubble management resulting from the 4-d-L located closer to the
membrane, which has also been previously reported for bilayer
PTLs in PEMWEs[62,63] and AEMWEs with catalyst layers.[64,65]

Gas, being a non-wetting phase, tends to invade pores with larger
openings under capillary dominated flow regime, and therefore
having a layer with smaller pore radii results in lower gas
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Figure 4. Cross-sectional SEM images for a) the 8 μm fiber single layer PTL-electrode and b) the 4/8 μm fiber bilayer PTL-electrode. c) Through-plane
porosity of the single layer and bilayer PTL-electrodes. d) Pore size distributions of the single layer PTL-electrode (SL) and the 8 and 4 μm fiber layers of
the bilayer PTL-electrode (BL). Polarization curve e) up to 4 A cm−2; f) up to 20 A cm−2 and g) HFR for AEMWEs using the single layer PTL-electrode
(SL_8), the 4/8 μm fiber bilayer PTL-electrode with the 4 μm diameter fibers facing the membrane (BL_8-4), and the 4/8 μm fiber bilayer PTL-electrode
with the 8 μm diameter fibers facing the membrane (BL_4-8) as anodes. Anolyte/catholyte: 1 m KOH, cathode: Pt/C (0.5 mgPt cm−2); 80 μm PiperION
membrane; 5 cm2; 80 °C.

saturation and, in turn, fewer liquid electrolyte voids within the
4-d-L of the bilayer PTL-electrode. Since the aqueous electrolyte
provides only reaction interfaces and ionic pathways, voids in the
electrolyte resulting from the gas generation can lead to isolated
regions without electrolyte supply as well as increase the ionic
resistance within the electrode.[66]

In case where the 4-d-L is facing the flow field (BL_4-8), a de-
crease in cell performance is observed as gas removal can be re-
stricted and trapped near the AEM. Placing the 8-d-L with larger
pore radii next to the AEM encourages gases to invade pores ad-
jacent to each other before advancing into the 4-d-L, therefore
increasing the electrolyte void space, which leads to an increase
in the ionic resistance at higher currents and a decrease in PTL-
electrode utilization. This gas filling of the 8-d-L is further sup-
ported by the increase of HFR for BL_4-8 at higher current den-
sities (Figure 4 g),[63] potentially due to impacting the supply of
electrolyte to the AEM.

To gain additional insights into how the structure and configu-
ration of the PTL-electrode affect cell performance, a 1D AEMWE
model[67–68] was utilized to elucidate the effects for these three
test configurations. The model incorporates conservation equa-
tions (mass, momentum, energy, charge, and species) along with
Butler–Volver kinetics to calculate polarization curves and spa-
tial distributions of various properties within the electrolyzer.
Additionally, an empirical correlation was used to estimate lo-
cal bubble generation in the PTL-electrode. Bubble coverage was

adapted to approximate the effective surface area and OH− con-
ductivity values. The model results were first calibrated using the
experimental polarization curves (Figure S17, Supporting Infor-
mation), with key parameters employed in the model listed in
Table S3 (Supporting Information). The three pieces of informa-
tion that best describe the difference in cell performance are the
reaction current (the amount of reaction occurring per unit vol-
ume), bubble coverage of the electrode surface, and the apparent
ionic conductivity of the electrolyte, which are shown as a func-
tion of position within the electrode for each cell configuration at
voltage of 1.9 V (Figure 5).

For these PTL-electrodes, the most utilized region is closest
to the AEM (Figure 5a), with current contribution decreasing
closer to the flow field due to increasing ionic resistance far from
the AEM. However, despite the uneven distribution of currents
across the PTL-electrode, the whole architecture still contributes
significantly to the overall current density. Though the reaction
current distribution shows that the increased performance of
BL_8–4 is mostly contributed by the 4-d-L, the higher utilization
4-d-L does not lead to higher bubble coverage to the electrode
surface due to higher surface area from smaller fiber diameters
(Figure 5b). The lower bubble coverage also creates fewer void
spaces and therefore increases the effective ionic conductivity of
the electrolyte within the 4-d-L for BL_8-4 (Figure 5c), which ul-
timately contributes to the improved performance. For BL_4–8,
the amount of reaction occurring right near the AEM is identical
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Figure 5. a) Reaction current, b) catalyst surface bubble coverage, and c) effective ionic conductivity throughout the electrode for the single layer PTL-
electrode (SL_8), the bilayer PTL-electrodes with the 4 μm diameter fibers facing the membrane (BL_8-4), and the bilayer PTL with the 8 μm diameter
fibers facing the flow field (BL_4-8) at a cell voltage of 1.9 V. The flow field is at position 0 μm and the membrane is at position 300 μm.

to that of SL_8, which is expected given the similarity in pore
radii and fiber diameter of the single layer PTL-electrode and
the 8-d-L of the bilayer PTL-electrode. While the productivity is
similar adjacent to the AEM, the amount of reaction decreases to
a greater extent for BL_4–8 owing to the lower ionic conductivity
within the PTL-electrode, resulted from the above mentioned
bubble trapping effect and a more tortuous through-plane ionic
conducting pathway shown by XCT measurements (1.19 vs1.03).
Overall, the combination of experimental and modeling results
shows that the structural features of PTL-electrodes can impact
electrode spatial utilization and effective ionic conductivity as
a result of bubble dynamics and electrolyte supply, which are
critical to AEMWEs performance.

2.4. Approach to Improving PTL-Electrode AEMWE Performance

Beyond its structural parameters, the surface characteristics of
the PTL-electrode can be fine-tuned to further improve the
AEMWE performance. As a demonstration, a pristine S.S. PTL-
electrode was treated in a 60 °C bath of nitric acid (10 wt%) and
hydrochloric acid (3 wt%) for 10 min – a process based on in-
dustrial pickling treatment.[69] Comparisons of the pristine fibers
(Figure 6a) and the treated fibers (Figure 6b) show a significantly
roughened surface, which increases the surface area for OER.
The pickling process removed 20% of the sample mass, indicat-
ing these modified fiber surface features can be present through-
out the whole electrode architecture. Additionally, the pickling
did result in a compositional change to the fiber surfaces with a
preference toward dissolving iron. Based on XPS, the Cr: Fe sur-
face composition of the fibers increased from 0.12:1 before treat-
ment up to 1.5:1 after pickling (Figure S18, Supporting Informa-
tion). The presence of nickel was still not meaningfully measured
by XPS even after acid treatment due to the limit in penetration
depth of the measurements.

To directly evaluate the impact of pickling on the OER activity,
linear sweep voltammetry (LSV) measurements were conducted
using pristine and pickled PTL-electrodes samples in a three-
electrode cell (1 m KOH, room temperature). The treated sample
showed a clear increase in OER activity with a lower onset poten-

tial and a reduction in overpotential of 20 mV at 100 mA cm−2

(Figure 6c). The improved kinetics of the treated PTL-electrode
translated to improved AEMWE cell performance (Figure 5d),
achieving 2.3 A cm−2 at a cell voltage of 1.8 V (or 82% efficiency).
Lower voltages in the kinetic region of the cell polarization curve
(Figure 6d – inlay) and a decrease in the charge-transfer resis-
tance from EIS (Figure 6e) also indicate improved electrode ki-
netics, which corresponds well to the three-electrode measure-
ment. After cell testing, the chemical composition of the pris-
tine and pickled PTL-electrodes was identical (Figure S19, Sup-
porting Information), therefore the activity improvement is pre-
dominantly attributed to the change in the fiber surface area.
The efficacy of the acid treatment of PTL-electrode to improve
AEMWE performance was further demonstrated using bilayer
PTL-electrode (BL_8-4), where similar cell performance improve-
ments were observed (Figure S20, Supporting Information). A
short-term durability test was conducted using the pickled PTL-
electrode at 2 A cm−2 with 0.1 m KOH fed to anode (Figure S21,
Supporting Information). The treated PTL-electrode shows neg-
ligible degradation, which further indicates the promise of pick-
ling in developing active and durable PTL-electrodes.

3. Conclusion

In summary, this work demonstrates highly efficient and durable
anode catalyst-layer-free AEMWEs enabled by electro-active PTL-
electrode. Comparison of the PTL-electrode to traditional catalyst
layers, utilizing Co3O4 or IrOx catalyst with AEIs, shows the PTL-
electrode achieves better cell performance and durability under
accelerated stress testing (AST). Traditional catalyst layers face
durability challenges owing to the oxidative instability of AEIs
under anode operating conditions. AEMWEs using the S.S. PTL-
electrode show negligible performance difference between and
50 cm2 size, which suggests its promising scale-up potential.
The S.S. PTL-electrode achieved excellent stability at 2 A cm−2

fed with dilute anolyte (0.1m KOH) for 640 h, with an average
degradation rate of just 5 μV h−1, ranking one of the best-reported
AEMWEs durability. The AST and durability tests suggest a self-
activation mechanism could occur during electrolysis operation,
resulting from the formation of FeO(OH) and NiO(OH) phases,
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Figure 6. SEM images of the a) initial stainless-steel PTL-electrode fibers (Pristine) and b) pickled stainless steel PTL-eectrode fibers (Treated). c) iR-
corrected linear sweep voltammetry measurements of the pristine and acid-treated PTL-electrodes in 1 m KOH at room temperature. d) Polarization
curves and e) EIS spectra at 2 A cm−2 for AEMWEs using the pristine and treated stainless steel PTL-electrodes. Anolyte/catholyte: 1 m KOH, cathode:
Pt/C (0.5 mgPt cm−2); 80 μm PiperION A membrane; 5 cm2; 80 °C. Inlay shows the iR-free kinetic region.

which are more active for OER, on the PTL-electrode surface.
Two typical PTL-electrodes (bilayer vs single layer) were used
to demonstrate how the electrode structure could impact de-
vice performance by affecting the bubble dynamics, electrolyte
supply, and electrode utilization. 1D continuum model results
show that the PTL-electrode is highly utilized close to the AEM,
and less torturous structures with smaller pore radii in this re-
gion can enhance overall performance. An established and facile
etching technique was used to modify the fiber surface of PTL-
electrodes to improve activity and achieve an AEMWE perfor-
mance of 2.3 A cm−2 at 1.8 V. Ultimately, this work demonstrates
the prospects and identifies pathways for using PTL-electrodes
to exceed the performance metrics necessary for AEMWEs to
achieve commercial viability and accelerate the deployment of
more affordable AEM water electrolysis technology for green hy-
drogen production.

4. Experimental Section
Materials and Chemicals: Stainless steel felt (10FP3, 15FP3, 10AL3),

nickel felt (Ni 18–020), and platinized titanium felt (2GDL10-0.25) were
purchased from Bekaert. PiperION A membranes (80 μm) and ionomer
dispersions (5 wt% in ethanol) were purchased in bicarbonate form
from Versogen, Inc. Platinum on carbon (46.3 wt% Pt) was purchased
from TANAKA (TKK). Potassium hydroxide pellets (85%) were purchased
from Fisher Chemical. Iridium oxide (IrO2, Premion 99.99% metal ba-
sis) was purchased from Alpha Aesar. Cobalt oxide (Co3O4, >99.5%,

30–50 nm) was purchased from US Research Nanomaterials, Inc. Car-
bon paper (Toray 120, 10 wt% PTFE) and carbon black (Vulcan XC-72R)
was purchased from Fuel Cell Store. Ethylene Tetrafluoroethylene gasket-
ing material was purchased from CS Hyde. Nitric acid (ACS reagent, 70%),
dimethyl sulfoxide-d6 (99.5 atom% D), and n-Propanol (ACS reagent,
≥99.5%) were purchased from Sigma-Aldrich. Hydrochloric acid (36.5–
38%) was purchased from VWR. Nafion dispersion (D2020, 20 wt%) was
purchased from Ion Power. Deionized water (18 mΩ cm) was produced
in-house using a Milli-Q (EMD Millipore).

Catalyst Coated Substrate Fabrication: A detailed description of elec-
trode fabrication can be found in a previous report.[25] Briefly, cathode mi-
croporous layer (MPL) ink was prepared by bath sonicating carbon black
with Nafion (I:C = 0.5) in a solvent of 1:9 v/v water:IPA. Cathode catalyst
inks were prepared by bath sonicating a mixture of Pt/C and PiperION A
(I:C = 0.5) in 1:9 v/v water:IPA for 40 min. Anode catalyst inks were pre-
pared by tip sonicating a mixture of the catalyst (IrOx or Co3O4) in a 1:9 v/v
water:IPA solvent for 10 min. After tip sonication, the ionomer was added
(I:C = 0.2) and the ink was bath sonicated for 30 min. Ink solids content
was ≈2 wt%.

The gas diffusion layer (GDL) for the cathodes and porous transport
layer (PTL) for anodes were precisely cut to 30.25 cm2. Inks for were air-
brushed (Iwata Eclipse HP-CS) onto the substrate until the desired loading
was reached: ≈1.0 mgC cm −2 for the cathode MPL, ≈0.5 mgPt cm−2 for
the cathode catalyst layer, and 1.0–2.0 mgcat cm−2 for the anode catalyst
layer.

Membrane Electrode Assembly and Testing: The membrane
(PiperION A, 80 μm) was stored in 1 m KOH and soaked for at
least 24 h before use to ion exchange the carbonates with hydroxides.
The cathode was cut using a 5 cm2 punch die. The anodes were cut to
5 cm2 using a Fiber 50 FC (Full Spectrum LASER) laser cutter. Before
testing, the membrane, cathode, and anode are soaked in fresh 1 m KOH
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for 1 h. The membrane electrode assembly (MEA) was assembled with
a standard Fuel Cell Technology cell, using a 25 cm2 graphite serpentine
flow field on the cathode and a 25 cm2 nickel serpentine flow field on
the anode. The flow fields were gasketed down to have an active area
of 5 cm.2 Combinations of 10, 2, and 1 mil EFTE gaskets were used
to seal the cell and ensure 20–25% compression of the gas diffusion
electrode (GDE). The thickness of the gaskets on the anode was adjusted
to match the thickness of the porous transport electrode (PTE). The cell
was compressed to 40 in-lbs in 10 in-lbs increments, following a star
pattern.

Unless otherwise stated, cell testing was conducted at 80 °C with 1.0 m
KOH as the anolyte and catholyte with a flow rate of 50 mL min−1. Elec-
trolyzer performance for 5 cm−2 cells was measured using a Biologic
VSP potentiostat with a 20 A booster (VMP3B-20) for current densities of
4 A cm−2 or less and with a 200 A booster (FlexP 0012) for current densi-
ties above 4 A cm−2. The 200 A booster was not set up with water cooling,
and could only be safely operated up to 100 A. To break-in the cell, the
current density was held at 1 A cm−2 for 1 min, followed by two chronopo-
tentiometric polarization curves with 10 s holds at each current density up
to 4 A cm−2 or a cell voltage of 3 V. After break-in, the double layer capaci-
tance of the anode was measured using the Pt cathode as a reference. The
double-layer capacitance was measured between 0.3 and 0.4 V with sweep
rates of 50, 75, 100, 125, and 150 mV s−1. For select cells after testing, the
double layer capacitance of the anode was measured again.

Polarization curves were measured via chronopotentiometry, with each
current density held for 1 min. The steady-state potential for each current
density was taken as the average potential over the last 10 s of each hold.
Galvanostatic electrochemical impedance spectroscopy (GEIS) was per-
formed at each current density, up to 4 A cm −2, after the 1 min hold. The
signal was modulated by either 5% of the current density or 40 mA cm−2

(lesser of the two), from a frequency of 1 MHz to 1 Hz with ten frequencies
per decade. The high-frequency resistance (HFR) was determined by fitting
the GEIS with an equivalent circuit consisting of a series combination of a
resistor and two RCPEs. For 25and 50 cm−2 cells, only polarization curves
were measured using the 200 A booster.

Accelerated Stress Testing (ASTs): Accelerated stress testing was per-
formed with a dry cathode and with a 1.0 m KOH feed to the anode. The
cell was subjected to current cycling between 2 and 0.5 A cm−2 (5 s at each
current) applied in a square wave fashion. Every 10000 cycles (≈28 h), po-
larization curve, EIS, and double layer capacitance were measured. DI wa-
ter (≈100 mL) was added to the electrolyte daily to maintain a constant
KOH concentration.

Durability (Constant Current Hold): The cell assembly and initial polar-
ization curve measurement were performed as described above. The cell
was operated with a dry cathode (capped off) and with a 0.1 m KOH fed
to the anode. The anolyte reservoir was 2.2 L to minimize the impacts of
water consumption. Current was supplied using an Agilent 6033A System
Power Supply and the cell voltage was recorded every 15 min using an Ag-
ilent 34410A Multimeter. The electrolyte was replenished with ≈150 mL of
DI water every 24 h to maintain a constant KOH concentration during the
experiment. After the durability experiment, the cell was disassembled and
the PTL-electrode was directly transferred and assembled into a fresh cell
without any treatment.

Hydrogen Cross-Over Measurement: Hydrogen cross-over was deter-
mined by measuring the concentration of hydrogen in the anode oxygen
effluent using an SRI Instruments 8610C gas chromatograph equipped
with a thermal conductivity detector (TCD). The concentration was aver-
aged over three injections.

X-Ray Photoelectron Spectroscopy (XPS): X-ray photoelectron sepc-
tra were collected using an XPS Kratos Axis Ultra DLD system with a
monochromatic Al K𝛼 source (h𝜈 = 1486.6 eV). Spectral analysis was per-
formed using CasaXPS software and binding energies were calibrated to
the C 1s signal at 284.8 eV.

Scanning Electron Microscopy (SEM): Scanning electron microscope
images were taken using a FEI Quanta FEG 250 instrument under a high
vacuum (10−5 Torr) with a beam energy of 10 kV. Cross-sectional PTL sam-
ples were prepared by casting the sample in a transparent epoxy. After cur-
ing, the samples were cross-sectioned, and the surface was polished and

sputtered with a thin layer of gold for improved conductivity. A detailed
procedure is described in a previous report.[70]

X-Ray Fluorescence Spectroscopy (XRF): X-ray fluorescence spectra
were collected using a Bruker M4 Tornado instrument. The platinum
signal intensity was calibrated using standards ranging from 4 to
570 μg cm −2.

Nuclear Magnetic Resonance (NMR): Membrane sample (≈20 mg)
was dissolved in DMSO-d6 (≈1.5 mL) and filtered using a 0.45 μm glass
microfiber syringe filter. Nuclear magnetic resonance (NMR) spectra were
collected using a Bruker Ascend 500 MHz instrument. Proton (1H) NMR
spectra were collected between 𝛿H = −3.8 ppm and 𝛿H = 16.2 ppm, with
64 scans per spectrum. Spectra were calibrated to the DMSO peak at
𝛿H = 2.5 ppm. 1H-13C heteronuclear single quantum coherence (HSQC)
NMR spectra were collected using the standard “hsqcetgpsisp2.2” pulse
program (acquisition time: 0.455 s, recycle delay: 3 s). The number of time
increments recorded in the 13C direction was 1024. The number of points
collected in the 1H direction was 4096, with 16 scams per increment. Spec-
tra were calibrated to the DMSO peak at 𝛿C/𝛿H = 39.5/2.5 ppm.

Fourier-Transform Infrared (FTIR) Spectroscopy: Spectra were collected
using a Bruker Vertex 70 FTIR spectrometer (Bruker, Billerica, MA)
equipped with a liquid nitrogen-cooled mercury cadmium telluride (MCT)
detector and a CO2-free dry air purge. A VariGATR ATR accessory (Har-
rick Scientific Products, Inc. NY) with a hemispherical Ge ATR crystal was
used. The crystal was cleaned with 18.2 mΩ cm water and isopropyl al-
cohol between measurements. The incidence angle was set at 63°. The
spectra signal was averaged over 200 scans at 4 cm−1 resolution with an
8 mm aperture size and a nitrogen purge at ambient temperature. The
used membrane was brittle and therefore water was added to the mem-
brane to improve the surface contact with the ATR crystal.

X-Ray Computed Tomography (XCT): All XCT measurements for the
PTL samples were conducted at Beamline 8.3.2 of the Advanced Light
Source at Lawrence Berkeley National Laboratory in Berkeley, California,
USA. The image acquisition was performed using white light mode for X-
ray energy. For the images, a resolution of 0.65 μm pix−1 was achieved
using a 50 μm LuAG:Ce scintillator, sCMOS PCO edge camera, and an
optical magnification of 10x. The tomography scans for each PTL sam-
ple were conducted at an exposure time of 80 ms per projection with
2625 projections in total while the sample was rotated from 0° to 180°.
The tomography image datasets were reconstructed using TomoPy and
Gridrec algorithms to produce image stacks with 2160 slices. The recon-
struction parameters have been reported in previous works.[71–72] The im-
age stacks were converted to 8 bits and image processing was completed
using Fiji ImageJ. The images were thresholded and cropped manually,
and the porosities and pores size distributions were calculated using Im-
ageJ macros and plugins. Tortuosity was calculated using the TauFactor
Python application.

Modeling: A 1D, two-phase, continuum AEMWE model was imple-
mented using COMSOL Multiphysics software. The simulation domain
consists of the anion-exchange-membrane (AEM), anode porous trans-
port layer (aPTL), cathode catalyst layer (cCL), and cathode porous trans-
port layer (cPTL), constructed based on the experimental. While the AEM
and cCL domains were kept the same, aPTL domain was adjusted to inves-
tigate three different PTL configurations. The aPTL domain dimensions,
materials, and the key parameters are listed in Table S3 (Supporting In-
formation). Governing equations are solved under the following assump-
tions: steady state, laminar fluid flow, isotropic and homogeneous physi-
cal properties, and thermal equilibrium between different phases. Oxygen
bubble coverage at the anode is estimated using an empirical correlation
as a function of superficial current density:[73]

𝜃 = 0.023
(

icell

A m−2

)0.3

(1)

where icell is the superficial current density approximated as:

icell = a0 taPTLiOER
0 exp

(
𝛼OERF

RT
𝜂

)
(2)
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The OER kinetics (reaction current) is described by Tafel equation:

iOER
rxn = aeff iOER

0 exp
(
𝛼OERF

RT
𝜂

)
(3)

where a0 is the nominal electrochemical surface area (ECSA), taPTL is the
PTL layer thickness, iOER

0 is the exchange current density, 𝛼OER is the trans-
fer coefficient, and 𝜂 is the overpotential. The catalyst surface covered by
the oxygen bubbles is assumed to not participate in OER. The effective
ECSA is calculated as:

aeff = a0 (1 − 𝜃) (4)

where aeff is the utilized ECSA which is not covered by oxygen bubbles.
Similarly, the conductive ionic path in the PTL electrode is disrupted by
oxygen bubbles. The effective OH− conductivity in the aPTL was approxi-
mated as:

𝜅
eff
OH− = 𝜅OH− (1 − 𝜃) (5)

More detailed model descriptions including all governing equations
and model parameters can be found in r previous works.[67–68]

The oxygen evolution reaction (OER) kinetic parameters, the charge
transfer coefficient (𝛼OER) and the exchange current density (iOER

0 ), and the
nominal OH− conductivity (𝜅OH− ) in the aPTL domain were fitted using
the polarization curve of the single layer PTL (SL_8) and kept constant for
all aPTL configurations. Currently, the model cannot describe more com-
plex bubble and two-phase flow phenomena (i.e., the BL_4-8 PTL config-
uration) which will affect the effective electrolyte conductivity. In order to
account for these influences in the model, the conductivity was fitted for
the BL_4-8 configuration so that the modeled polarization curve better de-
scribed the experimental polarization curve, while the other parameters
were still kept constant.

Acid Treatment: The pickling solution (300 mL DI water, 50 mL 70%
nitric acid, and 10 mL 35% hydrochloric acid) was heated to 60 °C (±5 °C).
The PTL sample (30.25 cm2) was massed beforehand. The sample was
placed in the solution for 10 min, with vigorous stirring. Afterward, the
sample was rinsed thoroughly with DI water and dried at 100 °C for 1 h
before being massed again.

Three Electrode Measurements: Three electrode testing was conducted
using 1 cm2 PTL-electrode samples as the working electrode, an Ag/AgCl
electrode as the reference, and a Pt wire as the counter electrode in 1.0 m
KOH at room temperature. The PTL-electrode samples were conditioned
with 10 cyclic voltammetry sweeps from 0.5 to 1.0 V versus Ag/AgCl, and
the performance was measured with linear sweep voltammetry from 0.5 to
1.0 V versus Ag/AgCl at a rate of 10 mV s−1. Potentiostatic EIS was mea-
sured at open circuit voltage (OCV) to determine the electrolyte resistance
and perform iR correction.

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